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Abstract
Chirped-pulse–amplification (CPA) technology is widely used to produce ultrashort optical pulses (sub picosecond to femtoseconds) with high pulse energy. A chirped
pulse laser source with flexible dispersion control is highly desirable as a CPA seed. This
thesis presents an all-fiber, directly chirped laser source (DCLS) that produces
nanosecond, linearly-chirped laser pulses at 1053 nm for seeding high energy CPA
systems. DCLS produces a frequency chirp on an optical pulse through direct temporal
phase modulation. DCLS provides programmable control for the temporal phase of the
pulse, high pulse energy and diffraction-limited beam performance, which are beneficial
for CPA systems.
The DCLS concept is first described. Its key enabling technologies are identified
and their experimental demonstration is presented. These include high-precision temporal
phase control using an arbitrary waveform generator, multi-pass phase modulation to
achieve high modulation depth, regenerative amplification in a fiber ring cavity and a
negative feedback system that controls the amplifier cavity dynamics. A few technical
challenges that arise from the multi-pass architecture are described and their solutions are
presented, such as polarization management and gain-spectrum engineering in the DCLS
fiber cavity.
A DCLS has been built and its integration into a high energy OPCPA system is
demonstrated. DCLS produces a 1-ns chirped pulse with a 3-nm bandwidth. The temporal
phase and group delay dispersion on the DCLS output pulse is measured using temporal
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interferometry. The measured temporal phase has an ~1000 rad amplitude and is close to
a quadratic shape. The chirped pulse is amplified from 0.9 nJ to 76 mJ in an OPCPA
system. The amplified pulse is compressed to close to its Fourier transform limit,
producing an intensity autocorrelation trace with a 1.5-ps width. Direct compressed-pulse
duration control by adjusting the phase modulation drive amplitude is demonstrated.
Limitation to pulse compression is investigated using numerical simulation.
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1 Introduction
Producing ultra-short optical pulses (sub picosecond to femtoseconds) with high
pulse energy is necessary for a wide range of laser-matter-interaction research such as
inertial confinement fusion (ICF). 1,2 It also finds many industrial applications such as
laser micromachining. 3 , 4 Chirped-pulse–amplification (CPA) temporally stretches an
optical pulse before amplification and recompresses it to avoid detrimental nonlinear
effects such as self-focusing.5 The onset of nonlinear effects imposes a limit on optical
power (Chap. 7 of Ref [6]), so the pulse energy extractable from the amplifier is linearly
proportional to the pulse duration, and the achievable peak power after recompression
also increases by the ratio at which the pulse duration increases. For a typical CPA
system, an ultra-short pulse from a mode-locked laser is stretched by a dispersive element,
gets amplified and then re-compressed by the opposite dispersion. The dispersive
elements are usually a grating-based pulse stretcher and compressor. The stretched pulse
has a time-varying instantaneous frequency that is mainly determined by the pulse
stretcher, thus the name “chirped pulse”.
This thesis presents a novel method to produce a chirped pulse, the directly
chirped laser source (DCLS). A programed temporal phase modulation is applied to a
narrowband, nanosecond optical pulse so that it acquires a broadened spectrum with the
desired frequency chirp. By tailoring the phase modulation, a frequency chirp that
matches a pre-selected pulse compressor can be produced. This chirped pulse can then be
injected into a CPA system to be amplified and compressed.
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This chapter will first give an introduction to the CPA technique and describe
some notable CPA systems operating around the world. The overall DCLS approach to
produce a chirped pulse will then be presented. Lastly the organization of the rest of the
thesis is given.

1.1 Chirped Pulse Amplification
The first CPA system was described and demonstrated by Strickland and Mourou
in 1985.5 The experimental setup of this CPA system is shown in Figure 1.1. Optical
pulses with 150-ps duration from a Nd-YAG oscillator were injected into a 1.4-km long
optical fiber. The pulse spectrum was broadened to 5 nm by self-phase modulation.
Dispersion of the fiber stretched the pulse width to 300 ps. These stretched pulses were

Figure 1.1 Experimental setup for the first CPA demonstration. A short optical pulse is
spectrally broadened and temporally stretched by a single-mode fiber, amplified by a
regenerative amplifier and compressed by a double-grating compressor. Figure adapted
from Ref [5].
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then amplified to 2 mJ in a Nd-glass regenerative amplifier. After amplification, the
pulses were compressed to 2 ps by a Treacy grating compressor.7 In this case the optical
fiber provided positive group velocity dispersion for the signal centered close to 1062 nm
and the grating pair provided negative dispersion. This fiber-grating CPA scheme was
subsequently developed to provide 1 Joule of amplified pulse energy using a three-stage
Nd-glass amplifier chain.8 The compressed pulse energy was limited to 500 mJ by the
damage threshold of the grating pulse compressor at the time. With a 1 ps compressed
pulse duration, this system offered peak power at the terawatt (1012 W) level, thus its
name T-Cubed (Table Top Terawatt).
The initial fiber-grating CPA scheme was limited by the dispersion mismatch
between optical fiber and the grating pulse compressor. The spectral phase between the
two elements could only be matched to the second order, which limited the stretch ratio,
the ratio between the stretched and compressed pulse duration, to ~300. The grating
compressor always produces negative-group-velocity dispersion, 9 so the key to CPA
development was to find a stretcher that provides positive group velocity dispersion and
matches to the dispersion of a grating pair. Such a positive dispersion element was
proposed by Martinez, initially to compensate for the negative dispersion of optical fiber
for the 1.3-1.6 µm spectral region.10 The opposite dispersion to a parallel-grating pair is
produced by placing a telescope in between two anti-parallel gratings. This approach was
quickly demonstrated to be suitable for a CPA system, providing stretch ratios of
~1000. 11 , 12 A matched grating pulse stretcher and compressor became the standard
approach for CPA. Figure 1.2 shows the architecture of a typical CPA system.
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Figure 1.2 A standard CPA system: A short optical pulse is stretched by a grating pulse
stretcher, amplified and then compressed by a matching grating pulse compressor.
The CPA approach has been adopted by universities and research facilities all
around the world since its first demonstration. It has enabled production of optical pulses
with petawatt (1015 W) peak power. A petawatt system was proposed in Ref [8] and first
demonstrated on the Nova laser system at Lawrence Livermore National Laboratory.13
The Nova petawatt laser employed a Ti:sapphire mode-locked oscillator as its seed and a
Ti:sapphire regenerative amplifier in its front end. It produced 660 J of pulse energy
using Nd:glass power amplifiers, which is required for amplification to kilojoule level.
The amplified pulse was compressed to 440 fs which yielded 1.5 PW of peak power. The
OMEGA EP (extended performance) system at the Laboratory for Laser Energetics (LLE)
of the University of Rochester has two CPA beam lines designed to produce 1-ps pulses
with 1 kJ of pulse energy, or 2.6 kJ pulse energy with pulse durations at 10 ps or longer.14
The Vulcan laser at the Rutherford Appleton Laboratory’s Central Laser Facility is also a
kilojoule-class, petawatt laser system. It delivers 500-fs compressed pulses with 500 J of
pulse energy.15 Both the OMEGA EP system and the Vulcan system employ an OPCPA
front end.16 The EP-OPAL (optical parametric amplification line) is being developed at
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LLE to produce 10’s of petawatt of peak power. 17 This system explores pumping an
ultra-high-energy OPCPA in DKDP crystals using kilojoule, nanosecond pulses from two
OMEGA-EP beam lines.
Apart from Nd-glass petawatt systems with kilojoule pulse energy and picosecond
pulse duration, another petawatt laser architecture employs Ti:sapphire power amplifiers
to produce ~30-fs pulses with 30-50 joules of pulse energy. The Ti:sapphire amplifier has
an inherent broadband gain that can support femtosecond pulses.18 The first laser system
of this class was the J-KAREN laser built at the Advanced Photon Research Center of
Japan Atomic Energy Research Institute.19 This system produced 20 J of pulse energy
with a 33 fs pulse duration, yielding a peak power of 0.85 PW. The highest peak power
reported to date from a Ti:sapphire CPA system is produced by the Qianguang (Intense
Light) laser at the Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of
Sciences. 20 This system delivers 52 J of pulse energy in a 26 fs compressed pulse,
achieving a peak power of 2 PW.
CPA systems based on fiber amplifiers have also been developed that take
advantage of increasing mode areas for active fibers. Fiber amplifiers are more limited by
onset of detrimental nonlinear effects because of the tight spatial confinement of the
optical signal and relatively long propagation distance in the material. However, they can
provide higher average power because of their superior thermal handling capability. Fiber
amplifiers also offer excellent beam quality. A fiber CPA system with 830 W average
power after pulse compression has been demonstrated, using an 8-m long, Yb-doped fiber
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with a 27-µm mode field diameter as the power amplifier.21 The system delivers 640-fs
pulses with 10.6 µJ pulse energy at 78 MHz repetition rate. At a reduced repetition rate
(5 kHz) and average power (11 W), a fiber CPA system with higher pulse energy and
peak power has also been demonstrated. 22 This system produces 480-fs pulses with
2.2 mJ pulse energy, yielding a peak power of 3.8 GW. The power amplifier in the
system is a 1.3-m long Yb-doped, photonic-crystal fiber with a 105-µm mode-field
diameter. The large mode size reduces the intensity of the propagating pulse, which
reduces accumulation nonlinear phase for the high peak power operation. The
polarization state of the optical signal is converted to circular before amplification and
back to linear after amplification, which further reduces the nonlinear phase accumulation.
A spatial light modulator is also used to pre-compensate for residual dispersion mismatch
between the amplified pulse and the compressor to optimize pulse compression. The
stretcher and compressor in the fiber CPA systems above are grating based. An all-fiber
CPA system has been demonstrated using chirped-fiber-Bragg grating to stretch and
compress the pulse. 23 This system stretches a 300-fs pulse to 30 ps using positive
dispersion from a chirped fiber Bragg grating. It compresses the amplified pulse by
propagating it in the opposite direction in a matching chirped fiber grating to produce
negative dispersion. The compressed pulse has a 408 fs duration and 3 nJ pulse energy.
Figure 1.3 shows the schematic of this all-fiber CPA system.
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Figure 1.3 Schematic of an all-fiber CPA system employing a chirped-fiber-Bragg
grating as the stretcher and compressor. The propagation direction in grating 1 (stretcher)
and grating 2 (compressor) are opposite to produce opposite dispersions. Figure adapted
from Ref [23].

1.2 Directly Chirped Laser Source
Conventional CPA systems use a mode-locked laser and grating-pulse stretcher to
produce chirped pulses. This approach has several limitations. First, pulse energy from a
mode-locked laser is typically limited to a few nanojoules. Secondly, adjusting the
dispersion will inevitably affect the system alignment and timing. For experiments that
require a range of pulse width, the final compressed pulse width can be set by adjusting
the net dispersion of the laser system. This is typically accomplished by adjusting the
stretcher or compressor setup. Transform-limited pulse widths are achieved by
minimizing the net system dispersion, while longer pulses with residual chirp (positive or
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negative) can be set by intentionally mismatching the stretcher and compressor. This
control requires precise optical alignment and timing of the pulse since the optical system
is physically changed for each setting. To compensate for high-order spectral phase error
in CPA from dispersion and nonlinear processes such as self-phase modulation, the
grating angles need to be adjusted which requires re-alignment. Thirdly, mode-locked
oscillator and stretcher optics are expensive and have large footprints, especially for large
stretch ratios.
DCLS produces a chirped pulse by applying a programmed temporal phase to an
optical pulse in an all-fiber architecture. Modern arbitrary waveform generator (AWG)
technology provides sub-nanosecond control of electrical signals with 10-bit dynamic
range. With multiple passes through an electro-optic phase modulator, sufficient
bandwidth is produced to support sub-picosecond compressed pulses. The dispersion on
the chirped pulse can be adjusted by changing the electrical signal that drives the phase
modulation. This does not affect alignment or timing of the system. The compressed
pulse width can be changed by adjusting the phase modulation depth applied to the pulse.
High-order phase terms can be applied to compensate spectral phase errors. The pulse
energy from DCLS is limited only by amplification in single-mode fibers, which can be
tens of nanojoules for nanosecond pulses. Increased seed-pulse energy will improve the
signal-to-noise ratio and the temporal contrast of the CPA output. Diffraction-limited
beam performance is also expected from the all-fiber architecture.
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Temporal phase of all orders can be applied in DCLS that is limited only by the
temporal resolution (bandwidth) of the phase modulation system. The DCLS
experimental demonstration presented in this thesis is limited to a quadratic phase, with
the impact of higher order phase demonstrated using numerical simulation (Sec. 6.4). A
quadratic temporal phase produces an instantaneous frequency that is linear with time
(linear frequency chirp). In the frequency domain, this corresponds to linear group
velocity dispersion. For applications where the bandwidth of the signal is much smaller
than its center wavelength, the phase profile that is best compressed by a grating pulse
compressor is predominantly quadratic. For the DCLS case, the amplitude of the
quadratic phase on the chirped pulse is an order of magnitude larger than higher order
terms (see Sec. 2.1). The mathematical treatment below derives the linear frequency chirp
and optical bandwidth produced by a quadratic phase.
The general form of a quadratic temporal phase on an optical pulse can be written
as:
1

𝜑(𝑡) = 2 𝜇𝑡 2

(1.1)

Taking the time derivative of Eq. (1.1) yields the instantaneous angular frequency
shift produced by a quadratic phase:
𝜔𝑠 (𝑡) =

𝑑𝜑
𝑑𝑡

= 𝜇𝑡 ,

(1.2)
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where  quantifies the rate at which the angular frequency changes with time and is
called the chirp rate. The reciprocal of  is the group delay dispersion on the pulse.7 The
bandwidth of a linearly chirped pulse with a duration Tp is :
∆𝜔 = 𝜇𝑇𝑝

or

∆ =

∆𝜔
𝜔0

(1.3.1)
𝜇𝑇

0 = 2𝜋𝐶𝑝 0 2

(1.3.2)

The chirp rate and the bandwidth produced by a quadratic phase are both linearly
proportional to the phase amplitude. A large amount of temporal phase (~ 300 π) is
required for DCLS application, as will be detailed in Sec. 3.3. DCLS applies repeated
phase modulation to achieve this modulation depth. The phase modulator is built into an
all fiber ring cavity. The optical pulse circulates in this cavity to accumulate the desired
phase modulation. Figure 1.4 illustrates the key concept of DCLS approach.

Figure 1.4 Key concept of the Directly Chirped Laser Source. DCLS: A narrowband,
nanosecond optical pulse receives repeated quadratic temporal phase modulation. The
pulse becomes broadband and chirped, which can serve as a seed pulse for a CPA system.
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1.3 Overview of Thesis Organization
In Chapter 2, a few existing technologies are reviewed to provide the relevant
context for DCLS development. These include the grating pulse stretcher and compressor
used in the conventional CPA approach, Yb-doped fiber amplifier and regenerative
amplifier technologies, polarization maintaining and polarizing fiber technology. This
chapter will also outline two prior works that are similar to DCLS.
Chapter 3 presents the key technologies that enable DCLS. First, the working
principle of the DCLS phase modulator and its characterization are presented. Second, an
arbitrary waveform generator and radio-frequency (RF) amplifier that produce the
electrical waveform to drive DCLS phase modulation are described. DCLS circulates an
optical pulse in a fiber ring cavity to apply repeated phase modulation and increase the
achievable phase amplitude. The number of round-trips needed to achieve the desired
phase for DCLS application is estimated. Technical challenges that accompany pulse
circulation in a fiber ring cavity, such as polarization management and gain spectrum
engineering, are also described and addressed.
A Yb-doped gain fiber is built into the DCLS fiber cavity to offset cavity loss and
provide net gain. Operating the DCLS fiber cavity as an all-fiber regenerative amplifier is
studied with numerical simulation in Chap. 4. Experimental demonstration of such an
amplifier is presented. A bifurcation instability that limits the performance of this
amplifier is identified. A negative-feedback-stabilization system to control the cavity
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dynamics of the regenerative amplifier and stabilize its output energy level is also
presented.
Chapter 5 describes the temporal phase measurement that was used to measure
DCLS phase modulation. Measurement results are presented, followed by error analysis
of the method. Phase measurement enables phase correction, as will be presented in this
chapter.
Chapter 6 presents the integration of DCLS into an OPCPA system as the seed
source. System performance is presented and its limitation is discussed.
Chapter 7 outlines future DCLS development by proposing some potential
applications.
Chapter 8 is a summary of the thesis.
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2 Review of Existing Technologies Relevant to DCLS
This chapter provides a context for the development of DCLS by reviewing
relevant technologies. First, the conventional approach for stretching and compressing an
optical pulse used in a CPA system is described. Second, the technology of Yb-doped
fiber lasers and amplifiers are introduced. DCLS employs Yb-doped fiber technologies
for its seed source, and also for intra-cavity pulse amplification. The third section reviews
regenerative amplifier technology. The DCLS fiber cavity has been operated as an all
fiber regenerative amplifier. The fourth section introduces polarization maintaining (PM)
fiber and single polarization (also called polarizing, PZ) fiber, as the DCLS cavity is built
with these technologies. In the last section, two prior works similar to DCLS reported in
the literature are reviewed.

2.1 Optical Pulse Stretcher and Compressor
For a typical CPA system, an ultra-short pulse is stretched in time by a positive
dispersion line (stretcher), and the amplified chirped pulse is compressed by a matching
negative dispersion line (compressor). This section introduces existing technologies and
challenges for the optical pulse stretcher and compressor.
A pair of parallel gratings can produce adjustable negative dispersion and thus
serve as a pulse compressor, as described by the Treacy model.7 As shown in Figure 2.1,
the different spectral components of the input field are angularly dispersed by diffraction
from the first grating (G1). The spectral components of the beam are re-collimated by the
second grating (G2) with some transverse spatial chirp resulting from a single pair of
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Figure 2.1 A grating pair provides adjustable negative dispersion. Because of angular
dispersion, the optical path length through the grating depends on the optical frequency.
gratings. The frequency-dependent optical path (PABQ for  or PACQ for  ) through
the system can be determined geometrically:
𝑃(𝜔) = 𝑏[1 + 𝑐𝑜𝑠(𝜃)] =

𝐺
𝑐𝑜𝑠(𝛾−𝜃)

[1 + 𝑐𝑜𝑠(𝜃)]

(2.1)

where  is the angle of incidence,  is the angle between the input and diffracted beams,
𝐺

G is the perpendicular distance between the two gratings, and 𝑏 = 𝑐𝑜𝑠(𝛾−𝜃) is the slant
distance that the beam travels between the two gratings. The group delay introduced by
the grating is directly calculated from the optical path:
𝜏(𝜔) =

𝑃(𝜔)
𝑐

,

(2.2)

where c is the speed of light. The acute angle for each frequency component is
determined by the grating equation (assuming first-order diffraction):
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𝜆

𝑠𝑖𝑛(𝛾 − 𝜃) + 𝑠𝑖𝑛(𝛾) = 𝑑.

(2.3)

The spectral phase introduced by the pair of gratings can also be determined:
𝜙(𝜔) = − [

𝜔𝑃
𝑐

−

2𝜋𝐺
𝑑

𝑡𝑎𝑛(𝛾 − 𝜃)] ,

(2.4)

where the first term is from field propagation, and the second term accounts for a phase
shift originating from the fact that different frequency components incident on G2 at
different grating lines. The origin of the second phase term can be illustrated by the
following example: When comparing the phase shifts experienced by the frequency
components  and  ( <  ) shown in Figure 2.1, the grating lines between B and C
̅̅̅̅ /d) between them. Considering firstintroduces an additional phase difference 2(𝐵𝐶
order diffraction, each grating line introduces a phase shift of 2. The number of lines is
̅̅̅̅ /d, where 𝐵𝐶
̅̅̅̅ = 𝐺[𝑡𝑎𝑛(𝛾 − 𝜃) − 𝑡𝑎𝑛(𝛾 − 𝜃′)].
𝐵𝐶
The first order derivative of () with respect to  is directly related to the group
𝜕𝜙

delay, 𝜏 = − 𝜕𝜔. Taking higher order derivatives of Eq. (2.4) with respect to  (see
Appendix A1 for detailed derivations) yields the following results:
𝜕2 𝜙

4𝜋 2 𝑐𝐺

= 𝑑2 𝜔3cos3(𝛾−𝜃),
𝜕𝜔 2
𝜕3 𝜙
𝜕𝜔 3

12𝜋 2 𝑐𝐺

2𝜋𝑐

(2.5 a)

𝑠𝑖𝑛(𝛾−𝜃)

= − 𝑑2 𝜔4 cos3(𝛾−𝜃) {1 + ( 𝜔𝑑 ) 𝑐𝑜𝑠2 (𝛾−𝜃)} .

(2.5 b)

The third-order coefficient in Eq. (2.5 b) does not agree with the expression given by
Treacy (Eq. (17) in Ref [7]), but is equivalent to the correct result given by Christov and
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Tomov (Eq. (4) in Ref [24]). With these equations, the spectral phase can be expanded in
a series around 0 up to the third order:
1

𝜙(𝜔) = 𝜙0 − 𝜏0 (𝜔 − 𝜔0 ) + 2𝜇 (𝜔 − 𝜔0 )2 + 𝜎(𝜔 − 𝜔0 )3 + 𝑂(𝜔 − 𝜔0 )4 ,

(2.6)

where 0 is the group delay at 0 , and
1

𝜕2 𝜙

= 𝜕𝜔2 |
𝜇

𝜔0

1 𝜕3 𝜙

, 𝜎 = 6 𝜕𝜔3 | .
𝜔0

(2.7)

Taking the derivative of Eq. (2.6 ) yields the group delay up to the second order:
𝜕𝜙

1

𝜏(𝜔) = − 𝜕𝜔 = 𝜏0 − 𝜇 (𝜔 − 𝜔0 ) − 3𝜎(𝜔 − 𝜔0 )2 + 𝑂(𝜔 − 𝜔0 )3 .

(2.8)

Comparing Eq. (2.6) and Eq. (2.8), it can be seen that the first-order spectral phase
corresponds to a constant group delay for all the spectral components and is not important
for the pulse compression application considered here. The second-order phase produces
a group delay that varies linearly with the frequency shift 𝜔 − 𝜔0 (GVD), and the thirdorder phase produces a group delay that varies quadratically with 𝜔 − 𝜔0 (TOD).
Using Eq. (2.1)-(2.4), the frequency-dependent spectral phase and group delay
produced by the grating pair can be calculated numerically. This calculation is an exact
result that includes phase terms of all orders. The different orders of dispersion terms can
be calculated with Eq. (2.6)-(2.8), revealing the magnitude of each order. Both
calculations are done with parameters for a grating pulse compressor that will be used to
compress the DCLS chirped pulse, as listed in Table 2-1. These parameters are
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determined using a temporal interferometry measurement method as detailed in
Sec. 5.4-5.5. The compressor is a two-pass system, which makes the equivalent grating
separation (69 cm) twice the physical separation (34.5 cm).
Table 2-1 Parameters for Grating pair pulse compressor
Angle of incidence (  )
61
Grating groove frequency ( 1/d )
1740 lines/mm
Perpendicular grating separation ( G )
69 cm
1053
nm
Center wavelength ( 0 )
Figure 2.2 (a) shows the spectral phase calculated using Eq. (2.4). The first-order
phase (constant group delay) has been subtracted from the result because it does not
affect pulse compression, leaving the contributions from the second and higher order
terms. The spectral phase is predominantly a quadratic function of the frequency shift.
The second- and third-order phases are then calculated separately using Eq. (2.6) and
Eq. (2.7). At the center wavelength 1053 nm, the second-order dispersion coefficient is
1
2𝜇

=90.8 ps2, and the third-order coefficient is  = -1.13 ps3. The third-order spectral

phase is plotted as the black curve in Figure 2.2 (b). Subtracting the second and third
order phases from the total phase yields the remaining higher order phases, which is
shown by the red curve in Figure 2.2 (b). The DCLS spectral range of interest has a 3-nm
bandwidth centered at 1053 nm. In this range, the peak-to-valley amplitude of the
second-order phase is 592 rad. The third-order phase has a peak-to-valley amplitude of
37.5 rad, which is 6.4% of the second-order phase. The remaining higher order phase is
more than an order of magnitude smaller than the third-order term, with an amplitude of
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0.8 rad (peak-to-valley). For the relatively modest bandwidth considered for DCLS
application, only spectral phase up to the third order must be considered.

Figure 2.2 (a) Spectral phase produced by a pair of gratings with parameters from
Table 2-1. The first-order phase has been subtracted. The second-order phase is the
dominant contribution. (b) The third-order phase (black) from the grating pair is 6.4% of
the second order phase in the 3-nm spectral range. The fourth and higher order phase
(red) will not significantly affect pulse compression for the bandwidths produced by the
DCLS system.
The total group delay produced by the grating pair for a 3-nm bandwidth centered
at 1053 nm is plotted in Figure 2.3 (a). The group delay is predominantly a linear
function of the frequency shift 𝜔 − 𝜔0 , corresponding to the second-order spectral phase.
The group delay variation corresponding to the third-order phase is plotted as the black
curve in Fig. 2.3 (b), and the variation corresponding to fourth and higher order phases is
plotted as the red curve in the same figure. The total group delay difference in the
spectral range is 928 ps, corresponding to a dispersion slope of 309 ps/nm. The thirdorder dispersion produces a group delay variation of 22.1 ps (peak-to-valley), and the
remaining higher orders produce a variation of 2.3 ps (peak-to-valley).
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Figure 2.3 (a) Group delay produced by a grating pair. The group delay is predominantly
a linear function of the frequency shift ω-ω0.The group delay difference is 928 ps in a
3 nm range. (b) The third order dispersion produces a 22.1 ps group delay variation
across the 3 nm spectral range (black). Higher order dispersion produces a 2.3 ps
variation (red).
For the DCLS application, it is most instructive to calculate the temporal phase of
a pulse that is best compressed by a grating pulse compressor. For an input field
𝐸(𝑡) = 𝐴(𝑡)exp[𝑖𝜑(𝑡)]exp[𝑖𝜔0 𝑡], where 𝐴(𝑡)exp[𝑖𝜑(𝑡)] is the slowly varying field
envelope and 𝜔0 is the carrier frequency, the output field after propagating through the
grating pair system is:
𝑑𝜔

𝐸(𝑡 ′ ) = ∫ 2𝜋 exp[𝑖𝜔𝑡 ′ ] exp[𝑖𝜙(𝜔)]
∫ 𝑑𝑡 exp[−𝑖𝜔𝑡]𝐴(𝑡)exp[𝑖𝜑(𝑡)]exp[𝑖𝜔0 𝑡] .

(2.9)

For an impulse input at 𝑡 = 𝑡0 , the input envelope is 𝐴(𝑡) exp[𝑖𝜑(𝑡)] = 𝛿(𝑡 − 𝑡0 ) .
Substituting this input field and () in Eq. (2.6) into Eq. (2.9) and keeping the spectral
phase terms up to the third order yields an output field with the following temporal phase
profile (See Appendix A2 for detailed derivations):
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𝜇

𝜑(𝑡′) = − 2 (𝑡 ′ − 𝜏0 − 𝑡0 )2 − 𝜎𝜇 3 (𝑡 ′ − 𝜏0 − 𝑡0 )3 ,

(2.10)

Considering a time-reversal operation, an optical pulse with the opposite temporal phase
as prescribed by Eq. (2.10) is optimally compressed by the grating pair. The origin of the
time carries no significance and the pulse optimally compressed by the grating pulse
compressor shall have the temporal phase:
𝜇

𝜑(𝑡) = 2 𝑡 2 − 𝜎𝜇 3 𝑡 3 .

(2.11)

The quadratic phase term in Eq. (2.11) describes a linear frequency chirp with a
positive chirp rate . The cubic phase term makes the frequency chirp nonlinear with
time. The magnitude of the different orders of temporal phase can be directly related to
that of the spectral phase which has been calculated before (Figure 2.2). For DCLS
considerations, the bandwidth  is always much smaller than the carrier frequency 0.
Under this condition, the frequency chirp is close to linear and the relation   T
holds, where T is the duration of the chirped pulse. Comparing Equations (2.6) and
(2.11), noting that   T, it can be seen that the amplitude of the quadratic and cubic
temporal phase in Eq. (2.11) are the same as the quadratic and cubic spectral phase in
Eq. (2.6). For a 928-ps, 3-nm (centered at 1053 nm) chirped pulse that can be optimally
compressed by the compressor numerically modelled above, the quadratic temporal phase
amplitude is 592 rad (peak-to-valley), and the cubic temporal phase amplitude is 37.5 rad
(peak-to-valley).
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As presented above, the required cubic phase for the DCLS chirped pulse is 6.4%
of the quadratic phase. This ratio is higher than that predicted by Eq. (17) in Ref [7].
According to the formula in Ref [7], the ratio between cubic and quadratic phases is on
the order of the fractional bandwidth (Δ/0) and is about 1% for the DCLS spectral
range (3 nm bandwidth centered at 1053 nm). When the third order phase is negligible
compared to the quadratic phase, the temporal phase on a chirped pulse is determined by
the chirp rate. The chirp rate that matches to the grating compressor does not change with
center wavelength. When the third order phase is taken into account, the frequency chirp
on the pulse becomes nonlinear. The optimal chirp rate to match the grating compressor
becomes dependent on the center wavelength. Figure 2.4 shows the optimal chirp rate as
a function of center wavelength, calculated using Eq. (2.5) and the parameters in
Table 2-1. It is 5510 ns-2 at 1053 nm and changes by 20% over the 3 nm spectral range of
interest for DCLS.

Figure 2.4 The optimal chirp rate that matches to the grating compressor depends on
center wavelength. It is 5510 ns-2 at 1053 nm and changes by 20% over a 3 nm spectral
range.
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Positive dispersion is required for the pulse stretcher. By inserting a telescope
between two anti-parallel gratings, the sign of the dispersion can be inverted to provide
positive dispersion. Martinez first demonstrated such a positive-dispersion line, where a
refractive telescope with a unity angular magnification was used.10 Figure 2.5 (a) shows
the setup of this stretcher. G1 and G2 are gratings, while L1 and L2 are lenses with focal
length f and are separated by 2f. G1 is placed within the left focal plane of L1 and G2 is
placed within the right focal plane of L2. The telescope images G1 to provide an
effectively ‘negative’ slant distance, thus the opposite dispersion of the compressor.

Figure 2.5 (a) Positive dispersion line by Martinez inserts a telescope with unity
magnification between two anti-parallel gratings. Figure adapted from Ref [10]. (b) The
Öffner stretcher employs a reflective telescope to reduce chromatic aberration. The twopass design eliminates spatial chirp on the output beam. Figure adapted from Ref [25].
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The double-pass Öffner stretcher design shown in Figure 2.5 (b) employs an all-reflective
telescope as the imaging system. 25 The reflective telescope consists of two concentric
spherical mirrors. The primary mirror is concave and the secondary mirror is convex. The
input beam is first diffracted by the grating, then propagates through the telescope and is
diffracted again. A roof mirror reflects the beam back for a second pass through the
stretcher. The two-pass design both increases the amount of dispersion and eliminates
spatial chirp on the output beam. Compared to the refractive telescope, the reflective
telescope in the Öffner triplet design eliminates the chromatic aberration caused by
refraction in the lenses.
In an ideal CPA system, the grating pulse compressor would produce flat spectral
phase on the amplified, chirped pulse to produce the optimal compressed pulse at the
Fourier transform limit. Spectral phase errors accumulated in the amplifier line, such as
the B-integral, degrades pulse compression.26 The optical surfaces in the pulse stretcher
can also introduce high-frequency-phase ripples that can produce a coherent pedestal in
the compressed pulse. There have been theoretical studies on the effect of high frequency
phase ripple on the compressed pulse.[27,28,29,30] There has also been experimental
investigation on the source of coherent pedestal within the optical stretcher .31
The dispersion between the stretcher and compressor can be intentionally
mismatched to produce a compressed pulse longer than the Fourier transform limit, as
desired for specific purposes. Changing the stretcher dispersion with the slant distance to
adjust the compressed pulse duration affects the system timing and alignment. An
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advantage of DCLS is to offer adjustable dispersion on the chirped pulse without
affecting the physical optical path.

2.2 Yb-doped Fiber Laser Technologies
Rare-earth-doped fiber laser systems are attractive for their single-transversemode performance, broadband gain (10’s to >100 nm), as well as inherent robustness and
ease of alignment compared to their solid state counterparts. 32 In addition to these
advantages, Yb-doped fiber as a gain medium offers a simple energy level structure and a
low quantum defect.33,34 Yb-doped fiber is also well suited for high power laser diode
pumping between 900 and 980 nm. Single transverse mode, continuous wave (CW) laser
sources using cladding-pumped Yb-fiber with multi-kW output level have been
demonstrated.35,36 These CW sources have a broad emission bandwidth (10’s nm). When
operating at close to single frequency, the output power is limited to a few hundred watts
by stimulated Brillouin scattering.37,38
Only two Stark manifolds are involved in laser action for a Yb-doped gain
medium, the 2F5/2 excited-state manifold and the 2F7/2 ground-state manifold, as shown in
Figure 2.6. The absence of other energy levels precludes detrimental effects such as
excited-state absorption. The ground-state manifold has four energy levels, and the
excited state manifold has three levels. Transitions between the sub-levels are not fully
resolved in glass at room temperature because of line broadening. The energy of each
level above the ground level is labelled to the right, together with the relative population
within each manifold calculated from a Boltzmann distribution at room temperature
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(300 K). Transition between the lowest levels in each manifold (levels a and e ) produces
an equal strength absorption and emission (same cross section) at 975 nm, and transitions
from level e to the levels b, c and d produce a broad emission spectrum extending from
1000 nm to 1200 nm. The transition from e to b produces an emission peak at 1030 nm,
and the transition between e to c centers at 1087 nm. The DCLS signal centers at
1053 nm, as required by seeding high-energy Nd-glass laser systems.14,
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This

wavelength corresponds to the transition from upper level e to lower levels b and c. This
is a quasi-three-level transition because of the non-zero population of the terminal levels
of the laser transition.

Figure 2.6 Energy levels of the two Stark manifolds involved in laser action in Yb-doped
gain medium. Labelled to the right are the approximate energy of each level above the
ground level, and the relative population of each level calculated from Boltzmann
distribution. Energy level data from Ref [33].
Figure 2.7 shows the absorption (dashed line) and emission (solid line) cross
sections for Yb+3 ions in a germanosilicate glass. Apart from the peak at 975 nm from
transition between levels a and e as shown in Figure 2.6, the absorption spectrum has a
second peak at 910 nm. This peak corresponds to transmission from level a to levels f
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and g. The emission spectrum has a second peak at 1030 nm (blue arrow in figure), and
decreases for longer wavelengths. The DCLS signal centered at 1053 nm (red arrow in
figure) is 23 nm off the gain peak. Spectral engineering techniques are required for DCLS
to favor the signal gain and suppress amplified spontaneous emission (ASE) at shorter
wavelengths, which will be presented in Chap. 3.

Figure 2.7 Absorption (dashed) and emission (solid) cross sections for Yb-doped fiber.
When pumped at 980 nm, the gain peaks at 1030 nm. The DCLS signal centers at
1053 nm, so spectral engineering techniques are required to favor the signal gain and
suppress ASE at shorter wavelengths. Figure adapted from Ref [34].
Yb-doped fiber is used as the gain medium in two parts of the DCLS system. First,
a single-frequency, linearly polarized, nanosecond shaped laser pulse source based on
Yb-doped fiber provides the seed pulses for DCLS.40 Secondly, the DCLS fiber cavity
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employs a Yb-doped fiber amplifier in a regenerative amplifier configuration, which will
be presented in detail in Chap. 4.
The setup of the seed source is shown in Figure 2.8. The output of a CW fiber
laser is launched into a series of two Mach-Zehnder amplitude modulators to produce
shaped nanosecond pulses. The dual-amplitude-modulator (DAM) offers an extinction
ratio exceeding 55 dB between the on and off states. An arbitrary electrical waveform

Figure 2.8 Setup of the DCLS seed source. It is a two-pass amplifier based on Yb-doped
gain fiber. ASE suppression techniques are employed to favor the signal gain 23 nm off
the gain peak. The source produces single-frequency, linearly polarized, nanosecond
shaped laser pulses to seed the DCLS system. Figure is adapted from Ref [40].
can be applied to one of the amplitude modulators to produce an arbitrary optical
waveform. 41 The second amplitude modulator provides a square gate to enhance the
extinction ratio. The shaped pulses are then launched into a two-pass fiber amplifier. An
optical isolator prevents ASE or amplified signal from propagating back to the CW
source. The combination of a polarizing beam splitter (PBS) and a Faraday mirror
ensures separation of the output pulse from the input pulse by rotating the polarization 90
degrees between the two passes. The gain-fiber length is 3.6 m, determined by
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maximizing the available gain without causing self-pulsation. The gain fiber is pumped
by a CW 976-nm diode laser, which is launched into the gain fiber by a 976/1053 nm
wavelength-division-multiplexer (WDM2). An additional WDM2 further protects the
pump laser against amplified signals from the gain fiber. A 1030/1053 nm WDM
(WDM1) suppresses ASE at shorter wavelengths where the gain peaks at 1030 nm and
favors the signal gain at 1053 nm. A bandpass filter (F) in the Faraday mirror assembly
suppresses two-pass ASE by limiting low-loss propagation in the second pass to a 10-nm
bandwidth. All the components are fiber coupled, making the system alignment free.
Polarization-maintaining, fiber-pigtailed components are used when available, and singlemode fibers are used otherwise.
The input to the amplifier is linearly polarized and has a polarization extinction
ratio (PER) of 20 dB. This PER is maintained at the output. The two-pass amplifier can
amplify a 2-ns square pulse from 1.56 pJ to up to 780 pJ, offering a gain of 27 dB. The
signal-to-noise ratio, defined as the ratio between peak power of the amplified pulse and
ASE power, is 28 dB at the highest pump level. This source provides DCLS with
adequate seed pulse energy, linearly polarized signal, and a high signal to noise ratio,
which are important for a successful DCLS.

2.3 Regenerative Amplification Technology
Regenerative amplifiers based on various solid-state gain mediums have been
widely used to amplify laser pulses. 42 , 43 As shown in Figure 2.9 (a), a regenerative
amplifier usually consists of four key functional components: a resonator cavity, a gain
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medium, an optical switch for seed pulse injection and ejection, and a cavity Q-switch.
The optical cavity can be a linear cavity or a ring cavity. The function of optical
switching and cavity Q-switching can be realized by a single component. The operation
of a regenerative amplifier consists of the following time sequence. Before injecting the
signal pulse into the cavity, the cavity Q is held low to suppress lasing. When a signal
pulse is injected, the cavity Q is switched to a high value to trap the pulse inside. The
pulse then circulates in the cavity to pass through the gain medium repeatedly and acquire

Figure 2.9 (a) A regenerative amplifier usually consists of four key components: a
resonator cavity, a gain medium, an optical switch and a cavity Q-switch. (b) In a
regenerative amplifier, the pulse energy increases with number of passes until it reaches
saturation (yellow dot).
energy in each pass. After the desired amplification has been achieved, the optical switch
dumps the pulse from the cavity and the cavity is returned to the low-Q state. The typical
pulse energy dynamics in the cavity is shown in Figure 2.9 (b). The pulse energy initially
increases with the number of passes. The stored energy in the gain medium depletes and
the available gain decreases. When the gain decreases below the cavity loss, further
passes in the cavity reduce the pulse energy, as shown by the dashed lines in
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Figure 2.9 (b). This is gain saturation for the regenerative amplifier. Cavity dump is set at
saturation for maximum output pulse, as indicated by the yellow dot in Figure 2.9 (b).
Because of the multi-pass amplification, the regenerative amplifier can produce
much higher total gain than a single-pass amplifier. For example, in an early study of the
regenerative amplifier employing Nd:YAG as the gain medium, total gain as high as 10 14
has been achieved.44,45 The regenerative amplifier also offers higher signal-to-noise ratio
(SNR).44 This advantage is especially significant for low-duty-cycle applications. For
low-duty-cycle, single-pass amplifiers, ASE can take away a significant portion of the
unsaturated gain from the signal, degrading the SNR. The ASE starts from broadband
fluorescence, so intra-cavity spectral filtering that favors the signal wavelength can
improve the SNR. Multi-pass amplification makes the output from a regenerative
amplifier sensitive to system fluctuations such as the single-pass gain and cavity loss. The
output level stability can be improved by increasing the gain to loss ratio.44 Optimizing
the cavity dump point (usually a few round-trips after saturation) can also decrease output
energy fluctuations.46 Besides these passive techniques, active approaches can stabilize
the output by using a negative-feedback-control loop that monitors the intra-cavity
dynamics and adjusts cavity parameters, such as cavity loss.47
Another approach to realize multi-pass amplification is to arrange a mirror array
to propagate the pulse repeatedly through the gain medium with the pulse taking a
slightly different path in each pass until it walks out of the cavity.48,49 This approach does
not require active optical switching which reduces system complexity. However, it is
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limited to a low number of passes through the gain medium (usually less than 10), which
reduces the achievable total gain or imposes higher requirements on single-pass gain.
Regenerative amplifiers can realize more than 50 passes through the gain medium,46 so it
can achieve high total gain even with modest single-pass gain. Another advantage of
regenerative amplification compared to passive multi-pass-amplifier approach is that it
offers better output beam quality. In a regenerative amplifier, the resonator effectively
serves as spatial filtering that favors fundamental spatial mode operation. This is not
possible for the passive multipass-amplifier approach so it usually delivers less-than-ideal
beam quality.
Common laser host materials used for regenerative amplification include
Nd:YAG,45 Nd:glass,46, 50 Cr:LiSAF, 51 Nd:YLF 52 and Ti: Sapphire.

[53-55]

Ti:Sapphire

regenerative amplifiers operating with various pulse duration, output energy and
repetition rates have been reported. An early demonstration amplified 22-ps pulses from
16 pJ to 300 µJ, at a repetition rate of 1 kHz.
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Combined with CPA technology,

Ti:Sapphire regenerative amplifiers have been widely used to produce high-energy,
ultrafast laser pulses. An early effort produced 160-fs, 230 µJ pulses at 10 kHz.
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Subsequently, pulse duration as short as 12 fs was achieved, with 38-µJ pulse energy at
1-kHz repetition rate.55 Two important technologies were necessary to realize this short
pulse duration. A multi-layer-dielectric spectral filter was built into the regenerative
amplifier cavity to compensate for gain narrowing and maintain broad bandwidth to
support short pulse duration. A spatial light modulator actively optimized the spectral
phase to minimize compressed-pulse duration.
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The Laboratory for Laser Energetics (LLE) at University of Rochester has
developed Nd:YLF regenerative amplifiers for two applications. First, a Nd:YLF
regenerative amplifier serves as the front end amplifier for its OMEGA system.52 This
amplifier produces 0.1-4 ns pulses with millijoules of pulse energy, offering a total gain
of 109. It offers less than 1% (rms) output energy fluctuation, less than 1% (rms) output
temporal shape variation, and a Gaussian output beam with less than 1% ellipticity. The
Nd:YLF regenerative amplification technology has also been employed as an
intermediate amplification stage for an OPCPA pump source.56 In the OPCPA process,
intensity modulation on the pump pulse can modulate the spectrum of the chirped signal
to be amplified, which ultimately reduce temporal contrast of the compressed output.57
Reducing ASE in the pump laser can reduce pump modulation and increase OPCPA
temporal contrast. A volume Bragg grating (VBG) has been used in place of one of the
end mirrors in the Nd:YLF regenerative amplifier cavity to reject broadband ASE.58 The
VBG decreases the ASE bandwidth of the regenerative amplifier cavity from 230 pm to
41 pm, which improves the OPCPA output temporal contrast by 20 dB. This
improvement technique obviously benefits from the multi-passing on the VBG filter.
Only a few all-fiber regenerative amplifiers based on rare-earth-doped fibers have
been reported in the literature. A Q-switched fiber regenerative amplifier using Er-doped
fiber as the gain medium amplified 10-ns, 3-pJ pulses at 1530 nm with a gain of more
than 40 dB.59 This amplifier used a 2×2 fiber-optic coupler to passively couple the pulse
in and out of the ring cavity and lacked the capability to actively control the cavity dump
point. Sub-100-ps pulses from a gain-switched laser diode were amplified from 9 pJ to
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55 nJ by a Yb-doped fiber regenerative amplifier. 60 This amplifier operated at the
1030-nm gain peak of Yb-doped fiber. The Yb-doped all fiber regenerative amplification
technology developed for DCLS was reported in Ref [61]. This amplifier operated at
1053 nm with a 10.5-kHz repetition rate, and amplified 10-ns pulses from 15 pJ to
240 nJ.
To compensate for the optical loss of the various fiber components (e.g., the phase
modulator has an insertion loss of 3 dB), a Yb-doped fiber amplifier is built into the
DCLS fiber cavity. With the net round-trip gain higher than unity, the ring cavity allows
regenerative amplification of the pulse. Operating the DCLS fiber cavity as a fiber
regenerative amplifier will be presented in detail in Chap. 4.
DCLS requires circulating the optical pulse in the fiber cavity for a large number
of round-trips. In order to optimize the output pulse energy after so many round-trips, the
single-pass gain of the doped fiber must be tightly controlled. If the single-pass gain is
too high and the pulse energy grows too fast, the stored energy will be depleted well
before the required number of passes for phase modulation and the output pulse energy is
reduced. The intra-cavity pulse energy might also become high enough to damage the
fiber components. On the other hand, if the single-pass gain is too low, net amplification
might be too low to produce the desired output level and possibly even be negative. The
output pulse energy will also become highly sensitive to any fluctuation of the gain and
loss in the ring cavity with many round-trips. An active feedback mechanism is employed
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in DCLS to control the pulse growth dynamics and stabilize the output pulse energy,
which will also be presented in Chap. 4.

2.4 Polarization

Maintaining

(PM)

and

Polarizing

(PZ)

Fiber

Technology
Polarization maintaining (PM) fibers and polarizing (PZ) fibers are used in the
DCLS cavity. A PM fiber guides two optical modes with orthogonal polarizations, and
minimizes transfer between them in the presence of external perturbations, such as bend,
twist or pressure across the fiber. When a linearly polarized signal is launched along one
of the guided modes, the polarization state is maintained at the fiber output. The
fundamental mechanism of the polarization maintaining property is a high birefringence
built into the PM fiber. For regular fiber without high birefringence, external
perturbations disturb the polarization state of the propagating signal by introducing
random birefringence along the fiber. The internal birefringence of the PM fiber is much
higher than that caused by external perturbations, which makes the latter negligible and
the propagating signal insensitive to the environment.62,63
The birefringence required to achieve polarization maintaining operation can be
calculated as follows. The fiber birefringence is commonly quantified by the polarization
beat length, LB , the length over which a phase difference of 2 develops between the two
orthogonal modes. From this definition, the beat length is related to the index difference
between the two modes (∆n) through the following equation:
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2𝜋 = ∆𝑛

2𝜋
𝜆

𝜆

𝐿𝐵 ⟹ 𝐿𝐵 = ∆𝑛

(2.12)

Energy transfer between the two modes is most significant when the spatial
period of the external perturbation is equal to the beat length. Because of the natural
stiffness of silica fibers, external perturbation with small spatial periods (millimeters) is
unlikely to occur. Thus, with a birefringence (∆n) large enough so that the beat length is
in the millimeter range, energy transfer between the two modes is greatly reduced. For
polarization maintaining operation at 1053 nm, a 1-mm beat length corresponds to a
birefringence of ∆n=0.001. Currently, cross talk below -30 dB through 100 m of fiber is
expected from commercially available PM fibers (e.g. Corning Panda PM 980 fiber, with
beat length 1.5-2.7 mm).
There are two common ways to increase the internal birefringence of a fiber. First,
an asymmetric core induces geometrical birefringence, such as the elliptical core shown
in Figure 2.10 (a). Second, stress rods on opposite sides of the core induce stress
birefringence. Figure 2.10 (b) shows the cross section of the Panda type fiber, which

Figure 2.10 Cross sections of several common types of high birefringence fiber: (a)
Elliptical core induces geometrical birefringence; (b) and (c) stress rods induce stress
birefringence (Panda and Bow tie).
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employs a circular core and cylindrical stress rods. The bow-tie type fiber, another
example of stress induced high-birefringence fiber, is shown in Figure 2.10 (c).
For the PM fiber to work properly, the signal polarization needs to be launched
along either principal birefringence axis of the fiber, usually called the slow and fast axes.
The PM fiber can produce spectral intensity modulation on a broadband signal when it is
launched simultaneously along both axes. [64,65,66] The fiber produces a delay ()
between the two polarizations, which causes a wavelength dependent phase difference
between them. The phase difference is =, where  is the optical angular frequency.
When recombining the two polarizations (e.g., by placing a polarizer in between the two
axes), the wavelength-dependent phase produces spectral intensity modulation.
Figure 2.11 shows an experimental demonstration of this amplitude modulation
mechanism. A linearly polarized, broadband signal is launched into a section of PM fiber.
The signal polarization in the fiber is set by a half-wave plate to couple into both
principal axes. Interference between the two polarizations is ensured with a polarizer
after the fiber and the spectrum is measured with an optical spectrum analyzer (ANDO
AQ6317B). Figure 2.11 (a) shows the spectrum modulated by a 2-m PM fiber, and
Figure 2.11 (b) shows the spectrum modulated by a 2-m and 5-m PM fiber concatenated
together. The delay between the two polarizations increases linearly with the length of the
fiber, so the fringe frequency of the modulated spectra increases for longer fiber.
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Figure 2.11 Spectral fringes produced by (a) a 2-m PM fiber and (b) a concatenation of
2-m and 5-m PM fiber. The spectral modulation is produced by the interference between
the signals propagating through the slow and fast axes of the fiber.
The birefringence of the PM fiber can be calculated from the measured spectral
fringes. The phase difference = between the two polarizations is encoded in the
measured spectrum as cos(). The delay  can be identified by performing an inverse
Fourier transform to the spectral fringes and locating the peak position of the transformed
intensity. Figure 2.12 (a) shows the inverse Fourier transform of the spectral fringes
produced by a 2-m PM fiber. A single peak is identified which corresponds to a 3-ps
delay between the two polarizations. This delay relates to the refractive index difference
(n) between the two polarizations as:
𝐿

𝜏 = Δ𝑛 𝑐

(2.13)

In the equation, L=2m is the length of the fiber and c is the speed of light. This
gives an index difference of n=4.5×10-4. Substituting this result to Eq.(2.12) shows that
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the polarization beat length of the fiber is 2.3 mm, which falls within the manufacturer
specified range (1.5-2.7 mm). Figure 2.12 (b) shows the inverse Fourier transform of the
spectral fringes produced by 2-m and 5-m fibers concatenated together. Two distinctive
peaks are identified on this curve, corresponding to the delay caused by a 5-m length and
a 7-m length (the total of the two fibers), respectively. The peak corresponding to a 2-m
length is visible but not as obvious. Taking advantage of the sensitivity of Fourier
analysis, the spectral fringe measurement is an effective way to detect non-optimal
launching of a signal into a PM fiber, because modulation is produced only when signal
is launched into both birefringence axes.

Figure 2.12 Fourier transform of the spectral fringes produced by PM fibers. The position
of the non-zero peaks gives the delay between the two polarizations propagating through
the fiber. The delay increases linearly with the fiber length.
A single-polarization fiber (Fibercore Zing polarizing fiber) is also used in the
DCLS fiber cavity. As the name suggests, the PZ fiber only allows low-loss propagation
of one polarization. This fiber also works with a high built-in birefringence to
differentiate the two orthogonal polarization modes. For an optical mode to be guided in
a fiber with low loss, its effective refractive index needs to be in between the core index
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and cladding index (ncladding < nmode <ncore) (Chap. 2 of Ref [67]). For PZ fiber, the index
profile is set such that one of the modes has an effective index lower than the cladding
and becomes ‘leaky’ in the waveguide.68,69
Since only one linear polarization can propagate through the PZ fiber with low
loss, the intensity modulation produced by beating between two polarization modes does
not occur. This single-polarization operation is attractive for DCLS application.
Unfortunately, several fiber components required in the DCLS cavity (e.g., the phase
modulator, Yb-doped gain fiber) are not commercially available with PZ fibers. In
addition, the PZ fiber requires at least five meters of fiber to be spooled at a diameter
smaller than 89 mm to ensure optimal polarizing performance,70 which limits its use. PM
and PZ fibers are strategically built into the DCLS cavity to achieve the required
polarization stability, which will be presented in Sec. 3.4.

2.5 Existing Literature for DCLS Technology
Directly chirped laser pulses have been reported previously in the literature. In the
first work, Galvanauskas produced linearly chirped pulses by rapidly tuning the emission
wavelength of a diode laser.71 Chirped pulses were compressed to 1.8 ps.72 More recently,
Van Howe et al. applied nearly linear frequency chirps to 33-ps pulses using sinusoidal
phase modulation.73 The chirped pulses were then compressed to 0.5 ps.
Galvanauskas et al. produced a linearly chirped pulse from a tunable distributedBragg-reflector (DBR) diode laser.71 As shown in the inset of Figure 2.13 (a), the DBR
diode laser consists of three sections: gain, phase control and Bragg reflector. By
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injecting current pulses into the phase control and the Bragg sections, the carrier
concentration in these sections is increased and the refractive index decreases. 74 A
refractive index change in the phase section changes the effective cavity length and thus
the longitudinal mode frequency. A refractive index change in the Bragg section, which
serves as a cavity end mirror, changes its reflection peak frequency. Injecting nanosecond
current pulses with fast rising edges into both sections caused the longitudinal mode
frequencies and the DBR reflection peaks to change linearly with time. This performance
was typically achieved for periods up to a few hundred picoseconds, which limited the
chirped bandwidth to approximately 10 nm around the center frequency at 1.5 µm.
Figure 2.13 (a) shows the spectrum of the chirped pulses produced by the DBR diode,
while Figure 2.13 (b) shows the relative delay of the different spectral components from
the laser output pulse, the relation between the delay and the wavelength is close to linear.
This chirped laser source is also limited by its fixed dispersion, as it cannot match to the
higher order dispersion of a grating pulse compressor.

Figure 2.13 (a) Spectrum of a chirped optical pulse from a tunable DBR diode laser. The
generated bandwidth is typically limited to 10 nm. Inset: DBR diode laser. (b) The
relative delay (ps) changes linearly with the wavelength for the chirped pulse. Figures
from Ref. [71].
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The energy of the chirped pulses from the DBR diode laser is only a few
picojoules. These chirped pulses were subsequently amplified to 2 µJ and compressed to
1.8 ps.72 Figure 2.14 (a) shows the experimental setup of the CPA system. A two-stage
erbium-doped fiber amplifier (EDFA) chain amplified the pulse with an AOM gate in
between the two gain fibers to suppress amplified spontaneous emission (ASE).
Figure 2.14 (b) shows the second-harmonic autocorrelation trace of the compressed pulse,
which corresponds to a 1.8-ps pulse duration.

Figure 2.14 (a) Chirped pulses from the DBR diode laser are amplified by a two-stage
EDFA chain. The AOM in between the two stages suppresses ASE. (b) Second harmonic
autocorrelation of the compressed pulse indicates a 1.8 ps pulse duration. Figures from
Ref [72].
Figure 2.15 (a) shows the chirped laser source developed by Van Howe, Lee and
Xu.73 A CW laser at 1.55 µm is carved into 33-ps pulses using a Mach-Zehnder intensity
modulator. The narrowband pulses are then circulated in a fiber loop for up to nine
round-trips to receive phase modulation and acquire broadened bandwidth. The phase
modulation is driven by the cusp of a sinusoidal signal, to approximate a quadratic
temporal phase. After phase modulation, the pulses are amplified to 3.5 nJ using an
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erbium doped fiber amplifier (EDFA) and compressed to 516 fs using a grating pair.
Figure 2.15 (b) shows the spectrum of the chirped pulses produced in three and nine
round-trips in the fiber loop. Limited by the fixed temporal shape of the phase
modulation signal, this chirped laser source lacks the ability to match to the dispersion of
the grating pulse compressor. Thus, decent pulse compression could only be achieved for
phase modulation depth below 80 π. This imposes a limit on the pulse duration that can
be compressed (33 ps), and also on the compressible pulse energy because shorter pulses
run into the onset of detrimental nonlinear effects at lower energy.

Figure 2.15 (a) Experimental setup of a 1.55 µm chirped pulse source. The cusp of
sinusoidal driving signal approximated a quadratic phase modulation to produce linear
frequency chirp. Chirped pulses were amplified and compressed to 516 fs. (b)
Experimental (upper) and theoretical (lower) spectra produced in three and nine roundtrips of phase modulation. About 20 nm of bandwidth was produced in nine round-trips.
Figures from Ref [73].
DCLS is compared to the two previous works in a few aspects, as outlined in
Table 2-2 below. DCLS offers programmable temporal phase control while the other two
works do not have this capability. DCLS wavelength is centered at 1053 nm which is
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suitable for seeding high energy Nd-glass laser systems. The other two works are
centered at around 1.5 µm. DCLS also achieved much higher pulse stretch ratio and
amplified pulse energy than the previous works.
Table 2-2 Comparison of DCLS to existing literaure

Galvanauskas
Van Howe et al.
Xin and Zuegel

Programmable
temporal phase
No
No
Yes

Wavelength
(nm)
1500
1550
1053

Pulse stretch
ratio
500
66
>1000

Amplified pulse
energy
2 µJ
3.5 nJ
76 mJ
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3 Key Technologies for the Directly Chirped Laser Sources
This chapter describes the key technologies that enable DCLS, schematically
outlined in Figure 3.1:

Figure 3.1 Schematic of key technologies for DCLS
1. A lithium niobate (LiNbO3) phase modulator applies the desired temporal phase
to the signal pulse. A phase modulator with a low half-wave voltage (V~1 V)
ensures efficient phase modulation each time the pulse passes through the
modulator.
2. An arbitrary waveform generator (AWG) provides programmable control of the
phase applied to the signal pulse. The AWG output is amplified by a radiofrequency (RF) amplifier to increase single-pass phase modulation. The AWG can
be synchronized to an external reference clock.
3. Multi-pass phase modulation is required for DCLS to produce the desired phase
modulation depth. The multi-pass phase modulation is realized by circulating the
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optical pulse in a fiber ring cavity. By tailoring the phase modulation for each
pass, multi-pass modulation offers a way to fine adjust the total phase profile.
4. Preserving the linear polarization of the signal pulse is required for optimal DCLS
performance. Management of the signal polarization is achieved by using special
fibers and strategically building half-wave plates into different parts of the cavity.
5. A Yb-doped fiber amplifier is built into the fiber cavity to compensate for optical
losses and provide net gain. A negative-feedback system monitors the circulating
pulse energy, optimizes the cavity dynamics and stabilizes the output pulse energy
(Chap.4).
6. Several techniques are employed to flatten the gain spectrum in the spectral
region of interest, and also ensure that ASE at shorter wavelengths does not
overwhelm the signal.
7. A narrowband, linearly polarized, nano-second pulse laser is required to seed
DCLS (Sec. 2.2).
8. DCLS requires accurate measurement of the temporal phase it produces. This
capability ensures matching to the grating pulse compressor and optimal
compression of the chirped pulse after amplification (Chap. 5).
The DCLS regenerative amplification and cavity dynamics control technology
will be presented in Chap. 4. The DCLS seed source has been introduced in Sec. 2.2. The
temporal phase measurement technique for DCLS will be presented in Chap. 5. All the
other key technologies outlined above will be presented in this chapter.
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3.1 LiNbO3 Phase Modulator
Figure 3.2 (a) is an illustration of the lithium niobate (LiNbO3) phase modulator
used in DCLS (EOSPACE). The LiNbO3 crystal is housed in an 88-mm long package,
and the optical signal is launched into and out of the modulator using polarization
maintaining (PM) fiber. A time-varying voltage is applied through the RF ports to drive
phase modulation. This is an electro-optic modulator (EOM) that modifies the phase of
the optical signal through the linear electro-optic effect (also known as the Pockels effect).
This effect is that the refractive index of a material changes linearly with an electrical
field applied across it (Chap. 11 of Ref [6]). LiNbO3 is a negative uniaxial crystal.

Figure 3.2 (a) Fiber coupled LiNbO3 electro-optic phase modulator provides phase
modulation for DCLS. (b) The phase modulation is most efficient when both the optical
signal and applied electrical field are aligned to the optical axis of the LiNbO3 crystal.
For the most efficient

electro-optic modulation, the applied electrical field and the

polarization of the optical field both need to be aligned to the optical axis of the crystal.
To ensure this, the crystal is cut so that the optical axis lies in the plane of the entrance
face, and the optical signal propagates perpendicular to the optical axis, as shown by the
end view of the crystal in Figure 3.2 (b). Using PM fibers for the input and output ensures
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robust alignment and correct polarization match. Under this configuration, the
modification to the refractive index is: 6
1

1

𝑉

∆𝑛 = − 2 𝑛3 𝑟33 𝐸 == − 2 𝑛3 𝑟33 𝑑,

(3.1)

where n is the refractive index of the material for an optical field aligned to the optical
axis (ne= 2.16 and no = 2.23 at 1 m for LiNbO3), r33 is the electro-optic tensor element
(30.9 pm/V), and E is the applied electrical field. The electrical field is produced by a
voltage V applied across the crystal, and d is the dimension of the crystal along the field
direction. When a time-varying voltage V(t) is applied across the modulator, the optical
signal will acquire a phase that is directly proportional to the driving signal. The halfwave voltage (V) of the modulator is defined as the voltage that produces a phase shift
of  radians, then the temporal phase can be expressed as:
𝜑(𝑡) = 𝜋

𝑉(𝑡)
𝑉𝜋

.

(3.2)

A low half-wave voltage offers more phase modulation with a given driving
signal level and is desirable for DCLS. To measure the half-wave voltage, the phase
modulator is built into one arm of a Mach-Zehnder interferometer formed with a fiber
splitter and fiber coupler (Figure 3.3). A 1053-nm CW fiber laser with an ultra-narrow
line-width (~10 kHz) is launched into the interferometer and split into two arms.
Sinusoidal phase modulation is applied to one of the arms. Optical signals with and
without phase modulation are then combined and the intensity of the output field is
detected with a fast photo-diode and oscilloscope. The fields of the two arms and the
detected homodyne signal are as follows:
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𝐸1 (𝑡) = 𝐴1 𝑐𝑜𝑠(𝜔𝑡)

(3.3.1)

𝐸2 (𝑡) = 𝐴2 𝑐𝑜𝑠 (𝜔𝑡 + 𝜋

𝐼(𝑡) = 𝐼0 + 𝐼1 𝑐𝑜 𝑠 (𝜋

𝑉(𝑡)

𝑉(𝑡)
𝑉𝜋

𝑉𝜋

+ 𝜑0 )

+ 𝜑0 ).

(3.3.2)

(3.3.3)

Figure 3.3 To measure the half-wave voltage of the phase modulator, a Mach-Zehnder
interferometer converts phase modulation into intensity modulation.
In Eq. (3.3.3) the values of I0, I1 and 0 depend on the specific interferometer setup such
as the split ratio and the relative delay between the two arms. They do not affect the
fringe spacing of the measured interferogram. The fringe spacing is determined by the
phase term 𝜋

𝑉(𝑡)
𝑉𝜋

in the cosine. The sinusoidal phase modulation drive V(t) is also

measured. Nonlinear optimal fit between the measured I(t) and V(t) is performed to
determine V . As an example, Figure 3.4 (a) shows the measured 400-MHz phase
modulation drive V(t) , and Figure 3.4 (b) shows the homodyne signal I(t) (solid-red) and
its optimal nonlinear fit (dotted-black). The vertical magenta lines indicate the part of
signal processed in the nonlinear fit.
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Figure 3.4 (a) Measured 400-MHz sinusoidal phase modulation drive for V
measurement. (b) Measured homodyne signal (red) and nonlinear optimal fit to the
measured trace (black).
The half-wave voltage of the phase modulator is measured with sinusoidal driving
signals at different frequencies and the results are shown below in Figure 3.5 (a). V is
0.92 V at 50 MHz and increases by 18% to 1.09 V at 400 MHz. The increase of V
indicates a drop of electro-optic efficiency, which is a result of two effects. First, driving
signal at a higher frequency is attenuated more by the RF electronics of the modulator.
Figure 3.5 (b) shows the transmitted ratio of voltage between the input and output RF
ports at different frequencies. The transmission is 92% at 50 MHz, 77% at 400 MHz and
50% at 5 GHz. Second, the modulation efficiency is highest when the RF wave and the
optical wave travel at the same velocity across the interaction length in the LiNbO3
crystal, and decreases with an increasing velocity mismatch. The velocity of the RF wave
is frequency-dependent, which introduces another dependency of the modulation
efficiency upon the driving frequency. The microwave velocity can be adjusted by
modifying the geometry of the waveguide. Optimal velocity match between the RF wave
and the optical wave can be achieved for the intended driving frequency within a limited

50

bandwidth.75,76 The decrease of V at 500 MHz (Figure 3.5 (a)) in spite of lower voltage
transmission (Figure 3.5 (b)) could be caused by improved velocity match at this
particular frequency. The frequency dependence of the electro-optic response efficiency
will cause a deviation of the temporal phase produced from the applied driving waveform.
This is addressed by measuring the temporal phase directly and applying phase correction
iteratively, as presented in Chap. 5.

Figure 3.5 (a) V of the phase modulator increases 18% when driving frequency
increases from 50 MHz to 400 MHz . (b) Driving voltage transmission between the
input and output RF port of phase modulator decrease with increasing driving
frequency.

3.2 Programmable Phase Control with an Arbitrary Waveform
Generator
The setup that produces the DCLS phase modulation drive is shown in Figure 3.6.
The programmable phase modulation drive initiates from an arbitrary waveform
generator (Tektronix AWG 7122B). An RF delay line (Colby PDL-100A) offers fine
delay adjustment to the AWG output (0.5 ps resolution) to ensure synchronization
between the phase modulation drive and the optical pulse. The phase modulation signal is
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amplified by a broadband RF amplifier (MINICIRCUIT ZHL-42W) to increase singlepass phase modulation. The amplified phase modulation drive then propagates through
the phase modulator and is monitored on a 12-GHz oscilloscope (Agilent Technologies
91204A).

Figure 3.6 The programmable DCLS phase modulation drive from an arbitrary waveform
generator (AWG) is amplified by an RF amplifier to increase single-pass modulation. An
RF delay line offers fine timing adjustments for synchronization to the optical pulse.
The Tektronix AWG has a sampling rate of 24 GS/s (42 ps/sample) and an analog
bandwidth of 7.5 GHz (-3 dB point). It has a 1 V (peak-to-valley) output amplitude into
50  impedance and vertical resolution of 10 bits (1 mV/step). The AWG takes a
38 MHz reference clock signal, which is also the reference clock for the optical seed
pulse, and generates a synchronized 24 GHz internal clock for its operation. The AWG
output is synchronized to the optical signal.
To measure the timing jitter between the AWG output and the optical pulse, a
horizontal histogram is taken on the rising edge of the optical pulse while the
oscilloscope is triggered on the rising edge of an AWG square pulse output. A scope
screen-shot of this measurement is shown in Figure 3.7. The jitter is 7.4 ps (rms). Timing
jitter between the optical pulse and the phase modulation drive will result in a DCLS
output temporal phase that varies from shot to shot, which then produces a varying
compressed pulse at the end of the CPA system. The timing jitter is below 1% of the
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nano-second duration of the DCLS chirped pulse. As will be presented in Sec. 5.2, the
measured shot to shot phase variation for DCLS output is 0.5 rad out of 930 rad of total
phase (0.05%). This includes both real phase variation and measurement noise so it is an
upper bound of the real shot to shot variation. The performance limiting factor for DCLS
pulse compression is a 0.7% deviation of the output phase from the desired phase profile
(Sec. 5.6). Thus, shot to shot phase variation is not a limiting factor for DCLS pulse
compression at the present stage. Experimental demonstration of DCLS pulse
compression will be presented in Chap. 6.

Figure 3.7 The timing jitter between the DCLS seed pulse (yellow) and the AWG output
(green) is 7.4 ps (rms). This jitter is <1% of the duration of DCLS chirped pulse.
The solid-blue curve in Figure 3.8 shows a programmed AWG waveform for
driving DCLS phase modulation. The center part of the waveform is a 1.3-ns quadratic
pulse, and the waveforms extending from both edges of the center pulse are tailored to
equal the positive and negative areas so that the whole waveform has zero DC component.
As will be presented below, the phase modulation drive signal from the AWG is
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amplified by a radio frequency (RF) amplifier. This amplifier is limited to 10 MHz on the
low-frequency end. Eliminating the DC component on the input signal to this amplifier
avoids waveform distortion. The dashed-red curve in the figure is the corresponding
AWG output. It closely resembles the programmed waveform, except for some distortion
on the fast transitions because of the limited analog bandwidth of the AWG (7.5 GHz).

Figure 3.8 The AWG output (dashed-red) is close to the programmed waveform (solidblue) designed to drive DCLS phase modulation, except for some distortion on the fast
transitions of the center pulse. The distortion is because of its limited analog bandwidth.
The phase modulation drive propagates through several RF components,
including the delay line, RF amplifier and phase modulator, which all have frequencydependent transmission (or gain). The system’s frequency response with a limited
bandwidth will affect the phase modulation drive, and ultimately the DCLS output phase.
A 6th-order super Gaussian low-pass filter is numerically applied to the programmed
AWG waveform to identify the required bandwidth for DCLS. The solid-blue curve in
Figure 3.9 (a) is again the programmed AWG waveform, showing only the center
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quadratic pulse. The solid-black curve is the output waveform through a 1.3-GHz (1/e
point) filter, and the dashed-red curve is the output through a 4-GHz filter. The 1.3-GHz

Figure 3.9 (a) Numerical low pass filter is applied to DCLS phase modulation drive
waveform (blue) to identify bandwidth requirement on the high frequency end. A
1.3-GHz low pass filter significantly distorts the waveform (black), while a 4-GHz filter
only produces small distortion on the edges of the pulse (red). (b) The AWG output (red)
is distorted after amplification and propagation through various RF components. At low
output level (6.2 V peak-to-valley), the distortion is mainly caused by loss of high
frequency component (black). At high output level (14.8 V peak-to-valley), nonlinear
saturation of the amplifier further distorts the waveform.
filter introduces obvious distortion to both the edges and the center (near minimum) of
the quadratic pulse. The 4-GHz filter does not affect the center, although small deviations
on the edge are observable. DCLS requires flat frequency response up to 4-GHz on the
high-frequency end of the RF spectrum. On the low-frequency end, fast Fourier transform
(FFT) of the programmed waveform reveals that frequency components lower than
30 MHz are 30 dB lower than the spectral peak. This is a negligible contribution to the
phase modulation signal.
DCLS requires broadband amplification (30 MHz to 4 GHz) to a high output
level (>10 V peak-to-valley), which is quite demanding for commercially available RF
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amplifiers. Three RF amplifiers have been considered for DCLS, their specifications
shown in Table 3-1. The important parameters are the frequency response, gain, and
maximum output level. The bandwidth of each amplifier is specified at the –3 dB point,
so the MINICIRCUIT amplifier has reduced gain approaching 4.2 GHz. The other two
amplifiers offer better coverage of the 4-GHz frequency component required by DCLS.
All three amplifiers are sufficient on the low frequency end. The 19-dB gain of the
Hittite amplifier is not sufficient to amplify the AWG output (1 V peak-to-valley) to
Table 3-1 Specification of RF amplifier options for DCLS
Amplifier Model
Frequency range (-3 dB points)
Gain (dB)
Output power at 1-dB
compression (dBm)
Output voltage into 50  at
1-dB compression (V)

ZHL-42W
(MINICIRCUIT)
0.01-4.2 GHz
30
28

HMC659LC5
(Hittite)
DC-15 GHz
19
27.5

RLNA00G20GA
(RF-LAMBDA)
0.01-20 GHz
29
28.5

15.9

15

16.8

beyond 10 V, while the other two amplifiers do have sufficient gain at ~30 dB. The 1-dB
compression point is the output level at which the amplifier gain is reduced by 1 dB from
the small signal gain. This parameter specifies the amplifier output level limited by
nonlinear saturation. Although the three amplifiers have similar 1-dB compression
specifications, measurements have revealed that RF-LAMBDA amplifier output
waveforms suffer nonlinear distortion at 10 V (peak-to-valley), while the MINICIRCUIT
amplifier can produce 15-V output without significant saturation. Although limited by its
bandwidth, the MINICIRCUIT was the best choice for DCLS.
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Figure 3.9 (b) compares the AWG output (same red curve as Figure 3.8) and the
measured phase modulation signal after RF amplification and propagation through the
phase modulator. The dashed-black curve shows the normalized phase modulation pulse
at low output level (6.2 V peak-to-valley). The symmetric AWG output is distorted and
has a slower leading edge and faster trailing edge. This distortion is mainly caused by the
loss of high frequency components. The dashed-magenta curve shows additional
distortion at higher output level (14.8 V peak-to-valley), caused by nonlinear saturation
of the RF amplifier. The amplifier output level is adjusted by changing the AWG level
that feeds into it. An 11-dB RF attenuator between the delay line and the amplifier keeps
the input level to the amplifier low enough to avoid saturation, while ensuring that the
whole dynamic range of the AWG can be accessed.
Taking advantage of the programmability and long record length of the AWG,
several steps are taken to produce the desired DCLS temporal phase, as shown in
Figure 3.10. First, modulation is applied to generate a chirped pulse with the desired
bandwidth using a waveform from the AWG that pre-compensates distortions from the
various RF components. Second, this phase modulation drive is measured. A phase
correction signal is generated based on the difference between the measured electrical
waveform and the desired shape. As mentioned before, the DCLS optical pulse acquires a
phase that is the sum of all round-trips of modulation. The additional round-trips of
correction reduce the accumulated error. Two iterations of phase modulation drive
correction are applied. In the final step, the DCLS temporal phase is measured.
Correction signals based on the measured phase is applied to further approach the desired
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temporal phase. This direct phase correction is applied in two iterations. The
improvement made by the first two steps is presented below in Figure 3.11. The
improvements made by direct phase correction will be presented in Chap. 5.

Figure 3.10 Roadmap to produce the desired DCLS temporal phase: (1) Precompensation of the main phase modulation pulse, (2) Correction based on measured
phase modulation drive (electrical waveform), (3) Correction based on measured DCLS
temporal phase.
The black curve in Figure 3.11 (a) shows the measured phase modulation pulse
with pre-compensation and the blue curve is a quadratic fit to it. The pre-compensation
improves the phase modulation signal but the deviation is still quite obvious. The black
curve in Figure 3.11 (b) is the difference between the measured phase modulation drive
and its quadratic fit. The deviation increases rapidly on the edges, and is 0.4 V peak-tovalley in a 1 ns range around the center of the pulse. A phase modulation signal with 20
identical driving pulses is produced, followed by two correction pulses based on the error
shown above. Analysis of the sum of these 22 pulses yields an effective driving pulse
closer to a quadratic shape. A second iteration of correction (one round-trip) is applied
based on the residual error after the first two correction pulses, and the effective phase
modulation drive thus obtained is shown as the red curve in Figure 3.11 (a). It is much
closer to the quadratic fit (blue). The red curve in Figure 3.11 (b) is the corresponding
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residual error after the additional correction pulses. The deviation is reduced to 0.07 V
peak-to-valley in a 1 ns range. This part of the signal (indicated by vertical dotted lines)
will be used for phase modulation. The peak-to-valley amplitude of the usable phase
modulation signal is 7 V, which offers ~7π of phase for each pass through the modulator,
as the half-wave voltage of the modulator is about 1 V (Sec. 3.1). The accuracy of the
phase modulation drive control is ~1%. The high sampling rate of the AWG is essential
for this level of control.

Figure 3.11 (a) Phase modulation driving pulse before (black) and after (red) additional
correction, compared with a quadratic shape (blue). (b) Phase modulation drive error
before (black) and after (red) additional correction. The correction reduces the error
from 0.4 V to 0.07 V (peak-to-valley).
The phase correction demonstrated in Figure 3.11 is for 20 round-trips of main
phase modulation and three round-trips of correction in two iterations. The phase
modulation creation roadmap (Figure 3.10) for the final DCLS configuration has 43
round-trips of the same main phase modulation pulse. In the 2nd step correction, there are
four round-trips for the 1st iteration and two round-trips for the 2nd iteration. The
amplitude of the correction pulses are also adjusted accordingly. The demonstration of
phase correction was done for a reduced number of round-trips compared to the final
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configuration. This is because measurement of the whole phase modulation waveform is
limited by the record length available from the oscilloscope.

3.3 Multi-pass Phase Modulation in a Fiber Ring Cavity
For an optical pulse to be compressed to its Fourier-transform limit (shortest pulse
duration), its chirp needs to match that produced by the grating pulse compressor. DCLS
is developed as an alternative seed for the Multi-Terawatt (MTW) laser, a 100-J
Nd-glass CPA system at the Laboratory for Laser Energetics.77 The current seed pulse for
MTW is a ~2.5-ns chirped pulse with ~8-nm bandwidth centered at 1053 nm. The
dispersion on this seed pulse matches the compressor modelled in Sec. 2.1. A large
amount of temporal phase modulation is required for DCLS to produce a chirped pulse
with these parameters. Considering the quadratic phase, the required chirp rate is
=5.51 (rad/ps)/ns (Sec. 2.1, Figure 2.4). Substituting the chirp rate and pulse duration
into Eq. (1.1), the phase amplitude required is 1370π, assuming a symmetric shape. As
presented in Sec. 3.2, the phase modulator offers 7π of phase through each pass, limited
both by the half-wave voltage of the phase modulator and the available phase drive
amplitude. Thus, DCLS pulse accumulates phase modulation in multi-passes through the
phase modulator to achieve higher level of phase modulation depth. The phase
modulation in N round-trips is the sum of the modulation for each pass:
N
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V

 t   

Vi  t 

(3.4)
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When Vi(t) is the same symmetric quadratic pulse for all the round-trips, it can be
written as :
 2t 
Vi  t   V  t   VD  VA  
T 
 p

2

(−

𝑇𝑝
2

<𝑡<

𝑇𝑝
2

)

(3.5)

where VD is the DC offset and VA is the peak-to-valley amplitude of the quadratic pulse
driving the phase modulator. The DC offset does not affect the dispersion on the chirped
pulse. From Eq. (3.4) and (3.5), the amplitude of the multi-pass quadratic phase is the
phase shift on the edges of the chirped pulse (t=Tp/2):
𝑉

𝜑0 = 𝑁𝜋 𝑉𝐴
𝜋

(3.6)

From Eq. (3.6), close to 200 passes through the modulator are required to produce
a 2.5-ns, 8-nm chirped pulse, which is beyond the current capability of DCLS. For a fixed
chirp rate, a shorter chirped pulse would produce less bandwidth but can still be
compressed by the same compressor. As Eq. (1.1) indicates, the phase amplitude required
for a fixed chirp rate decreases quadratically with the pulse duration Tp. Limiting the
bandwidth to 3 nm and correspondingly the pulse duration to 928 ps, the phase amplitude
requirement decreases to 190π assuming a symmetric quadratic shape. In practice, the
usable quadratic phase modulation signal (Section 3.2) is not symmetric in time. The
leading edge of the pulse is about 600 ps and the trailing edge about 400 ps (Figure 3.11),
which increases the phase amplitude requirement to 290 π. As the roadmap in Figure 3.10
shows, DCLS circulates the pulse for 51 round-trips in the ring cavity. Forty-three round-
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trips were used to produce the desired phase amplitude and eight round-trips were
dedicated to phase correction.
The DCLS cavity round-trip time has to be matched to the repetition period of the
phase modulation drive to ensure that each time the optical pulse passes through the
phase modulator, it is synchronized to the desired phase modulation signal. Because of
the large number of round-trips, a small mismatch can result in a large walk off between
the optical pulse and the phase modulation pulse. For example, a 1 ps mismatch would
cause a 50 ps walk off after 50 round-trips. It is experimentally established that the DCLS
cavity round-trip time has to be set to an accuracy of 0.5 ps to ensure best achievable
performance (Sec. 5.6). As shown in Figure 3.12, the repetition period of the phase
modulation signal produced by the AWG has to be an integer multiple of the AWG
reference clock cycle (a 24-GHz clock corresponds to a 42-ps clock cycle). Thus, the
DCLS cavity round-trip time also has to be a multiple of 42 ps.

Figure 3.12 The DCLS cavity round-trip time has to be matched to the repetition period
of the phase modulation signal produced by the AWG. Both times need to be an integer
multiple of the AWG reference clock cycle, which is 42 ps.
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A fiber coupled optical delay line (OZOPTICS ODL100) sets the cavity roundtrip time to match the phase modulation signal. The delay line (Figure 3.13) launches the
optical pulse from fiber to free space and then re-launches the pulse back into fiber. The
distance that the pulse travels in free space (thus the delay) is adjusted by a lead screw.
The delay line has a total delay range of ~333 ps (100 mm in free space) and each turn of
the lead screw corresponds to 1 ps of delay. The total available delay is eight times the
AWG reference clock cycle, ensuring sufficient range of adjustment. The input and
output fibers are polarization maintaining fibers.

Figure 3.13 The fiber optical delay line offers 333 ps of delay adjustment, which is
sufficient for DCLS application. The optical delay is adjusted by changing the distance
that the pulse travels between to polarization maintaining fibers.

3.4 Polarization Management in the DCLS Fiber Ring Cavity
The seed pulse to the DCLS cavity is linearly polarized, as described in Sec. 2.2.
A linear polarization is required for the DCLS output pulse, because many components in
chirped pulse amplification systems are polarization dependent.
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Additionally,

maintaining the linear polarization in the fiber cavity is important for DCLS performance.
The polarization of the circulating pulse can affect the DCLS cavity dynamics. The
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polarization also needs to be maintained along a specific orientation for optimal
performance of the phase modulator and polarization maintaining (PM) fibers. This
section will first describe how polarization management impacts DCLS performance. The
techniques for polarization management are then presented.
First, components in the fiber cavity such as the four-port AOM switch (seed
injection and cavity dump) have polarization-dependent loss and polarization fluctuations
will change cavity dynamics. The fiber ring cavity is very sensitive to loss because of the
large number of round-trips the pulse circulates in the ring. An unstable polarization will
result in an unstable output level and also endangers the cavity if a high-energy pulse is
accidently produced.
As illustrated by Figure 3.2 in Sec 3.1, the phase modulation efficiency of the
phase modulator is polarization dependent. For the LiNbO3 modulator used in DCLS, the
most efficient orientation for modulation is along the optical axis of the crystal, and field
along the perpendicular orientation receives only 1/3 of modulation (Chap. 11 of Ref [6]).
An unstable polarization will cause the phase profile of the DCLS output pulse to be
unstable.
The polarization dependence of the phase modulator can produce amplitude
modulation to the optical signal when its polarization is not properly aligned. When the
polarization is off the optimal orientation, the field is decomposed into components
parallel and perpendicular to the optimal orientation. The two fields receive different
amounts of phase modulation and produce amplitude modulation when recombined.
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Figure 3.14 illustrates amplitude modulation produced by the phase modulator when the
input polarization is not optimally aligned. As shown in Fig. Figure 3.14 (a), square
pulses with a flat top are injected into the phase modulator and the output pulse shape is
measured using a photodiode. The polarization launched into the phase modulator is
adjusted by a polarization controller (Thorlabs FPC562). The polarization controller has

Figure 3.14 (a) Experimental setup to demonstrate amplitude modulation produced by the
phase modulator when the signal polarization is not optimally launched. (b) Measured
pulse after propagation through phase modulator with PM signal on (blue) and off (red).
Minimum modulation is produced when signal is aligned to the optimal orientation. (c)
Significant amplitude modulation is produced when signal is misaligned from the optimal
orientation. Blue curve is normalized to be slightly lower than the red to distinguish pulse
tops.
three spools of single mode fiber. By applying stress to the spooled fiber, an adjustable
amount of birefringence is produced and each spool becomes a wave plate to alter the
polarization of an optical signal propagating through. The red curve in Figure 3.14 (b)
shows the output pulse without phase modulation, which has the same flat pulse top as

65

the input. The blue curve shows the output pulse with phase modulation applied. The
input polarization is aligned to the optimal orientation so the pulse shape is close to the
input. The minimum amplitude modulation is limited by the polarization extinction ratio
of the source and the accuracy of alignment at the several connections leading to the
modulator. By adjusting the polarization controller, the input signal is coupled to both
axes of the phase modulator, which produces obvious amplitude modulation when phase
modulation is applied, as shown by the blue curve in Figure 3.14 (c). This kind of
amplitude modulation is detrimental for DCLS performance and needs to be minimized.
Apart from the phase modulator, the PM fibers in the cavity can also produce
amplitude modulation when the signal is not launched along one of its principal axes, as
explained in Sec. 2.4. Because of the two undesirable amplitude modulation effects, a
DCLS pulse is adversely modified in the fiber cavity even if PM fiber is used throughout
the cavity. With the many different sections of fibers connected together, misalignment
between the fiber principal axes at each connection point is difficult to eliminate
altogether. The modulation accumulates over the many round-trips in the cavity and
severely limits DCLS performance. As mentioned before, the commercially available
fiber components used in the cavity all come with PM fibers. Polarizing (PZ) fibers are
strategically built into the cavity between the PM fibers to maintain a single polarization.
Energy coupled into the wrong orientation will be attenuated so that it does not couple
back to the main pulse and introduce amplitude modulation. Figure 3.15 compares the
performance of the DCLS cavity with and without PZ fibers. The blue curves in both subfigures are the input 2-ns square pulse. The red curve in Figure 3.15 (a) is the PM fiber
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cavity output pulse, and Figure 3.15 (b) shows the output when PZ fiber is built into the
cavity. In both cases, the pulse circulated in the cavity for 50 round-trips, which is
approximately the number of round-trips required by DCLS (Sec. 3.3). PZ fiber greatly
reduced the pulse distortion and enabled operation of enough round-trips to produce the
desired phase modulation depth.

Figure 3.15 (a) 50-round-trip DCLS output pulse from a PM fiber cavity (red). The blue
curve is the input pulse shape. (b) 50-round-trip DCLS output pulse after adding PZ fiber
(red). The blue curve is the input pulse shape.
The final DCLS cavity consists of about 20 separate pieces of fibers that add up to
a total length of 25 m. The different sections of fiber are mostly fusion spliced together,
except for one location where fiber connectors were used to provide an access point for
system probing. To ensure correct launching of the optical signal from one fiber to the
next, it is important to accurately align the principal axes of two fibers when fusion
splicing them together. For the PM fiber cavity that produced the severely distorted pulse
(Figure 3.15 (a)), the fusion splicing was performed with the Fitel S183PM fusion splicer.
The accuracy of alignment between principal axes for this splicer is 5. For the fiber
cavity with PZ fiber that had reduced pulse distortion (Figure 3.15 (b)), the fusion
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splicing was performed with the Vytran FS-2000 fusion splice workstation. With this
station, the orientation of the stress rods of the PM and PZ fibers can be monitored during
the fusion splice to ensure optimal alignment between the fibers. The accuracy of the
alignment is 1, which is an important contributing factor to a better defined polarization
state and reduction of pulse distortion. A splicer with improved accuracy can further
reduce the residual pulse distortion shown in Figure 3.15 (b).
Apart from using PM and PZ fibers, half-wave plates were also used for
polarization management in DCLS fiber cavity. A four-port AOM switch is used in the
fiber cavity for seed injection and cavity dump. It has PM fiber input and output ports.
However, it launches the optical signal into free space in between the fiber ports to
interact with the acousto-optic crystal. It was found that the principal axes of these PM
fibers are slightly mis-aligned so the signal pulse is depolarized when propagating
through the AOM. Half-wave plates are inserted into the beam path in the AOM switch to
match the polarization between the different fiber pots.

3.5 Gain Spectrum Engineering in the DCLS Fiber Cavity
The emission and absorption cross sections of the Yb-doped fiber are shown in
Figure 2.7. In DCLS the Yb-doped fiber is pumped at 976 nm. The gain peaks at
1030 nm and keeps decreasing to the signal wavelength at 1053 nm. As mentioned before,
the 1053 nm signal wavelength is required for seeding high energy Nd-glass laser
systems.

14,39

The emission cross section at the gain peak is two times higher than the

cross section at the signal wavelength. Amplified spontaneous emission (ASE) at the gain
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peak can overwhelm the signal as it experiences much higher gain. DCLS aims to
produce a flat-top spectrum with a few nanometers bandwidth. The gain favors shorter
wavelengths and can severely tilt the shape of the spectrum. Several gain spectrum
engineering technique are used in DCLS to suppress ASE and produce the desired
spectrum. These include a 1030/1053 nm wavelength division multiplexer (WDM), a
band-pass filter (BPF) centered at 1053 nm and a tunable birefringent filter.
Both the WDM and the BPF are based on thin-film optical filter technology. 79
Figure 3.16 (a) illustrates the basic principle of this technology. Thin films of alternating

Figure 3.16 (a) Working principle for thin-film optical filters. The wavelength-dependent
reflectance is controlled by engineering the interference of signals reflected from all
surfaces. Figure adapted from Ref [79]. (b) The 1030/1053 nm WDM (above) is a fiber
coupled thin film long-pass filter. The 6-nm band-pass filter (below) is a thin film filter
on glass substrate.
(high and low) refractive index are stacked between air and the substrate. All the thin
films are quarter wave in thickness, with their refractive index in between that of the air
(unity) and of the substrate (e.g., ~1.5 for glass). Reflection from a high-index material to
a low-index material (e.g., interface I in Figure 3.16 (a)) adds 180° of phase to the signal.
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On the other hand, reflection from a low-index material to a high-index material (e.g.,
interface II in Figure 3.16 (a)) does not add phase to the signal. Signal reflected from
interface I picks up 180° of phase from reflection. Signal reflected from interface II picks
up 180° of phase from propagation through the first layer, as the layer is quarter wave in
thickness. Signal reflected from interface III picks up 360° of phase from propagation and
180° of phase from reflection. Similar analysis for signals from all interfaces shows that
they add up constructively so the repeated structure increases reflection of the incident
signal. By tailoring the ratio between the high and low refractive index, the spectral range
over which the reflectance is high can be controlled. Various edge-pass filters and bandpass filters can be designed using this principle. The 1030/1053 nm WDM (LIGHTEL)
used in DCLS is a fiber coupled thin film long-pass filter. The band-pass filter used in
DCLS is a thin film filter on glass substrate. Figure 3.16 (b) shows a picture of the WDM
(above) and the band-pass filter (below).
Figure 3.17 (a) shows the transmission spectrum of the 1030/1053 nm WDM
(calculated data provided by Lightel). The transmission is close to unity (~1-dB insertion
loss) for wavelengths longer than 1045 nm. The transmission decreases for shorter
wavelengths and offers a 60-dB suppression at 1030 nm. The WDM suppresses ASE at
wavelengths shorter than 1045 nm, but ASE at 1045-1051 nm can still overwhelm the
signal as it experience higher gain. A band-pass filter is used to further suppress ASE in
this spectral range. Two similar band-pass filters have been used for DCLS development.
First, a 10-nm band-pass filter (Andover) has been used for the all fiber regenerative
amplifier development to be presented in Chap. 4. The in-band transmission of this filter
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is 40%. A 6-nm band-pass filter (Semrock) has been used for the final DCLS setup. This
filter has a much higher in-band transmission which reduces the required pump level for
the DCLS gain fiber. The transmission spectrum of the 6-nm band-pass filter is measured
with a spectrophotometer (PerkinElmer Lambda900) and shown in Figure 3.17 (b). The
band-pass filter offers >90% transmission for in-band signal and >20 dB suppression for
out-of-band signal. The effect of ASE suppression by the band-pass filter can be found in
Ref [80].

Figure 3.17 (a) Transmission spectrum of the 1030/1053 nm WDM. The WDM offers
60 dB suppression for the ASE peak. (b) Transmission spectrum of the 6-nm BPF. The
BPF further suppresses ASE at 1045-1051 nm.
A bandwidth of a few nanometers (3-8 nm) is expected from DCLS. For optimal
amplification in the CPA system, it is desirable to produce a square spectrum with a flat
top. A birefringent filter is designed to counter-balance the gain-tilt of Yb-doped fiber
favoring shorter wavelength. It is built into the DCLS cavity to ensure a flat gain
spectrum in the spectral region from 1049 nm to 1056 nm. Figure 3.18 shows the setup of
a birefringent filter. 81 A linearly polarized light is launched through a birefringent
element, which introduces a delay between the fields along its slow and fast axis. For a
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broadband signal, this delay causes a wavelength dependent phase difference between the
two polarizations. With a polarizer following the birefringent element, a sinusoidal
spectral intensity modulation is produced. For minimum overall loss through the filter,
the transmission axis of the output polarizer is set to parallel to the input polarization. In
this configuration, the wavelength-dependent transmission through the birefringent filter
is:
𝑇 = 𝑠𝑖𝑛4 𝜃 + 𝑐𝑜𝑠 4 𝜃 + 2𝑠𝑖𝑛2 𝜃𝑐𝑜𝑠 2 𝜃 × cos(∆𝜔𝜏 + 𝜑0 )

(3.7)

In Eq. (3.7) ∆ω is the frequency difference from the center optical frequency in
consideration, τ is the delay introduced by the birefringent element, and φ0 is a phase
constant depending on the thickness of the birefringent element and the center optical
frequency. As shown in Figure 3.18, the birefringence axis of the birefringent element is
rotated by an angle θ from the input polarization and the output polarizer. See
Appendix B for detailed derivations of Eq. (3.7).

Figure 3.18 A birefringent spectral filter produces tunable spectral intensity modulation.
The filter is used to flatten DCLS cavity gain spectrum.
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As can be seen from Eq. (3.7), the transmission spectrum of the birefringent filter
can be tuned by tailoring the filter setup. The modulation depth of the spectrum can be
controlled by the angle θ, while the period of the sinusoidal modulation is determined by
the delay τ (i.e., thickness of the birefringent element). The phase of the sinusoidal
modulation curve (φ0) can be fine-tuned by tilting the birefringent element. In the DCLS
birefringent filter, a 5-mm quartz crystal was used as the birefringent element, producing
a delay of τ=0.14 ps. The dashed curve in Figure 3.19 (a) is the calculated transmission
spectrum when θ is set to 45°, and the dotted curve in the figure is the calculated
transmission spectrum with θ =10°. Maximum modulation depth is produced with θ =45°,

Figure 3.19 (a) By setting the angle between the birefringence axis and the input
polarization (θ), the modulation depth produced by the birefringent filt can be
controlled. (b) Transmission spectra for a 5-mm (blue) and a 10-mm (magenta) quartz
plate. The modulation period is directly proportional to the plate thickness.
while very small modulation depth is produced with θ =10°. Numerical simulation
identifies that θ should be set to 27° to best flatten the DCLS gain spectrum. The solid
curve in Figure 3.19 (a) shows the corresponding transmission spectrum. For all the three
curves, the red section identifies the spectral range of interest for DCLS. Figure 3.19 (b)
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shows that the period of the sinusoidal modulation is determined by the thickness of the
birefringent element. The blue curve shows the modulation produced by a 5-mm quartz
plate, while the magenta curve shows the modulation from a 10-mm plate. For both
curves, calculation was done with θ =27°. The modulation period is reduced by a factor
of two for the thicker plate.
In the DCLS birefringent filter, a small-aperture rotary linear polarizer (Thorlabs
PCB-2.5-YAG) was used to resolve the spectral modulation, and a half-wave plate was
added after the polarizer to match the polarization required after the filter. A small mount
was built to adapt the filter into the free space between the two fiber ports of the optical
delay line (Figure 3.13). The blue curve in Figure 3.20 shows the cavity gain spectrum

Figure 3.20 Gain spectrum of DCLS cavity with (red) and without (blue) the birefringent
filter. The birefringent filter greatly flattens the gain spectrum. Black curve shows
numerical simulation of the expected gain spectrum.
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without the birefringent filter. An obvious gain tilt favoring the shorter wavelength is
observed. The red curve shows that the filter greatly flattens the gain spectrum. The black
curve is a simulation result for the expected total gain spectrum.
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4 Fiber Regenerative Amplifier and Feedback Pulse Energy
Control
A Yb-doped gain fiber is built into the DCLS fiber cavity to offset cavity loss and
provide net gain. With the net round-trip gain higher than unity, the DCLS cavity
becomes an all fiber regenerative amplifier (AFRA). The AFRA setup is first presented in
this chapter. A numerical model that predicts the AFRA output energy and stability is
then presented, followed by experimental investigations of AFRA performance. The
output energy of AFRA operating at 10.5 kHz is limited by the onset of bifurcation
instability where the output-pulse energy switches between different values. [82,83,84]
This is the first observation of bifurcation instability in an AFRA.
When operating the fiber cavity as a regenerative amplifier, the goal is to produce
the highest output energy with a stable output level. It is desirable to operate with high
single pass gain and achieve saturation in the fewest round-trips to optimize stability.

44

For the purpose of DCLS, the effort is shifted to circulating the pulse in the cavity for a
large number of round-trips (50-100), as required by the desired phase modulation depth.
As mentioned in Sec. 2.3, the cavity dynamics becomes very sensitive to fluctuations of
cavity parameters such as the single-pass gain and cavity loss in so many round-trips. A
negative-feedback system is demonstrated in the DCLS system that stabilizes the output
energy. Numerical simulations of the pulse energy dynamics in a fiber cavity with
negative-feedback control identifies optimal parameters for operation and predicts system
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performance. Experimental demonstration of the feedback-controlled DCLS cavity is
presented in this chapter.

4.1 Experimental Setup of the AFRA
The experimental AFRA setup is shown in Figure 4.1. The amplifier is seeded by
10-ns square pulses at 1053 nm with a repetition rate of 10.5 kHz. A fiber-ring cavity is
built with a section of polarization maintaining (PM) Yb-doped fiber (3.5-m, 6-μm core,
30±10 dB/m absorption at 980 nm) as the gain medium. The gain fiber is counterpumped by a 500-mW continuous-wave diode laser at 976 nm (JDSU 29-7552-500)

Figure 4.1 Experimental setup for the all-fiber regenerative amplifier (AFRA). In
addition to the Yb-doped fiber as the gain medium, a 10-nm bandpass filter and a
1030/1053-nm WDM are built into the ring cavity to suppress ASE and favor the signal
gain. Optical pulses are switched in and out of the cavity by a 2  2 AOM switch. The
two states of the switch are shown in the inset.
through a 976/1053-nm wavelength-division-multiplexer (WDM1). An additional
976/1053-nm WDM (WDM2) protects the pump diode against amplified optical signals
from the cavity. It provides 20-dB isolation from 1053 nm signal at the 976-nm port. A
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2  2 acousto-optic modulator (AOM, Googch&Housego 54180-1.053-2DS-4FO-APCFAP) is used to switch the pulse in and out of the ring and Q-switch the cavity. The two
transmission states of the AOM switch, shown in the inset of Figure 4.1, alternate the
cavity between low-Q and high-Q states. When the AOM is off, the cavity is in a low-Q
state and is essentially a single-pass system. Lasing is suppressed and the gain fiber
accumulates stored energy from pumping. When the AOM is on, an acoustic wave
produced by a transducer is launched into the AOM crystal. The acoustic wave generates
a Bragg grating in the crystal that diffracts the optical beam propagating through it and
switches the coupling between the input and output ports of the AOM (Chap. 8 of Ref[6]).
This sets the cavity into the high-Q state. The AOM is turned on to Q-switch the cavity
after a seed pulse is injected, which gains energy in multiple-passes through the gain fiber
before being cavity dumped. A delay generator synchronized to the seed pulses controls
the duration of the ‘on’ state of the AOM and thus the number of round-trips in the cavity.
A 1030/1053-nm WDM (WDM3) suppresses the 1030-nm gain peak to favor
amplification at the signal wavelength. A 10-nm bandpass filter (BPF, ANDOVER
CORP.) centered at 1055 nm further suppresses ASE at 1042 to 1046 nm. These spectral
engineering techniques have been introduced in Sec. 3.5. The output pulse train repetition
rate is reduced to 300 Hz by a two-port AOM to directly measure the output pulse energy
using an energy probe limited to a maximum 2-kHz rate. The 300-Hz repetition rate for
the pulse picker is a sub-harmonic of the 10.5 kHz rate at which the AFRA is operated.
Before operating the AFRA cavity for multi-round-trips, the single-pass, smallsignal gain of the Yb-doped fiber is measured. The relation between the output optical
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power of the 980-nm pump diode and its driving current is first characterized and shown
in Figure 4.2 (a). The slope efficiency is 0.6 mW/mA and the threshold is 11 mA. The
measured single-pass, small-signal gain of the Yb-doped fiber at pump levels up to
170 mW is plotted in Figure 4.2 (b).The single pass gain is 16 dB at 110 mW of pump
power and 18 dB at 170 mW of pump power. Increasing the pump power beyond
170 mW does not increase the gain as the population inversion reaches maximum and
additional pump light is not absorbed, limiting the single-pass gain to 18 dB. The total
round-trip insertion loss of the fiber cavity is 9 dB. The AOM switch has an insertion loss
of 4 dB, the band-pass filter 3 dB, and the other components such as the WDMs
accumulate another 2 dB of loss.

Figure 4.2 (a) Output power of the 976-nm pump diode as a function of driving current.
The slope efficiency is 0.6 mW/mA and the threshold is 11 mA. (b) Single pass gain of
Yb-doped fiber in AFRA as a function of pump power. The highest available gain is
18 dB, limited by gain saturation.

4.2 Numerical Modeling of the Yb-doped AFRA
The pulse-growth dynamics in the regenerative amplifier cavity is modeled
numerically to predict system performance and identify optimal operating parameters.44
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The numerical model calculates the signal pulse energy as it passes through the Yb-doped
gain fiber repeatedly and gets amplified, taking account of gain reduction as a result of
stored energy depletion. As has been shown in Figure 2.6, the 1053-nm laser transition in
Yb-doped fiber involves two Stark manifolds: the excited-state in the 2F5/2 manifold and
the ground-state in the 2F7/2 manifold. The upper laser level is the lowest energy level in
the excited-state manifold, and the lower laser level is the second lowest energy level in
the ground-state manifold. Let the population density of the excited-state manifold be N1
and the ground state manifold be N2, while the population densities of the upper and
lower laser transition levels be n1 and n2, the rate equations governing the manifold
population density are as follows:
𝜕𝑁1 (𝑧,𝑡)

=−

𝜕𝑡
𝜕𝑁2 (𝑧,𝑡)
𝜕𝑡

=

𝑛(𝑧,𝑡)𝜎𝐼(𝑧,𝑡)

ℏ𝜔
𝑛(𝑧,𝑡)𝜎𝐼(𝑧,𝑡)

(4.1)

ℏ𝜔

In Eq. (4.1), n= n1-n2 is the population inversion between the laser levels,  is the laser
transition cross section, I is the intensity of the optical signal and ℏ𝜔 is the photon
energy at 1053 nm. The population inversion can be expressed in terms of the manifold
populations:
𝑛 = 𝑛1 − 𝑛2 = 𝑘1 𝑁1 − 𝑘2 𝑁2

(4.2)

where ki=ni/Ni are the ratios of each level population ni to manifold population Ni. These
ratios obey the Maxwell-Boltzmann distribution because thermal equilibrium is
established in pico-seconds, which can be considered instantaneous for the processes
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considered here. Substituting Eq. (4.2) into Eq. (4.1) yields the equation that governs the
change of the population inversion:
𝜕𝑛(𝑧,𝑡)
𝜕𝑡

= 𝑘1

𝜕𝑁1
𝜕𝑡

− 𝑘2

𝜕𝑁2
𝜕𝑡

=−

𝑛(𝑧,𝑡)𝜎𝐼(𝑧,𝑡)
ℏ𝜔

(𝑘1 + 𝑘2 )

(4.3)

A few parameter definitions commonly found in literature are introduced here to facilitate
further derivation. The effective emission and absorption cross sections are defined as

em=k1 and ab=k2, to account for the relative occupation ratio of each laser level
within their respective manifolds, compared with the spectroscopic cross section  that
does not factor this into its value. Additionally, with the definition of the saturation
fluence 𝐽𝑠 = 𝜎

ℏ𝜔

𝑒𝑚 +𝜎𝑎𝑏

ℏ𝜔

= 𝜎(𝑘

1 +𝑘2 )

, Eq. (4.3) becomes:

𝜕𝑛(𝑧,𝑡)
𝜕𝑡

=−

𝑛(𝑧,𝑡)𝐼(𝑧,𝑡)
𝐽𝑠

(4.4)

The intensity of the optical signal, on the other hand, is governed by the transport
equation:
𝜕

1 𝜕

(𝜕𝑧 + 𝑣

𝑔

𝜕𝑡

) 𝐼(𝑧, 𝑡) = (𝑛𝜎 − 𝛾)𝐼(𝑧, 𝑡)

(4.5)

In the transport equation, z is the spatial coordinate along the direction of pulse
propagation, vg is the group velocity of the pulse, and  represents optical losses.
Integrating Eq.(4.5) over the whole pulse and across the whole amplifier cavity for a
single pass gives the following relation between the pulse optical fluences in round-trips
k and k+1:
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𝐽

𝐽𝑘+1 = 𝑇𝐽𝑠 𝑙𝑛 {𝐺𝑘 [exp ( 𝐽𝑘 ) − 1] + 1}

(4.6)

𝑠

where the total gain and loss of the cavity are given by:
𝐿

𝐺𝑘 = exp (𝜎 ∫0 𝑛𝑘 (𝑧)𝑑𝑧) 𝑎𝑛𝑑
𝑇 = exp(−𝛾𝐿)



(4.7)

The Frantz-Nodvik model prescribes formulas for calculating the instantaneous pulse
intensity and population inversion (gain) distribution when a laser pulse propagates
through a gain medium, given the input pulse shape and initial population inversion
distribution. 85 Integrating the pulse intensity from that model over time produces pulse
fluence results that are consistent with Eq. (4.6).
The pulse energy is 𝐸𝑘 = 𝐽𝑘 𝐴𝑒𝑓𝑓 , where Aeff is the effective mode area of the gain
fiber, so Eq. (4.6) can be written in terms of pulse energy:
𝐸

𝐸𝑘+1 = 𝑇𝐸𝑠 𝑙𝑛 {𝐺𝑘 [exp ( 𝐸𝑘 ) − 1] + 1}
𝑠

(4.8)

where 𝐸𝑠 = 𝐽𝑠 𝐴𝑒𝑓𝑓 is defined as the saturation energy of the gain medium (the amount of
stored energy depletion that reduces the small signal gain to 1/e of the initial value). In
the (k+1)th pass through the gain medium, the optical pulse takes the following amount of
energy out of the gain medium:
∆𝐸𝑘 = 𝑇 −1 𝐸𝑘+1 − 𝐸𝑘

(4.9)

For the nano-second pulse durations and 10’s of nano-seconds of round-trip time
considered here, other transition rates such as from pumping are insignificant. From
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conservation of energy, the number of transitions from the excited-state manifold to the
ground-state manifold in a single pass is ∆𝐸𝑘 /ℏ𝜔 . With the definition of the gain
𝐿

coefficient 𝑔𝑘 = 𝑙𝑛𝐺𝑘 = 𝜎 ∫0 𝑛𝑘 (𝑧)𝑑𝑧, the change of manifold population causes the
gain to change as follows:
𝑔𝑘+1 = 𝑔𝑘 − 

𝜎(𝑘1 +𝑘2 )∆𝐸𝑘
𝐴𝑒𝑓𝑓 ℏ𝜔

= 𝑔𝑘 − 

∆𝐸𝑘

(4.10)

𝐸𝑠

Equations (4.8)-(4.10) form a set of iterative relations that are used to calculate
the pulse-energy growth and gain depletion for successive round-trips, given the input
pulse energy, initial small-signal gain and cavity loss. Table 4-1 lists the relevant
parameters used in the numerical simulation based on these relations. The cross section
data are taken from Ref [34], and the effective mode area is taken from Ref [40].
Table 4-1 AFRA system parameter
Photon energy at 1053 nm
Effective emission cross section em
Effective absorption cross section abs
Effective mode area Aeff
Saturation pulse energy Es
Input pulse energy E0
Initial small signal gain G0
Cavity transmission T

1.910-19 J
410-21 cm2
110-22 cm2
30 m2
14 J
15 pJ
18 dB
-9 dB

The simulation results are shown in Figure 4.3 below. The pulse energy is plotted
against the number of round-trips in Figure 4.3 (a). For the first five round-trips, the pulse
energy grows exponentially at 9 dB per round-trip. The pulse grows less rapidly in the
sixth and seventh round-trips, and starts to decrease from the eighth round-trip. This is
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because as the pulse energy grows, it takes a significant proportion of the stored energy
out of the gain medium and reduces the single pass gain. The net single-pass gain as a
function of round-trips is plotted as the solid-blue curve in Figure 4.3 (b). For the first
five round-trips, the gain stays almost constant because gain depletion is insignificant.
From the sixth round-trip, the gain starts to decrease rapidly together with the stored
energy. The dashed-red curve in Figure 4.3 (b) indicates when the gain from the Ybdoped fiber is equal to the cavity loss. The seventh round-trip is the last one with net

Figure 4.3 (a) Calculated pulse growth in AFRA for a small signal gain of 18 dB and a
cavity loss of 9 dB. The AFRA saturates in 7 round-trips at an output level of 2.3 J. (b)
AFRA small signal gain as a function of number of round-trips. The circulating pulse
depletes the stored energy and reduces the gain.
energy gain for the pulse, and this is the saturation point of the regenerative amplifier.
From the eighth round-trip, the gain is overcome by loss so further round-trips attenuate
the optical pulse. The highest pulse energy is produced at saturation, and is 2.3 uJ as
indicated in Figure 4.3 (a). Beyond 10 round-trips, the pulse energy is reduced to such a
low level that there is no signal to further deplete the stored energy, and the single-pass
gain stays flat afterwards.
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Apart from being limited by saturation, the AFRA output pulse energy is also
limited by detrimental nonlinear effects such as stimulated Brillouin scattering (SBS) and
stimulated Raman scattering (SRS, Ref [86] and Chap. 9 & 10 of Ref [6]). For SRS
pumped by an optical pulse, the generated Stokes wave propagates forward together with
the signal pulse and its threshold is estimated with the continuous wave equation: 87
𝑃𝑆𝑅𝑆 =

16𝐴𝑒𝑓𝑓
𝑔𝑟 𝐿𝑒𝑓𝑓

(4.11)

In the equation Aeff is the effective mode area of the fiber as listed in Table 4-1, gr is the
peak Raman-gain (Chap 8 & 9 of Ref [67]) which is 110-13 m/W. Leff=Le-αL is the
effective interaction length in the fiber, where L is the actual fiber length and α is the loss
coefficient of the fiber. The round-trip time of the AFRA cavity is ~50 ns so it has about
10 m of fiber. For low-loss fiber with this short length, the effective interaction length is
close to the actual fiber length. With these parameters, the Raman threshold is 480 W,
which corresponds to 4.8 J of pulse energy for a 10-ns square pulse.
For Brillouin scattering with nano-second pulses, two effects will make the SBS
threshold higher than the continuous wave case. First, the Stokes wave propagates
backwards and gets separated from the signal pulse.87 This limits the interaction length to
𝑣𝑔×𝑇
2

, where vg is the velocity of the pulse and T is the pulse duration. For a 10-ns pulse,

the interaction length is limited to 1 m, which is much shorter than the total length of
fiber in the cavity. The second effect is that the pulse duration is comparable to the
damping time of the phonon involved in the scattering and transient behavior raises the
SBS threshold. In this regime, the growth of the Stokes wave needs to be calculated using
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coupled-amplitude equations88 and is beyond the scope of the present work. The SBS
threshold pulse energy is estimated to be 1.5 μJ based on the AFRA system parameters.
This is the upper limit to the AFRA output. With the input pulse energy at 11 pJ, the
single-pass gain set at 16 dB and the cavity transmission at -9 dB, numerical simulation
shows that the amplifier produces 1.5-μJ pulse energy in nine round-trips at saturation.
The solid-blue curve in Figure 4.4 shows the pulse-growth dynamics corresponding to
this operating point.

Figure 4.4 Calculated pulse growth in AFRA for a small signal gain of 16 dB and a cavity
loss of 9 dB. For the blue curve, input pulse energy is 11 pJ. Increasing (black) and
decreasing (red) the input pulse energy by 3 dB reveals the dependence of pulse growth
on input level.
Apart from identifying the highest possible output pulse energy, another
important factor to consider for optimized AFRA performance is the output stability. The
AFRA output pulse energy fluctuates because of variations of amplifier parameters like
the input pulse energy, single-pass small-signal gain and loop transmission. Using the
numerical model described above, the sensitivity of the output pulse energy with respect
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to these parameters is determined by varying one of them while holding the others
constant. Identifying AFRA operating point (initial small-signal gain, cavity-dump point)
for lowest output level sensitivity against amplifier parameters offers guidance to
optimize system stability.
Operating the AFRA at or close to saturation improves output stability.44 The
pulse energy at saturation at different input levels has been calculated with numerical
simulation. The dotted-red curve in Figure 4.4 shows the pulse growth dynamics with the
input level decreased from 11 pJ by 3 dB. The dashed-black curve shows the result with
the input level increased by 3 dB. Saturation is reached in nine round-trips in all three
cases. The pulse energy at saturation only changes 6% while the input level is varied in
the 3-dB range.
For a few cavity dump points, the output pulse energy is calculated at different
input levels to quantify its sensitivity against the input. For the cases of eight, nine and
ten round-trips, the variation of output pulse energy as the input is varied  5 dB from
11 pJ is plotted in Figure 4.5 (a). In the 8-round-trip case (dotted-red curve), the output
increases with higher input. In the 10-round-trip case (dashed-black curve), the output
level decreases with higher input. This is because after the amplifier reaches saturation,
gain depletion becomes the dominant factor in determining the output level. The higher
the input, the more stored energy is taken out of the gain fiber, and the lower the output
level. In the 9-round-trip case (solid-blue curve), an input energy of 11 pJ corresponds to
a local maxima for the output level. The output level varies 15% (peak-to-valley) when
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the input level varies by  5 dB and only 2% when the input level varies  2 dB. This
offers an operating point for optimal output stability.

Figure 4.5 (a) Variation of output pulse energy from AFRA as the input level is varied.
Cavity dump after nine round-trips minimizes output variation. (b) The ratio between the
maximum and minimum output pulse energy as the input level is varied  5dB from
11 pJ, at different cavity dump points.
.
For each cavity dump point between 5 and 13 round-trips, the input level has been
varied  5 dB around 11 pJ and the output pulse energy calculated. The ratio between the
corresponding maximum and minimum pulse energy is then calculated and plotted in log
scale in Figure 4.5 (b). At the fifth round-trip, the output variation is almost the same as
the input (10 dB). The variation decreases to 0.7 dB at the ninth round-trip, the optimal
stability point identified above. The output variation increases again after the ninth
round-trip.
Besides the input level, the initial small-signal gain and cavity transmission are
also varied numerically to investigate their effects on the output level. Two operating
conditions are compared: setting the initial small-signal gain to 16 dB so that the
amplifier reaches the SBS limitation at saturation (nine round-trips), and setting it to
18 dB (highest single-pass gain available) so that the amplifier reaches the SBS limitation
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in six round-trips without being saturated. Again, operating points for optimal output
stability are identified at or close to saturation. Figure 4.6 (a) shows the variation of the
output level as the initial small-signal gain is varied in 1% steps. The dashed-red curve
shows the unsaturated case, where the 6-round-trip output variation is 3 the smallsignal gain variation and is 30% over the range. The solid-blue curve shows the saturated

Figure 4.6 (a) A  5% of variation in small signal gain produces a 1.6% output energy
variation in the saturated case (blue) and 30% variation in the unsaturated case (red). (b)
A  5% of variation in transmission produces a 1% output energy variation in the
saturated case (blue) and 35% variation in the unsaturated case (red).
case, where the 9-round-trip output variation is 1.6% (peak-to-valley). Similar behavior is
revealed when the cavity transmission is varied, as shown by Figure 4.6 (b). The dashedred curve shows a 6-round-trip output variation of 35% for the unsaturated case, and the
solid-blue curve shows a 10-round-trip variation of 1% (peak-to-valley) over the same
range. When the small signal gain is varied, the optimal stability point is at the ninth
round-trip. When the cavity transmission is varied, the optimal stability is found at the
tenth round-trip, one round-trip after saturation. In practical operation, the level of
variation in the gain and the transmission need to be quantified, then the cavity dump
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point can be chosen to suppress the most dominant contribution to fluctuation. For the
AFRA case, cavity transmission is the dominant source of output fluctuation.

4.3 Experimental Performance of the AFRA
In this section, the experimental result of the AFRA performance is presented.
The seed-pulse energy is 15 pJ, and the highest output pulse energy is produced after the
pulse circulates in the cavity for five round-trips. Figure 4.7 shows the five-round-trip
output-pulse energy (a) and the total gain (b) as the pump power is increased from

Figure 4.7 (a) Output-pulse energy from AFRA after the pulse circulates in the cavity for
five round-trips. The highest pulse energy is 240 nJ. (b) Total AFRA gain after five
round-trips. The highest total gain is 42 dB.
100 mW to 170 mW. At the highest pump level, the output pulse energy is 240 nJ,
corresponding to a total gain of 42 dB. At this output level, the pulse energy has a shortterm (300 samples) fluctuation of 1.5% (rms) and long-term drift of 6% (peak-to-valley).
As mentioned before, the single-pass gain at the highest pump level is 18 dB, and the
cavity loss per round-trip is 9 dB, resulting in a net round-trip gain of 9 dB. There is an
additional 3-dB loss when the pulse is switched out of the fiber cavity, which results in a
5-round-trip gain of 42 dB, instead of 45 dB. The finite extinction of the AOM switch
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produces leakage pulses before the cavity dump, which reveals the build-up dynamics of
the AFRA. Figure 4.8 shows the measured leakage pulses that grow at 9 dB per roundtrip.

Figure 4.8 Leakage pulses from the cavity before cavity dump shows that the pulse
energy grows at 9 dB per round-trip.
Input and output pulses are measured using a 12-GHz photodiode (Discovery
DSC50S) and single-shot oscilloscope (Tektronix DPO70604) to investigate the effect of
AFRA regenerative amplification on the pulse shape. Normalized input and output
waveforms are plotted in Figure 4.9 (a). The data is smoothed numerically to reduce
instrumental noise. Compared to the input square pulse (solid-blue), the output pulse
(dashed-red) has a trailing edge 15% lower than the leading edge. The square-pulse
distortion (SPD), defined as the ratio between the instantaneous intensities of the output
pulse over the input pulse, is plotted in Figure 4.9 (b). This pulse distortion can be precompensated using existing pulse shaping technologies.41
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Figure 4.9 (a) Input (blue) and output (red) pulse shapes, showing square pulse distortion
from the AFRA. (b) Square pulse distortion (SPD) of the AFRA output. The output
trailing edge is 15% lower than the leading edge.

4.4 Bifurcation Instability of the AFRA
The experimental 5-round-trip output pulse energy (240 nJ) agrees well with the
numerical modelling result shown in Figure 4.3 (230 nJ). The simulations in Sec. 4.5
have shown that the AFRA is capable of producing pulse energies up to 1.5 J in more
round-trips, limited only by the SBS threshold. Producing higher pulse energy in the
AFRA by increasing the number of round-trips is limited by the onset of bifurcation
instability where the output-pulse energy switches between different values.[82,83,84]
The bifurcation instability is illustrated in Figure 4.10, which plots simulation results of
possible output energies from a Yb-doped glass regenerative amplifier for different
number of round-trips.82 The behavior of the output energy has three distinctive stages: In
the first stage, the output energy has a single possible value, which indicates a stable
output. In the second stage, two possible output energies are produced as the number of
round-trips is increased. As the inset shows, the output energy is unstable and switches
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between two values (bifurcation). Beyond the second stage, the output energy bifurcates
again ultimately leading to chaotic behavior (stage III).

Figure 4.10 Simulation results of possible output energies from a Yb-doped glass
regenerative amplifier for different number of round-trips. The horizontal axis of the
figure is the time duration that the pulse circulates in the amplifier cavity. This is
proportional to the number of round-trips. As the number of round-trips increases, the
pulse energy first split into two values, and further energy splits lead to chaotic behavior.
Figure adapted from Ref [82].
Bifurcation instability occurs in a regenerative amplifier when the repetition
period between successive seed pulses is comparable with or shorter than the upper-state
life time of the gain medium. With continuous pumping, the upper-state life time is the
time it takes the stored energy (gain) to build up from 0 to (1-e-1) of its steady state value.
For a regenerative amplifier, the amplified pulse can deplete a significant portion of the
stored energy, which will not have an opportunity to fully recover between successive
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seed pulses if the repetition period is too short. This explains the multi-energy behavior
shown in Figure 4.10. When the signal pulse circulates in the amplifier cavity for a small
number of round-trips, most of the stored energy remains in the gain medium when the
pulse is extracted from the cavity. The stored energy fully recovers through pumping
before the next amplification cycle. Every pulse experiences the same gain and
successive pulse cycles are independent of each other (stage I in Figure 4.10). As the
number of round-trips increases, more energy is extracted from the gain medium and the
stored energy does not fully recover, reducing the gain for the next pulse. Lower pulse
energy is produced, which, in turn, leaves a larger amount of stored energy in the gain
medium to produce higher output in the following cycle (stage II). In this way, two
successive pulse cycles are coupled to each other and bifurcation occurs. Further
increasing the number of round-trips will couple more successive pulse cycles together
and produce more energy values (stage III).
With the AFRA operating at 10.5 kHz, the repetition period (~95 μs) is much
shorter than the Yb upper-state life time (~840 μs) and bifurcation instability is observed.
When the pump is set to the highest level available (~170 mW), the AFRA output energy
starts to bifurcate at the sixth round-trip. To avoid this, the pump level to the AFRA must
be decreased as the number of round-trips increases from five. Figure 4.11 (a) shows the
upper limit of the pump level that does not cause the bifurcation instability for each
number of round-trips. The maximum output-pulse energy from the amplifier without
instability also decreases with more round-trips, as shown in Figure 4.11 (b).
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Figure 4.11 (a) The maximum pump level to the AFRA is limited by the onset of
bifurcation instability. Maximum pump level decreases with an increasing number of
round-trips. (b) The maximum stable output-pulse energy decreases with an increasing
number of round-trips. Operation in the shaded region in the figure causes bifurcation
instability.
At repetition rates lower than 0.5 kHz, the stored energy will always have an
opportunity to fully recover between seed pulses.82 Higher pulse energy can then be
produced in more round-trips with the bifurcation instability limitation removed. A Ybdoped fiber regenerative amplifier operating at an extremely low repetition rate (1 Hz)
has been demonstrated.89 At a lower pump level (110 mW), saturation of the amplifier is
achieved in 14 round-trips. The saturated output pulse energy is 120 nJ. At a higher pump
level (130 mW), the SRS limit is accessed in seven round-trips, with a highest output
energy of 780 nJ.

4.5 Negative-feedback System for DCLS Cavity Dynamics Control
As shown in Sec. 3.3, DCLS requires circulating the optical pulse in the fiber
cavity for a large number of round-trips. In DCLS development, the cavity has been
operated for 50-100 round-trips. Pulse growth dynamics in the DCLS fiber cavity are
determined by the cavity loss and single-pass gain of the doped fiber. Fluctuations in
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these parameters cause the output level to vary widely, and rapidly worsen as the number
of round trips increases. For example, the 24-round-trip output from a free-running cavity
fluctuates between 4 to 20 nJ, 90 which can lead to damage in the fiber cavity. For
practical operation, the number of round-trips in a free-running cavity is limited to 14. As
discussed in Sec. 2.3, DCLS requires active control of the pulse-growth dynamics in the
fiber cavity. A negative-feedback system has been developed for this purpose, which is
presented in this section.
The experimental setup of a negative-feedback system that actively controls the
DCLS cavity dynamics is shown in Figure 4.12. The fiber cavity is similar to the one
shown in Figure 4.1. For clarity, only the components that are relevant for the negativefeedback control are shown here. A small sample of the circulating pulse is directed out
of the cavity using a 5/95 splitter. This sampled pulse is split again by a 50/50 splitter,
with one portion of it sent to a photodiode on an oscilloscope to monitor the pulse growth
dynamics. The other portion of the pulse is sent to a negative-feedback circuit (enclosed
by dashed lines in Figure 4.12), which introduces proper loss to the cavity to control the
cavity dynamics. Without the extra loss controlled by the feedback system, the cavity has
net round-trip gain higher than unity. The feedback loss increases linearly with the
circulating pulse energy. When the pulse energy is too high, feedback loss is increased to
bring the net gain to below unity so the pulse is attenuated; when the pulse energy is too
low, the feedback loss is lower and the pulse gets amplified. The feedback system sets the
net gain to unity and stabilizes the circulating pulse energy. The desired pulse growth
dynamics has three stages. First, the cavity runs without feedback loss to amplify the
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Figure 4.12 Experimental set up of a DCLS fiber cavity with a negative-feedback control
system. The fiber cavity is similar to the one shown previously in Fig. 4.1. The negativefeedback system monitors the circulating pulse energy and introduces proper loss to the
cavity to control the pulse energy growth.
pulse energy to a relatively low value. After the initial amplification stage, the feedback
system is activated to bring the net gain to unity and hold it while DCLS phase
modulation is applied to the pulse. After a stable circulating pulse energy is established
and the desired phase modulation is applied, the extra loss is removed from the cavity and
the pulse experiences Q-switched amplification in the last few round-trips before being
cavity dumped.
The feedback loss is produced by modulating the intra-cavity transmission of the
22 AOM switch (Googch&Housego 54180-1.053-2DS-4FO-APC-FAP). The transducer
that produces the acoustic wave to interact with the optical pulse and set the cavity in the
high-Q phase (Sec. 4.1) is driven by a 180-MHz sinusoidal electrical signal. The intracavity transmission of the AOM depends on the power of the RF drive. The feedback
circuit (Figure 4.12) produces a control voltage that sets the RF drive power delivered to
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the AOM through a variable attenuator and controls AOM transmission. The AOM intracavity transmission is maximized at 40% (-4dB) with the driving power at 350 mW.
Decreasing the power of the RF drive decreases the transmission. Figure 4.13 (a) plots
the relative AOM transmission (normalized to its maximum 40%) at different RF drive
levels. Figure 4.13 (b) shows the RF power delivered to the AOM as a function of the
control voltage set on the variable attenuator. The RF power is 350 mW at a control
voltage of 1 V, which maximizes the AOM transmission.

Figure 4.13 (a) The AOM transmission as a function of the 180 MHz RF drive power.
Transmission is normalized to 40%. (b) The RF power delivered to the AOM increases
with the control voltage that sets the power through a variable attenuator.
From the two measurements shown in Figure 4.13, the relation between the
relative AOM transmission (T) and the control voltage set on the variable attenuator (Vc)
is extracted. The solid-blue curve in Figure 4.14 shows the transmission as Vc is increased
from 0 to 1 volt. The transmission first increases slowly (Vc < 0.2 V), and then increases
rapidly from 0.15 to 0.9 until it hits the slowly rising plateau at Vc = 0.5 V. The
transmission increases slowly again between Vc=0.5-0.7 V, and is almost constant for
Vc>0.7 V . When the feedback system is activated to control the cavity dynamics, Vc is
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confined to between 0.2 V and 0.7 V. This ensures effective feedback sensitivity, and
also keeps the AOM transmission in a reasonable range to avoid over-attenuating the
signal pulse in a single round-trip. Two linear fits approximate the relation between the
AOM transmission and the control voltage for Vc=0.2-0.5 V and Vc=0.5-0.7 V
respectively. The linear fits are plotted as the dashed-red curve in Figure 4.14.

Figure 4.14 The relation between the relative AOM transmission and the control
voltage (solid-blue). The control voltage is produced by the negative-feedback circuit.
In operation, the control voltage is confined between 0.2 V ≤ Vc ≤0.7 V. The relation
between the AOM transmission and the control voltage in this region can be
approximated by piecewise linear fits for 0.2 V ≤ Vc ≤0.5 V and 0.5 V ≤ Vc ≤0.7 V,
respectively. The linear fit is shown by the dashed-red curve.
The details of the feedback loss mechanism are described below. The linear fits
that describe the transmission in the regions of interest are:
𝑇 = 2.57 × 𝑉𝑐 − 0.39(0.2 ≤ 𝑉𝑐 ≤ 0.5) and
𝑇 = 0.47 × 𝑉𝑐 + 0.67(0.5 ≤ 𝑉𝑐 ≤ 0.7)

(4.12)
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The control voltage produced by the feedback circuit to control the cavity transmission is
as follows:
𝑉𝑐 = 𝑉𝑏 − 𝑉𝑓

(4.13)

In the equation, Vb is a DC bias voltage, and Vf is the feedback voltage that varies each
round-trip according to the circulating pulse energy. The vertical dashed line in
Figure 4.14 indicates the bias voltage, and the horizontal dashed arrow indicates the
feedback voltage Vf(Epulse), which is a function of the sampled optical pulse detected on
the feedback photodiode. The nanosecond electrical pulse from the photodiode is lowpass filtered (3-MHz) and amplified to provide the slowly varying feedback voltage, Vf.
The feedback voltage for each round-trip can be calculated in two steps. First, a detected
voltage proportional to the circulating pulse energy is fed to the feedback circuit:
𝑉𝑑 = 𝐾 × 𝐸𝑝

(4.14)

where Ep is the circulating pulse energy, and the constant K specifies the sensitivity of the
control voltage (thus the feedback loss) with respect to the change of the circulating pulse
energy. Second, the limited response time of the feedback system drives the feedback
voltage to a new value for the next round-trip:
𝜏

𝑉𝑓 (𝑘 + 1) = 𝑉𝑑 (𝑘) − [𝑉𝑑 (𝑘) − 𝑉𝑓 (𝑘)]exp(− 𝜏𝑟𝑡 )
𝑓

(4.15)

where k and k+1 indicate two successive round-trips, rt is the cavity round-trip time and

f is a time constant that quantifies the response time of the feedback system.
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Several negative-feedback system parameters are set to optimize performance.
First, the feedback system response time is 1 s, which is primarily limited by the time it
takes the modulated acoustic wave to propagate to the beam in the AOM crystal. A slow
response ensures that the feedback loss will not produce modulations on the nanosecond
time scale so it will not affect the signal pulse shape, but it also limits the ability to
respond in a single round-trip. Under this constraint, 15 m of fiber is added to the fiber
cavity to make the round-trip time 160 ns and give the feedback system enough time to
take effect. The feedback response time is about six times the round-trip time. The bias
voltage (Figure 4.14) is set to ensure that the control voltage falls into the proper range
(0.2 V – 0.7 V) during operation. The constant K in Eq. (4.14) is the product of several
system parameters including the ratio between the sampled pulse and the circulating
pulse, the photodiode response (V/J), and the gain applied to the filtered photodiode
output. This constant determines the sensitivity of the feedback loss with respect to the
circulating pulse energy. If the sensitivity is too low, the feedback system will not
effectively control the cavity dynamics; if it is too high, too much attenuation can be
applied in a round-trip and the signal will not recover afterwards.
A numerical model that calculates the pulse growth dynamics in a feedbackcontrolled fiber cavity has been developed, by modifying the AFRA model described in
Sec. 4.2 and including the extra feedback loss. With this numerical model, system
parameters and operating conditions for optimized system performance can be identified
to guide the experimental setup. Figure 4.15 (a) shows the simulated pulse growth
dynamics, which consists of the three stages described before. In stage I, the pulse
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undergoes initial amplification from 0.18 nJ to 1.8 nJ in the first 12 round-trips. The
feedback system is then activated in stage II, introducing extra loss to the cavity. The
pulse energy still grows for about 10 round-trips because of two reasons: The first reason
is that the feedback system has limited response time. The second is that the feedback
system requires higher than 3 nanojoules of circulating pulse energy to set the net roundtrip gain to below unity. Pulse energy decreases from the 23rd round-trip and is held
around 3 nJ until the 60th round-trip. The horizontal dashed line in Figure 4.14 indicates
the extra AOM attenuation corresponding to a unity net round-trip gain. In stage III, the
extra loss is removed (Q-switched) and the pulse gains energy until the stored energy is
depleted. The Q-switched amplification saturates at the 83rd round-trip, producing a pulse
energy of 11.3 nJ. Figure 4.15 (b) shows the control voltage (blue) and the extra AOM
attenuation (red) for up to 60 round-trips. Before activation at the 12th round-trip, the
control voltage is zero and no extra attenuation is applied. In the stabilization stage, the
relative AOM transmission first slowly decreases to the 22nd round-trip. The transmission
rapidly decreases and then bounces back in between the 23rd and the 36th round-trips.
After that, it stabilizes to around 0.9 until the end of the stabilization stage.
The numerical model shows that the pulse growth dynamics is most sensitive to
the initial small signal gain, the bias voltage Vb and the feedback sensitivity K. The small
signal gain is adjusted by the pump level to the gain fiber and the bias voltage can be
adjusted directly and continuously. An amplification of 19-dB is applied in the feedback
circuit to provide more than enough feedback voltage, which leaves room for adding
attenuators in 1-dB steps to adjust K as needed. For the simulated pulse growth in
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Figure 4.15, the initial small signal gain is 10.5 dB, the bias voltage is 0.6 V and the
sensitivity constant K is 0.04 V/nJ.

Figure 4.15 (a) Calculated pulse energy growth dynamics for the DCLS cavity with
negative-feedback control. Stage I (N≤12) is initial amplification. The feedback system
operates in stage II between the 13th and the 60th round-trips. Stage III (N>61) is final Qswitched pulse amplification with extra loss removed. (b) Calculated control voltage
(blue) and the extra AOM attenuation (red) before final Q-switched amplification. The
extra AOM attenuation varies between 0.79 and 0.9 during the feedback stabilization.
The desired DCLS fiber cavity dynamics have been experimentally confirmed
using the negative-feedback system when setting the system parameters according to
numerical modeling.91 For the experimental demonstration, the fiber cavity is seeded by
2.5-ns square pulses at 1053 nm with a repetition rate of 300 Hz. The measured pulse
train shown in Figure 4.16 (a) reflects the cavity operation for 81 round-trips. The output
pulse energy at the 81st round-trip is 10.4 nJ and has a short-term variation of 1.5% (rms)
over 300 samples. The pulse energy undergoes the three stages as described before:
Initial amplification, feedback stabilization and final Q-switched amplification. The blue
curve in Figure 4.16 shows the modulated RF signal driving the AOM, reflecting the
varying feedback loss. There is some residual pulse energy oscillation from the 25th
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round-trip to 60th round-trip. This is believed to be limited by the response time of the
negative-feedback system, which is six times the cavity round-trip time.

Figure 4.16 Experimental demonstration of DCLS fiber cavity dynamics with negativefeedback control. (a): Measured sample of circulating pulse. The output pulse energy at
the 81st round-trips is 10.4 nJ. (b) Measured RF drive power reflecting the varying
feedback loss.
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5 Measuring the Temporal Phase Produced by DCLS
The key feature of DCLS is that it produces a programmable temporal phase on
the optical pulse. It is critical to match the dispersion of DCLS output to that of the
grating pulse compressor to ensure successful pulse compression. Higher order phase can
be applied to pre-compensate for phase error accumulated in the amplification stage.
DCLS requires accurate measurement of the temporal phase it produces.
Temporal interferometry and Fourier processing92,93 is an appropriate method for
phase measurement in DCLS, considering the nanosecond pulse duration and the relevant
amount of dispersion. This chapter describes this method and presents phase
measurement results. Various error sources of the measurement are considered and
contributions from each are quantified. Phase correction based on the phase
measurements is presented.

5.1 Description of the Temporal Phase Measurement Method
Figure 5.1 shows the experimental setup of the temporal interferometer used for
DCLS phase measurement. The pulse to be measured is launched into a Michelson

Figure 5.1 Experimental setup of temporal interferometry for DCLS phase measurement
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interferometer and split into two replicas by a 50/50 splitter. The two pulses are then
recombined after propagating in free space. One of the mirrors in the interferometer is
mounted on a translation stage to adjust the delay  between the two pulses. In the
general case, the field of the two pulses can be written as:

E1  A1 (t ) exp i  t   exp  i0t 
E2  A2 (t ) exp i  t    exp i0  t   

(5.1)

where A1 exp i  t  and A2 exp i  t    are the envelope functions, (t) is the phase
to be measured and 0 is the center angular frequency of the field. The intensity of the
recombined field is:
I  t   E1  t   E2  t 

2

(5.2)

 A1 (t )  A2 (t )  2 A1 A2 cos[  t     t     0 ]
2

2

 A1 (t )  A2 (t )  A1 A2 [exp{i[  t     t     0 ]
2

2

 exp{i[  t     t     0 ]}]
The first two terms in Eq. (5.2) are the pulse envelopes of each pulse. The third term

2 A1 A2 cos[  t     t     0 ] is the interferometric term, which contains the phase
difference between two time slices on the pulse under measurement that are separated by

. It can be decomposed into a positive- and a negative-frequency term.
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In DCLS we are most interested in a pulse with a primarily quadratic temporal
1

phase 𝜑(𝑡) = 2 𝜇𝑡 2 . In this case, the phase in the interferometric term in Eq. (5.2) is

1
2

  t     t     0    t   2  0 . The interferogram I(t) is a sinusoidal function
of time with a fringe spacing of 2π/μτ. The interferometric phase can be recovered by
Fourier processing, 94 as described below. The Fourier transform of the temporal
interferogram yields three non-zero components in the frequency domain, centered at

=0 and =, respectively. The DC component is produced by the pulse envelopes in
Eq. (5.2), and the two non-DC components result from the interferometric term. The
component centered at = can be recovered while suppressing the other two using a
rectangular filter applied in the frequency domain. Applying inverse Fourier transform to
the filtered field then yields exp i[  t     t     c] , where c represents a constant
phase difference between the two arms in addition to the varying part. By taking the
argument of this term, the interferometric phase   t     t    is determined to up to a
constant. Concatenation of this phase difference data then yields   t  at a set of discrete
time steps separated by .
Figure 5.2 outlines the phase retrieval process described above. Figure 5.2 (a)
shows the interferogram (blue) and the intensity envelope of the pulse (red). The Fourier
transform of the interferogram is shown in the blue curve of Figure 5.2 (b). A rectangular
spectral filter isolates the positive frequency peak ( =) which is shown by the red
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curve. Figure 5.2 (c) shows the interferometric phase retrieved by inverse Fourier
transform of the filtered field and then taking the argument angle. In a practical computer

Figure 5.2 DCLS phase measurement based on temporal interferometry and Fourier
processing. An ideal quadratic phase is used to demonstrate the process.
subroutine, the argument angle falls between [-,] and a phase jump occurs close to the
boundaries (inset of Figure 5.2 (c)). Phase unwrapping by adding 2 or -2 to
compensate for phase jumps is applied to get a continuous interferometric phase. For an
ideal quadratic phase this curve is a straight line. Figure 5.2 (d) shows the final temporal
phase   t  retrieved through concatenation of the interferometric phase. The phase
recovery calculation introduces an uncertain constant into the difference phase

  t     t    , which adds an uncertain linear term in the recovered temporal phase.

108

The recovered temporal phase is compared to the phase modulation drive (Sec. 3.2,
Figure 3.11) to determine its linear term, as they have the same shape. As will be
explained in Sec. 5.4, this uncertain constant adds an uncertain offset to the center optical
frequency (0) of the phase modulated pulse. Determination of 0 through spectral
interferometry will be presented in Sec. 5.4.
For phase retrieval to work properly, it is required that the interferometric term in
the Fourier transformed field is well separated from the DC component (Figure 5.2 (b)).
The interferometric term centers at = so the time delay  needs to be large enough
to ensure this. This is equivalent to that the interference fringes (fringe frequency=/2)
are much faster than the fastest features on the pulse envelope (Figure 5.2 (a)). At the
same time,  needs to be small enough so that the fringes can be resolved by the
detection system. Another factor to consider is that  is the temporal resolution of the
retrieved phase. It is advantageous to keep  as small as possible while ensuring proper
separation of the interferometric term from the DC term. In our case, the detection system
consists of a 60-GHz photo diode (Discovery Semiconductors DSC10ER) and a 65-GHz
real-time, single-shot oscilloscope (Teledyne LeCroy LabMaster 10Zi). The delay, ,
was set to ~20 ps in our measurements, which produced a fringe spacing of ~60 ps for the
DCLS pulse.

5.2 Temporal Phase Measurement Results
This section presents the results of DCLS temporal phase measurement using the
method described above. For this measurement, the seed pulse is slightly longer than
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what is used for the final DCLS output. This increases signal level on the edges of the
measured interference pattern and provide sufficient signal to noise ratio during the
temporal range of interest. The final DCLS output employs a shorter seed pulse to avoid
non-ideal temporal phase near the edges of the phase modulation drive.
The temporal phase of a ~1 ns pulse after 43 round-trips of repeated phase
modulation and 8 round-trips of iterative phase correction (Sec. 5.5) was measured. The
AWG amplitude was set at 0.82 V for the measurement. The solid-blue curve in
Figure 5.3 (a) shows the measured interferogram, while the dashed-red curve is the
temporal shape of the measured pulse. Figure 5.3 (b) shows the extracted phase, which

Figure 5.3 (a) Measured temporal interferogram (blue) and pulse envelope (red) for
DCLS phase measurement. (b) DCLS output temporal phase for a 1-ns pulse is measured
using temporal interferometry.
has the same quadratic temporal shape as the phase modulation drive signal shown in
Sec. 3.2 (Figure 3.11). The amplitude of the measured phase is 930 rad (296π). The
phases from 10 different measurements under the same condition are plotted in the figure.
The phase difference between each curve and the average of the 10 curves is plotted
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below in Figure 5.4 (a) to quantify the variation between the multiple-measurements. The
measurement variation is ~1.3 rad (peak-to-valley) for most of the data with a few points
exceeding this range. This variation is 0.14% of the total phase amplitude (930 rad). The
RMS variation is 0.5 rad, as plotted in Figure 5.4 (b). Since the phase retrieval method
described in Sec. 5.1 results in an indeterminate linear phase to the retrieved phase,
linearly varying terms are removed for this comparison.

Figure 5.4 (a) The same DCLS temporal phase was measured 10 times. The difference
between each measurement and the average of the 10 measurements shows the variation
of the method. The peak-to-valley phase variation is 1.3 rad. (b) RMS variation of the
temporal phase measurement is 0.5 rad.
The chirp rate, , uniquely defines a quadratic temporal phase (Sec. 1.2). This
quantity can be extracted from the retrieved temporal phase using a quadratic fit to the
data. With other conditions held constant, the phase modulation depth and the chirp rate
produced by DCLS are directly proportional to the AWG amplitude that is driving the
phase modulation. The chirp rates extracted from the temporal phase measurements at
different AWG settings are plotted as the solid-blue line in Figure 5.5. Each data point is
the average of 10 measurements and the error-bar represents the RMS variation between
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measurements. The RMS error is 0.1% of the measured value. The dashed-red line is a
linear fit to the measured data. The chirp rate corresponding to AWG at 0.82V is
=5.44 (rad/ps)/ns, which closely matches the nominal chirp rate of the compressor used
to compress the DCLS pulses (=5.51 (rad/ps)/ns, Sec. 2.1).

Figure 5.5 The chirp rate produced by DCLS increases linearly with the AWG amplitude.
The solid-blue line is the measured chirp rate at different AWG amplitudes. The dashedred line is a linear fit to the measured data.

5.3 Error Analysis of the Temporal Phase Retrieval
For the retrieved phase with a 930 rad amplitude (Figure 5.3), the variation
between multiple-measurements is 1.3 rad (peak-to-valley) and 0.5 rad (rms), as shown
in Figure 5.4. This represents the accuracy of the method. Three contributions to phase
error are considered and quantified in this section: oscilloscope noise, spectral filtering
and temporal delay uncertainty.
The first contribution to phase measurement noise is the oscilloscope noise on the
measured interferogram (Figure 5.3 (a)). The scope noise is 13 mV (peak-to-valley) and
the amplitude of the interference pattern is about 140 mV. The RMS noise ratio is 1%.
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The effect of this noise in the interferogram on retrieving the temporal phase is quantified
using numerical simulation. Sinusoidal fringes with a Gaussian envelope are generated at
a sampling rate of 160 GHz, which is the actual scope sampling rate, to produce an ideal
interferogram with ~60 ps fringe spacing that approximates the measured data. Gaussian
noise corresponding to the measured scope noise is added to the ideal interferogram and
the phase retrieval procedure is applied to this data. Figure 5.6 (a) below shows an ideal
interferogram. Figure 5.6 (b) shows one realization of the Gaussian noise used for the
simulation. Comparing the temporal phases retrieved with and without the added
Gaussian noise reveals the phase error of interest.

Figure 5.6 (a) Ideal sinusoidal interferogram with a Gaussian envelope (b) Gaussian
noise added to the interferogram to simulate scope noise
The simulation is carried out 50 times and the phase error produced by the
Gaussian noise is plotted in Figure 5.7. The peak-to-valley phase error is about 0.05% of
the total phase amplitude, except on the edges of the pulse (Figure 5.7 (a)). The RMS
phase error is below 0.007% of the total phase amplitude for the center part of the pulse
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and rises on the edges, as shown in Figure 5.7 (b). The rise of the phase error on the
edges is because of lower signal level and thus lower signal to noise ratio.

Figure 5.7 (a) Temporal phase is retrieved from interferograms with simulated scope
noise. The phase error reveals the impact of scope noise on phase retrieval. Peak-to-valley
phase error from 50 trials is ~0.05% of the total phase. (b) The RMS phase error is
calculated from 50 trials and is <0.007% for the center part of pulse.
The phase retrieval method is very resistant to instrumental noise. The phase error
produced by different levels of simulated scope noise is calculated and shown in
𝑉

Figure 5.8. The signal to noise ratio is defined as 20𝑙𝑜𝑔10 (𝑉𝑠 ), where Vs is the amplitude
𝑛

Figure 5.8 RMS phase error as a percentage of the total phase amplitude is plotted for
different signal to noise ratios. As the signal to noise ratio increases from 20 dB to 40 dB,
the phase error reduces from 0.07% to 0.007 %.
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of the signal and Vn is the amplitude of the noise (RMS). At the signal to noise ratio of
40 dB (1% noise), the RMS phase error is 0.007% of the total phase amplitude, as already
shown in Figure 5.8. The phase error increases for lower signal to noise ratio. At a signalto-noise ratio of 20 dB (10% noise), the phase error is 0.07%. The limitation to DCLS
pulse compression by phase error will be discussed in Sec. 6.4.
Another error contribution results from the spectral filtering choice made in the
Fourier processing step (Figure 5.2). Ideally, the filtering keeps the positive frequency
component in the interferometric part of Eq (5.2) and eliminates all other terms. In
practice, the interferometric signal contains multiple frequency components and the pulse
envelope has fast modulations on it. The desired Fourier component and components
from the pulse envelope are mixed together, which contribute to phase errors. This effect
is shown using numerical simulation. The dashed-red curve in Figure 5.9 is the power
spectral density of an ideal sinusoidal interference pattern with a Gaussian pulse envelope,
while the solid-black curve corresponds to ideal fringes with a 10th-order super Gaussian
pulse envelope. The dashed-blue curve in Figure 5.9 plots the power spectral density of
the measured interferogram shown in Figure 5.3. The dashed-magenta lines indicate the
spectral filter used to isolate the positive frequency components peaked at 16.5 GHz. On
the dashed-red curve, the DC component that represents the pulse envelope and the
positive frequency component that represents the interferometric fringes are well
separated from each other. This is because the pulse envelope does not have fast
modulation and the fringes are at a single frequency. The noise background in between
these two peaks is more than 40 dB below the signal level. For the solid-black curve with
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super Gaussian pulse envelope, the spectral peaks broaden but the -40-dB noise
background is preserved. In comparison, the spectral peaks are not well separated on the
dashed-blue curve. The Fourier components in between the two dominant Fourier peaks
are only 10-15 dB below the signal level at 16.5 GHz. This makes the separation of the
different contributions (i.e., selection of the lower-frequency edge for spectral filtering)
ambiguous and produces phase uncertainty. The phase calculation results presented in
Figure 5.3 corresponds to an 8-GHz lower- frequency edge.

Figure 5.9 The power spectral density of the measured interferogram (dashed-blue) and
ideal sinusoidal interference patterns with Gaussian (dashed-red) and super Gaussian
(solid-black) envelopes are compared. For the measured case, the Fourier components
from the interferometric term and the pulse envelop are not well separated. The choice of
the lower-frequency-edge of the spectral filtering affects the temporal phase retrieval and
produces phase error.
The error-producing effect is revealed by adjusting the lower-frequency edge of
the spectral filter (indicated by the double ended arrow in Figure 5.9) in the phase
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retrieval and comparing the results. Ideally, varying this frequency cut-off in the range of
the noise-floor (6-8.5 GHz) between the two peaks would produce identical results
because the spectral content in this range is negligible. Using the interferogram shown in
Figure 5.3 and adjusting the lower frequency-edge between 6 and 8.5 GHz in steps of
0.5 GHz, the retrieved phases are compared against each other. The difference between
each phase and their average is plotted in Figure 5.10, which indicates a 0.3 rad variation
(peak-to-valley). This calculation provides a quantitative estimate of the phase
uncertainty caused by the ambiguity of filter selection. The phase variation between 0 and

Figure 5.10 The lower-frequency edge of the spectral filtering in the phase retrieval
process is varied between 6-8.5 GHz, to reveal the effect of the spectral filtering on the
retrieved phase. The phase variation from their average is plotted. This calculation
provides a quantitative estimate of the phase uncertainty caused by the ambiguity of
filter selection.
0.25 ns is higher than the rest of the pulse. This corresponds to the same portion on the
interferogram where the fringe spacing is bigger than the other parts (Figure 5.3). This
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portion of the fringe contributes spectral components closer to the DC component and is
more affected by the spectral filtering.
In addition to the random errors, systematic errors can affect the accuracy of the
phase retrieval. Uncertainty in the delay ( ) between the two replica pulses that produce
the interferogram is a possible source of systematic error. In the phase retrieval process,
the interferometric phase is concatenated with a step of  to yield the temporal phase on
the pulse, so an error in  directly impacts recovery of (t). The physical effect of an
error in the delay determination is best illustrated as follows. The measured
interferometric phase   t     t    is interpreted as the phase difference between two
time slices on the pulse under measurement that are separated by . Dividing the
interferometric phase by  approximately yields the instantaneous frequency of the pulse:
𝜏

𝜑(𝑡) − 𝜑(𝑡 − 𝜏) ≅ ∆𝜔 (𝑡 − 2) ∙ 𝜏
𝜏

𝜏

𝜔 (𝑡 − 2) = 𝜔0 + ∆𝜔 (𝑡 − 2) ≅ 𝜔0 +

(5.3)
𝜑(𝑡)−𝜑(𝑡−𝜏)
𝜏

where (t) is the instantaneous optical frequency and (t) is the frequency shift from
the center frequency 0. So the measured instantaneous frequency shift is directly
proportional to 1/ and an error in  will result in a wrong measure of the dispersion on
the pulse.
The delay in the interferometer is adjusted by changing the position of the mirror
on a translation stage that is controlled by a micrometer with a 10-m resolution. The
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delay can be determined by comparing the mirror position for the measured interferogram
and the zero-delay position, which yields the difference optical path length. From
Eq. (5.2), the interference pattern depends only on the amount of delay, not on which
pulse is leading. The same interference patterns would be observed for two symmetric
positions on either side of the zero delay position. Taking advantage of this symmetry,
the zero-delay position is found by obtaining the same fringe spacing at two positions and
taking their average. Multiple measurements can be made to average out random error.
The uncertainty of the delay measurement is estimated based on the resolution of the
micrometer (10 µm), and variation between multiple measurements. The uncertainty of
the measured delay is 0.1%, with the delay value being about 20 ps. This results in a
0.1% uncertainty in the chirp rate measured. The delay can also be measured with a
different method based on spectral interferometry that is presented in the next section.
The phase measurement technique presented above is a temporal version of the
Fourier-transform spectral interferometry (FTSI). 95 Influence of the calibration and
resolution of the spectral detector on the spectral interferometry has been extensively
studied.96,97 The scope used for measuring the temporal interferogram in our experiments
has a sample clock jitter of 0.05 ps (rms) while the sampling step is 6 ps. The
contribution to error from the timing base calibration is negligible.
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5.4 Chromatic

Dispersion

Measurement

Through

Temporal

Interferometry
An alternative way to interpret the temporal interferometry measurement is
indicated by Eq. (5.3) in Sec. 5.3. A close approximation to the instantaneous frequency
of the field  (t )  0   (t ) is obtained (up to an uncertain constant offset) by dividing
the interferometric phase with the delay . The reciprocal of this function is the group
delay as a function of optical frequency on the pulse under measurement. The uncertain
offset to the center frequency, 0 , can be determined by comparing the temporal
envelope and the spectrum of the pulse, both of which can be measured by blocking one
arm of the interferometer. The instantaneous frequency corresponding to the peak of the
temporal envelope is equal to the optical frequency of the peak on the spectrum.
Figure 5.11 outlines the process of calculating the group delay. The inset on the right
illustrates how to line up the peaks of the temporal envelope and the spectrum to
determine the center frequency 0 .

Figure 5.11 The group delay on an optical pulse can be calculated from the temporal
interferometric measurement. The center frequency is determined by lining up the peaks
of the temporal pulse envelope and the pulse spectrum (inset).
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The group delay of a DCLS output pulse has been calculated using the method
above. The interferometric phase   t     t    was retrieved from the interferogram in
Figure 5.3, as shown in Sec. 5.2. The delay estimate =19.1 ps was detailed in Sec. 5.3 .
Figure 5.12 shows the instantaneous frequency shift (t) (blue) calculated by dividing
the interferometric phase with the delay. The red curve is the temporal envelope of the
pulse, measured by blocking one arm in the interferometer.

Figure 5.12 Measured temporal pulse envelope (red) and the instantaneous frequency
shift on the pulse (blue). The frequency shift is calculated from the interferometric phase.
Using the instantaneous frequency shift (t) and the temporal pulse envelope,
the temporal intensity of the pulse can be mapped onto the optical frequency axis to
produce the pulse spectrum, up to an undetermined center frequency 0. In practice, the
pulse spectrum calculated this way is compared to the independently measured spectrum
to determine 0. The center frequency is determined by numerically fitting the calculated
and measured spectra, with 0 as a parameter to determine its value. The dashed-blue
curve in Figure 5.13 shows the pulse spectrum measured by blocking one arm of the
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interferometer. The solid-red curve shows the spectrum calculated by mapping the
temporal intensity onto the frequency axis. The two curves line up well, which
determines the center frequency 0.

Figure 5.13 With the instantaneous frequency shift calculated from temporal
interferometry, the temporal intensity of the pulse is mapped onto the frequency axis. The
center wavelength of the calculated spectrum (solid-red) is determined by matching to the
measured spectrum (dashed-blue).
The calculations above have produced the instantaneous frequency of the pulse as
a function of time. The reciprocal of this relation, the group delay as a function of the
optical frequency (wavelength), is plotted as the solid-blue curve in Figure 5.14. The
longer wavelength spectral components travel ahead of the shorter wavelengths (normal
dispersion). The curve between 1052.3 nm and 1055 nm is close to linear, its linear fit
plotted as the dashed-red line. The linear fit indicates a chirp rate of -314 ps/nm. The
chirp rate changes for wavelengths shorter than 1052.3 nm, so there is a kink on the blue
curve as indicated by the red circle. The linear fit for the shorter wavelengths is plotted as
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the dashed-magenta line, which indicates a chirp rate of -182 ps/nm. The two parts of the
pulse are significantly mismatched in chirp rate and will not be compressed together. As
mentioned in Sec. 5.2, the final DCLS setup uses a shorter input optical pulse than what
is used for this demonstration. The shorter pulse is set up to only receive the part of
temporal phase modulation corresponding to the consistent chirp rate.

Figure 5.14 The group delay of the DCLS output pulse is calculated from temporal
interferometry and plotted as the solid-blue curve. The curve between 1052.3 nm and
1055 nm shows a linear frequency chirp. Linear fit to this part yields a -314ps/nm chirp
rate. For the wavelength range shorter than 1052.3 nm, the curve indicates a different
chirp rate, -182 ps/nm. Linear fits to both parts of the curve are plotted as dashed lines.

5.5 Chromatic Dispersion Measurement for MTW Grating Pulse
Stretcher
The group delay measurement method described above can be used to measure
the chromatic dispersion of an optical component by comparing the group delay on an
optical field before and after it propagates through the component, such as the grating
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pulse stretcher for the Multi-Terawatt Laser (MTW) at LLE. This method has several
advantages, including non-iterative phase retrieval algorithm, low optical power
requirement and resistance to noise. A near-transform-limited, 240-fs pulse from a modelocked laser (TBWP GLX-200) is stretched to ~2.5 ns. The group delay on the 8-nm
chirped pulse is solely caused by the dispersion of the stretcher. DCLS is developed as an
alternative seed source for the MTW laser and its integration into the front end of the
MTW system will be presented in Chap. 6. The dispersion on the current MTW seed
pulse is the goal for the DCLS system.
The delay between two pulses in the Michelson interferometer, shown in
Figure 5.1, can be estimated using FTSI. This is done by measuring the spectrum of the
recombined field and analyzing the spectral interferogram:
𝑆(𝜔) = |𝐸1 (𝜔) + 𝐸1 (𝜔)|2 = |𝐸1 (𝜔) + 𝐸1 (𝜔) exp(𝑖𝜔𝜏)|2

(5.4)

=2|𝐸1 (𝜔)|2 [1 + 𝑐𝑜𝑠(𝜔𝜏)].
The delay, τ , determines the spectral fringe spacing and can be recovered using the same
Fourier processing technique outlined in Sec. 5.1. The delay  is extracted through a
linear fit between  (recovered through Fourier processing) and .
Figure 5.15 (a) shows the measured temporal interferogram (blue) and the pulse
envelope (magenta) for the MTW chirped pulse. The spectral interferogram (red) and the
pulse spectrum (black) are plotted in Figure 5.15 (b). Delay between the two pulses
is 15.7 ps as retrieved from FTSI based on the spectral interferogram. The measurement
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and calculation for this delay are repeated under the same conditions and the RMS
variation between multiple measurements is less than 0.5%. The delay is also measured
by recording the mirror positions which produced the same delay value as FTSI. The
group delay on the chirped pulse is calculated using the procedure outlined in Figure 5.11.
This calculation first produces the instantaneous frequency shift on the chirped pulse,
which maps the temporal interferogram onto the optical frequency axis up to an uncertain
offset on the center frequency. The center angular frequency, 0 , is determined by
optimizing the overlap between the temporal and spectral fringes. Figure 5.15 (c) zooms
in on a portion of the spectral fringes together with the temporal fringes mapped to the
optical frequency (wavelength) axis. This demonstrates the optimized overlap between
the temporal (blue) and spectral (red) fringes.

Figure 5.15 (a) The temporal envelope (magenta) of the MTW chirped pulse and the
temporal interferogram (blue) it produces. (b) The spectrum (black) of the MTW chirped
pulse and the spectral interferogram it produces. (c) The temporal fringes (blue) are
mapped onto the optical frequency (wavelength) axis and compared to the spectral
fringes (red). The two sets of fringes overlap well.
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The calculations above produce the instantaneous frequency as a function of time
on the MTW chirped pulse. The reciprocal of this function is the group delay of different
frequency components. The measured group delay of the chirped pulse is plotted as the
solid-blue curve in Figure 5.16 (a). The MTW chirped pulse is compressed to its Fouriertransform limit by the grating pulse compressor modelled in Sec. 2.1. In theory, the
chirped pulse has the opposite dispersion that is produced by the compressor. This
theoretical group delay is plotted as the dashed-red curve in Figure 5.16 (a). The
difference between the measured and theoretical group delays is plotted in Figure 5.16 (b).
The difference is ~ 8 ps (peak-to-valley). This difference can originate from a real
dispersion error from the grating pulse stretcher, or a measurement noise from the
interferometric method. Quantifying these contributions is beyond the scope of this work.

Figure 5.16 (a) Group delay on MTW chirped pulse produced from a mode-locked laser
and MTW grating pulse stretcher. The solid-blue curve is the measured group delay. The
dashed-red curve is the theoretical group delay calculated from grating pulse compressor
modelling. (b) Difference between the measured and theoretical group delay is ~8 ps
(peak-to-valley).
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A pure group-velocity dispersion (second-order dispersion) produces a group
delay that is linear with the optical frequency. The bending of the group delay curve in
Figure 5.16 (a) is produced by higher order dispersion of the grating pulse stretcher
(mainly third-order). The group delay measured for the MTW chirped pulse will guide
the DCLS compression effort. For optimal compression, the DCLS chirped pulse will
match to the dispersion of the MTW chirped pulse. The final DCLS chirped pulse and its
integration into the MTW system will be presented in Chap. 6. The DCLS chirped pulse
is about 1 ns in duration and has a 3-nm bandwidth, as indicated by the vertical dashedlines in Figure 5.16 (a). The dispersion on the DCLS chirped pulse will be compared to
the MTW chirped pulse in Sec. 6.4, to quantify how the mismatch between them impacts
DCLS pulse compression. DCLS produces the frequency chirp through temporal phase
modulation. A quadratic temporal phase produces a linear frequency chirp that
corresponds to the second-order dispersion. A cubic temporal phase corresponds to the
third-order dispersion. DCLS experimental demonstration in this thesis focuses on
producing a quadratic temporal phase.

5.6 DCLS Temporal Phase Correction
With the temporal phase measurement technique readily available, we can
measure the DCLS output phase and compare it with the desired phase profile. Producing
a nanosecond chirped pulse that can be compressed to the picosecond range requires a
large amount of phase modulation. As outlined in Sec. 3.2, DCLS first produce a large
amount of phase that is close to the desired profile and then additional round-trips apply
phase corrections. The difference between the measured and desired phase profile is used
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as the error signal to guide the phase correction. This correction process can be carried
out iteratively to reduce the phase error step by step.
DCLS experimental demonstration focuses on producing a quadratic temporal
phase and a linear frequency chirp. As shown in Figure 3.10, DCLS first produces a
substantial phase and bandwidth on a ~1-ns pulse in 49 round-trips. In this stage,
distortion pre-compensation of the main phase modulation driving pulse and dedicated
round-trips of correction (based on the measured electrical waveform) have been
employed to make the total phase modulation close to a quadratic shape (Sec. 3.2). To
further improve the phase profile, the difference between the measured DCLS output
phase and its own quadratic fit is used as the error signal to implement direct phase
correction. The solid-black curve in Figure 5.17 shows a measured DCLS output phase

Figure 5.17 The measured DCLS output phase (solid-black) is compared to its quadratic
fit (dashed-magenta). The difference between the two is used as error signal to guide
direct phase correction. The dash-dotted-red line identifies a center region with minimal
phase error.
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before the final direct phase correction. The dashed- magenta curve shows the quadratic
fit to it. The inset shows a zoom in of a portion of the curve to illustrate the deviation of
the measured phase from an ideal quadratic shape. The phase value increases rapidly on
the edges of the pulse and the deviation also increases. A center region with smaller
phase deviation is identified on the temporal phase. This is indicated by the dash-dotted
red line in Figure 5.17. For the final DCLS output, a shorter optical pulse is used to only
receive this part of the phase to ensure optimal pulse compression.
The blue curve in Figure 5.18 (a) shows the deviation of the measured DCLS
phase from an ideal quadratic shape before the direct phase correction (correction based
on measured phase). The deviation is about 14 rad (peak-to-valley). Two iterations of
direct phase correction is applied, each iteration for one round-trip. The red curve in
Figure 5.18 (a) shows the phase deviation after correction, and Figure 5.18 (b) shows this
deviation alone on a smaller vertical scale. The peak-to-valley deviation is reduced to

Figure 5.18 (a) DCLS phase deviation from a quadratic shape before (blue) and after
(red) direct phase correction. The phase correction reduces the peak-to-valley deviation
from 14 rad to 7 rad. (b) Phase deviation after direct phase correction, shown on a smaller
vertical scale.
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below 7 rad after the direct phase correction. Considering the total phase amplitude of
~1000 rad as shown in Figure 5.17, DCLS has a phase control precision of 0.7%.
The temporal phase measurement technique is not only used to guide the effort to
produce the desired phase, but also to monitor the DCLS output phase to ensure optimal
performance. The DCLS phase can be affected by slight parameter drifts of the fiber
cavity. For example, the cavity round-trip time is 123 ns and it can drift by 0.5 to 1 ps
from day to day (Sec. 3.3). To demonstrate the sensitivity of the DCLS phase to a roundtrip time change of this scale, the phase is measured under the same condition except for
turning the optical delay line knob half a turn to change the round-trip time by 0.5 ps. The
phase errors for two different round-trip times are plotted in Figure 5.19, which shows
obvious difference. The sensitivity of the phase measurement is a key capability for

Figure 5.19 Comparison of DCLS phase error with optimal cavity round-trip time (solidred) and with cavity round-trip time 0.5-ps shorter than optimal. The peak to valley phase
error increases from ~ 4 rad to ~ 6 rad.
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DCLS to achieve the current level of phase control, which ultimately enables
compressing the DCLS chirped pulse to close to its Fourier-transform limit. This will be
further discussed in Sec. 6.4.
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6 Final DCLS Configuration and Integration into a CPA System
This chapter presents the DCLS configuration used to seed a high-energy OPCPA
system and the measured performance.

6.1 Final DCLS Cavity Configuration
The final DCLS setup is shown in Figure 6.1. A fiber cavity is built to circulate
the DCLS pulse in it to accumulate phase modulation. The dashed-black lines enclose the

Figure 6.1 Experimental setup of the DCLS configuration used to seed a high energy
OPCPA system.
optical components in the fiber cavity. Outside the cavity the key electrical components
are illustrated. The 4-port (2×2) AOM switch Q-switches the fiber cavity to control the
number of round-trips the pulse circulates in the cavity. The Yb-doped fiber amplifier
offsets the cavity loss and provides amplification. The negative feedback system monitors
and optimizes the cavity dynamics. These are already covered in detail in Chap. 4. A
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LiNbO3 phase modulator (Sec. 3.1) is built into the ring cavity to apply the desired phase
modulation. The phase modulator is driven by a Tektronix AWG7122B arbitrary
waveform generator (AWG). The AWG operates at 24 GSamples/S, and is triggered at
300 Hz. Both the clock signal and the trigger for the AWG are synchronized to a 38-MHz
master clock. The output from the AWG is amplified to ~10 V (peak-to-valley) using a
commercial RF amplifier (Mini-circuits, ZHL 42W). The final phase modulation drive
amplitude is determined by fine tuning the AWG output amplitude to optimize pulse
compression in the CPA system, as will be presented later in this chapter. A
programmable RF delay line (Colby PDL-100A) is inserted between the AWG and the
RF amplifier to allow fine delay adjustment (0.5-ps resolution) to the phase modulation
drive and ensure optimal synchronization with the optical pulse. The phase modulation
drive is measured at the RF output port of the phase modulator with a 12-GHz scope
(Agilent Technologies 91204A). A band-pass filter and a home-made birefringent tuning
filter located in the free-space portion of the fiber optical delay line optimize the cavity
gain spectrum. As explained in Sec. 3.4, polarizing fibers are used in the cavity to ensure
a single polarization for the pulse. Also, half-wave plates are inserted into the free space
beam path in the 4-port AOM switch to ensure optimal polarization. The system is seeded
by nano-second narrowband pulses at 1053 nm. The pulse duration of the seed pulse is
adjustable between 0.5 and 10 ns. The seed pulses are generated at a repetition rate of
300 Hz, triggered synchronously with the AWG. Once injected into the fiber cavity, the
pulse is trapped in the ring and circulates for around 50 round-trips to receive the desired
phase modulation. After this, the pulse is directed out of the ring, with a 2-port AOM at
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the cavity output to suppress unwanted signal, including leakage pulses before cavity
dump and ASE.
As mentioned in Sec. 3.5, the gain of the Yb-doped fiber peaks at 1030 nm and
decreases for longer wavelengths. A 1030/1053 nm WDM and a band-pass filter have
been used in the fiber regenerative amplifier to favor the signal gain at 1053 nm and
suppress ASE at shorter wavelengths (Chap. 4). As the number of round-trips in the
cavity increases, the effect of the gain tilt favoring the shorter wavelengths becomes more
pronounced and these techniques are no longer adequate. Figure 6.2 (a) shows the DCLS
cavity output spectrum when a narrowband optical pulse at 1053.3 nm circulates in the

Figure 6.2 (a) DCLS 30 round-trip output spectrum without birefringent filter. The peak
at 1053.3 nm is the injected signal. ASE develops between 1049 and 1051 nm. (b)
DCLS 30 round-trip output spectrum with birefringent filter. The filter suppresses ASE
at shorter wavelengths.
cavity for 30 round-trips. Apart from the spectral peak representing the signal, an
additional peak between 1049 and 1051 nm shows rapid development of ASE. The ASE
is within the pass-band of the band-pass filter (Figure 3.17). The birefringent tuning filter
introduces a tailored wavelength dependent loss that favors longer wavelengths to offset
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the gain tilt of Yb-fiber. Figure 6.2 (b) shows the 30 round-trip cavity output spectrum
with the birefringent filter, which demonstrates effective ASE suppression.

6.2 DCLS Phase Modulated Spectrum
The DCLS output spectrum is measured using a CCD camera (Photometrics
CoolSNAP ES) coupled to a grating spectrograph (ACTON SpectraPro-2556). This
spectrometer is introduced in Appendix C. As mentioned in Sec. 3.3, the bandwidth
produced by DCLS increases linearly with the number of round-trips in the cavity with
other conditions held unchanged. This has been demonstrated by circulating a 1.8-ns
pulse in the cavity for 30 to 60 round-trips. The dashed-blue curve in Figure 6.3 (a)
shows the output spectrum after 30 round-trips, and the solid-red curve is the spectrum
after 60 round-trips. The full bandwidth measured from the base of the spectrum

Figure 6.3 DCLS phase modulated spectrum after 30 (dashed-blue) and 60 (solid-red)
round-trips. (b) DCLS output spectral bandwidth increases linearly with the number of
round-trips. The solid-blue curve shows the measured bandwidth. The dashed-red curve
is the linear fit between the bandwidth and the number of round-trips.
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quantifies the spectrum produced by DCLS. This spectral width is plotted in Figure 6.3 (b)
for 30 to 60 round-trips in steps of 10. It increases nearly linearly from about 2.5 nm to
4.5 nm. The solid-blue curve is the measured data and the dashed-red line is the linear fit
to it. The error bar for the spectral width is estimated to be 0.07 nm. The spectral
resolution of the spectrometer is 0.05 nm (Appendix C). The spectral width is estimated
based on two independent wavelength measurements so the error bar is √2 times the
resolution.
The severe intensity modulation on the spectra shown in Figure 6.3 is caused by
phase errors from a non-ideal phase modulation drive. The phase error can be reduced by
adding phase correction using the method presented in Sec. 3.2, which also reduces the
spectral intensity modulation. The solid-blue curve in Figure 6.4 (a) shows the total
DCLS phase modulation drive in 30 round-trips. The dashed-black curve is a quadratic
phase modulation drive that would produce a flat-top spectrum. The 30-round-trip total
phase modulation drive deviates from the quadratic shape. The blue curve in
Figure 6.4 (b) shows this deviation. A phase-correction signal is generated based on this
measured deviation and five additional round-trips of phase correction have been applied
to reduce it. The solid-red curve in Figure 6.4 (a) shows the total phase modulation drive
after this correction. The deviation of the corrected phase modulation drive from a
quadratic shape is plotted as the red curve in Figure 6.4 (b). The phase correction reduces
the deviation from 14.5 V to 4.5 V (peak-to-valley).
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Figure 6.4 (a) The total DCLS phase modulation drive without phase correction (solidblue) and with phase correction (solid-red). The dashed-black curve shows a quadratic
phase modulation drive that would produce a flat-top spectrum. (b) The deviation of the
total phase modulation drive from a quadratic shape before (blue) and after (red) phase
correction. The phase correction reduces the deviation from 14.5 V to 4.5 V (peak-tovalley). The dashed-horizontal lines indicate the amplitudes of the deviation.
The effect of the phase correction on the shape of the phase modulated spectrum
is shown below in Figure 6.5. Before the correction, there is an isolated peak at around
1053.7 nm on the spectrum, as shown by the solid-blue curve. The phase correction

Figure 6.5 Phase correction on the DCLS phase modulation drive reduces the intensity
modulation on the output spectrum it produces. The solid-blue curve is the spectrum
before phase correction and the dashed-red curve is the spectrum after correction.
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greatly reduces this peak and the overall spectral intensity modulation, as shown by the
dashed-red curve.

6.3 Integration of DCLS Output into an OPCPA System
For the final DCLS output, a square optical pulse of about 1 ns is used as the seed.
For a fixed chirp-rate, the required phase amplitude increases quadratically with the pulse
duration, which imposes a limitation on the compressible pulse duration from DCLS.
The pulse circulates in the cavity for 51 round-trips, including 43 round-trips of repeated
phase modulation and 8 round-trips of tailored phase correction to optimize the final
phase profile. The pump to the Yb-doped gain fiber is set at 170 mW, which provides a
single pass gain of ~16 dB. The feedback-controlled cavity dynamics is revealed by
measuring a portion of the circulating pulse, as shown in Figure 6.6 (a). The output pulse
energy is 0.9 nJ and has a short term fluctuation (300 samples) of 4% (rms). The solid-

Figure 6.6 (a) DCLS cavity dynamics as the pulse circulates for 51 round-trips. (b)
Temporal shape of the DCLS input pulse (solid-blue) and output pulse (dashed-red). The
pulse shape is modulated in the DCLS cavity but can be compensated for using existing
pulse shaping technologies.
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blue curve in Figure 6.6 (b) is the temporal shape of the seed pulse for DCLS and the
dashed-red curve is the output pulse after 51 round-trips in the cavity. The pulse intensity
is modulated compared to a flat-top square input, because of pulse distortion effects from
(i) the phase modulator, (ii) the PM fiber, (iii) wavelength-dependent gain from the Ybdoped fiber and (iv) non-ideal phase modulation (Sec. 3.4 and Sec. 6.2). The temporal
shape of the output pulse is stable over time and the distortion can be pre-compensated
for using existing pulse shaping technologies.41
The solid-black curve in Figure 6.7 is the spectrum of the narrowband seed pulse,
and the solid-red curve is the spectrum of the DCLS output. Compared to the DCLS
output spectra shown in Figure 6.5, intensity modulation on the phase modulated
spectrum is greatly reduced. This is because the final DCLS phase profile is improved by
iterative phase correction, as explained in Sec. 6.2.

Figure 6.7 DCLS seed spectrum (solid-black), 51-round-trip output spectrum (solid-red)
and OPCPA output spectrum (dashed-blue). The spectrum flattens after amplification
because of OPCPA gain saturation.
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The DCLS output pulse is then injected into a high-energy OPCPA system.98 This
OPCPA system serves as a broadband front end for the Multi-Terawatt (MTW) laser at
the Laboratory for Laser Energetics (LLE).77 As shown in Figure 6.8 (a), the MTW laser
consists of four major parts: (i) a chirped-pulse seed source from the oscillator table, (ii)
an OPCPA preamplifier, (iii) a glass amplifier and (iv), a grating pulse compressor. The

Figure 6.8 (a) Architecture of the MTW laser at LLE. The chirped pulse from DCLS is
amplified by the MTW preamplifier and compressed by the grating pulse compressor. (b)
The OPCPA preamplifier consists of two stages and uses Lithium triborate (LBO)
crystals as the nonlinear gain medium.
MTW seed source consists of a mode-locked laser (TBWP GLX-200) and a grating pulse
stretcher (Sec. 5.5). The chirped pulse from this seed source is replaced by the DCLS
pulse. The preamplifier is a two-stage OPA that uses Lithium triborate (LBO) crystals as
the nonlinear gain medium, as shown in Figure 6.8 (b). The glass amplifier is not
energized in this experiment. The OPCPA system provides a total gain exceeding 108. A
Nd:YLF nano-second laser system delivers pulses at 1053 nm that are frequency doubled
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to 527 nm to pump the OPA. 99 The pump laser is tailored for optimal parametric
interaction to increase the conversion efficiency from pump to signal. After amplification,
the chirped pulse is compressed by the MTW grating pulse compressor, a double-pass
compressor that uses two multi-layer-dielectric (MLD) diffraction gratings.
When operating with a 2.5-ns seed pulse, the OPCPA system can produce output
pulse energy as high as 250 mJ, limited by the available pump pulse energy. The 1-ns
chirped pulse from DCLS is amplified to 76 mJ. The spectrum of the OPCPA output
pulse is shown by the dashed-blue curve in Figure 6.7. The shorter wavelengths are
amplified more than the longer wavelengths because of OPCPA gain saturation, so the
amplified spectrum flattens compared to the DCLS spectrum before amplification.
The compressed pulse is characterized with an intensity autocorrelator based on
second harmonic generation (SHG). The working principle of the autocorrelator can be
found in various literatures 100,101 and is briefly described in Appendix D. Figure 6.9
shows the measured intensity autocorrelation trace of DCLS compressed pulse (solid-red
curve), which has a width of 1.5 ps (FWHM). From the measured DCLS output spectrum,
we can calculate the Fourier-transform limited pulse, the shortest pulse supported by the
spectrum. The calculated autocorrelation trace corresponding to the Fourier-transform
limited pulse for the amplified spectrum (Figure 6.7) is also shown in Figure 6.9 (dashedblue curve). The Fourier-transform limited pulse has a duration of 0.6 ps (FWHM) and
the correlation trace has a width of 1.4 ps, which is very close to the measured value.
Apart from the main pulse, the optical energy is distributed within a 20-ps range, as
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indicated by the pedestal of the correlation trace. The pedestal results from higher-order
dispersion mismatch between the DCLS chirped pulse and the grating pulse compressor
used, that is explained in more detail in the next section.

Figure 6.9 The measured intensity autocorrelation trace (solid-red) of the DCLS
compressed pulse is 1.5 ps (FWHM). This is close to the Fourier-transform limit (1.4 ps).
DCLS provides direct control of compressed pulse duration. For a conventional
CPA system where the chirped pulse source consists of a mode locked laser and grating
pulse stretcher, changing the compressed pulse duration requires adjusting the gratings.
Transform-limited pulse widths are achieved by minimizing the net system dispersion,
while longer pulses with residual chirp (positive or negative) can be set by intentionally
mismatching the stretcher and compressor. This control requires precise optical
alignment and timing of the pulse since the optical system is physically changed for each
setting.

From Eq. (1.1) and Eq. (3.4), the chirp produced by DCLS is directly

proportional to the amplitude of the phase modulation drive, which can be adjusted by
changing the AWG output amplitude. As described in Sec. 3.2, the AWG amplitude can
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be set with a vertical resolution of 10 bits (1 mv/step with a 1 V maximum). This
adjustment does not affect system alignment or timing. The compressed pulse duration
control is demonstrated experimentally and the results are shown in Figure 6.10. The blue
curve in Figure 6.10 (a) shows the intensity correlation trace width (FWHM) at different
phase modulation drive amplitudes. The shortest width corresponds to the measured
correlation trace shown in Figure 6.9. This is produced when the AWG is set to 0.826 V
(peak-to-valley) and the DCLS chirp rate matches that of the MTW grating pulse
compressor (Sec. 5.2). Detuning the phase modulation drive amplitude from this point,
either to the under- chirped (lower amplitude) or over-chirped (higher amplitude)
direction, broadens the correlation trace. The correlation traces corresponding to the two
under-chirped points in Figure 6.10 (a) are shown in Figure 6.10 (b). The dotted-blue
curve is the trace produced at 2.2% under-chirping, and the dashed-black curve is the

Figure 6.10 (a) Correlation trace width (FWHM) at different phase modulation
amplitudes. Detuning the amplitude in either direction from the optimal value broadens
the compressed pulse. (b) Normalized correlation trace for optimal compression (solidred), 2.2% under-chirped(dotted-blue) and 0.25% under-chirped (dashed-black).
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trace at 0.25% under-chirping. The solid-red curve in Figure 6.10 (b) shows the trace
corresponding to optimal compression.

6.4 Limitation to DCLS Pulse Compression
As seen from Figure 6.9, the optical pulse energy is not completely compressed to
within the main pulse. An appreciable portion of the energy is scattered in a ±20-ps range
of the autocorrelation trace that could be pre-pulses and/or post-pulses. This is because
the dispersion of the DCLS chirped pulse does not exactly match the dispersion of the
MTW grating pulse compressor that is used. When the two dispersions are exactly
matched, all spectral components on the chirped pulse emerge from the compressor
together to form a transform limited pulse. Dispersion mismatch would cause the
different spectral components to emerge at different times and result in energy
distribution in a longer temporal range after the compressor. The group delay on the final
DCLS output pulse is measured with the temporal interferometry method described in
Sec. 5.4. The MTW system has its own seed source, produced by stretching a mode
locked laser pulse with a grating pulse stretcher, which is compressed nearly to the
transform limit by the MTW compressor.77 The group delay on this pulse has been
measured, as presented in Sec. 5.5. This is the group delay that we desire to produce with
DCLS. Comparing the two group delay measurement results reveals the dispersion
mismatch that scatters energy out of the DCLS main compressed pulse.
The solid-red curve in Figure 6.11 is the group delay on the final DCLS output
pulse. The dashed-blue curve is the group delay on the stretched MTW seed pulse, which
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is already presented in Sec. 5.5 (Figure 5.16). The stretched MTW seed pulse has a
longer duration and broader bandwidth compared to the DCLS chirped pulse, so only the
data that overlaps with the DCLS spectral content is shown here. Linear fit to both curves
produce the same slope, which indicates that they correspond to the same linear
frequency chirp. The discrepancy between them reveals the dispersion mismatch.

Figure 6.11 Measured group delay of the final DCLS chirped pulse (solid-red) and the
stretched MTW seed pulse (dashed-blue).
The difference between the two curves in Figure 6.11 is plotted as the solid-red
curve in Figure 6.12 (a). The group delay mismatch between the DCLS output and the
desired dispersion can be decomposed into two parts: a 20-ps (peak-to-valley) quadratic
term and a 30-ps (peak-to-valley) high frequency ripple. The dashed-black curve in
Figure 6.12 (a) shows the quadratic component of the group delay mismatch. The curve
in Figure 6.12 (b) shows the high frequency group delay ripple with the quadratic
component removed. The quadratic group delay error corresponds to a cubic spectral
phase mismatch. This error can be reduced by applying a third order temporal phase in
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addition to the quadratic phase that we have applied. The high-frequency group delay
ripple corresponds to high frequency phase ripple on the chirped pulse (Sec.5.6). The
high frequency phase ripple is produced by two mechanisms. First is the distortion of the
phase modulation drive by the RF components (mainly the RF amplifier). The second
contribution originates from the high frequency intensity modulation on the DCLS pulse
(Figure 6.6). While the pulse propagates through the optical fiber, the intensity
modulation produces an extra temporal phase because of self-phase modulation. This
temporal phase has the same temporal profile as the intensity modulation.

Figure 6.12 (a) Group delay error (solid-red) and its quadratic fit (dashed-black). (b)
High frequency group delay ripple.
Currently, DCLS pulse compression is limited by the level of phase control we
have. The amplitude of the required third-order phase is much smaller than the quadratic
phase that is responsible for the broadband linear chirp. For the 1-ns chirped pulse
presented above, the required third-order phase is about 12π (Sec. 2.1). This can be
applied in two round-trips in the cavity and does not present significant challenge for the
DCLS system. However, correcting for the high-frequency ripple is limited by the
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frequency response of the RF amplifier and the phase modulator. An RF amplifier with a
higher bandwidth will increase DCLS’s capability to reduce the high frequency phase
ripple. As mentioned in Sec. 3.2, DCLS requires flat frequency response from its RF
components to 4-GHz on the high frequency end. The DCLS RF amplifier has reduced
gain in this range as its 3-dB bandwidth is 4.2 GHz. The phase modulator itself also
presents severe bandwidth limitation beyond 1 GHz (Figure 3.5). Future efforts to
improve DCLS performance require adding an extra stage of feedback phase correction
to increase the level of fine phase control. 102,103
A suite of numerical simulation codes has been used to model DCLS chirped
pulse production and compression. The flow of numerical simulation is shown below in
Figure 6.13 (a). Starting from a narrowband square pulse, the code applies temporal
phase modulation and temporal shaping to it to calculate the chirped pulse out of DCLS

Figure 6.13 (a) Flow of numerical simulation to model DCLS chirped pulse production
and compression. (b) Measured (red) and simulated (blue and black) correlation traces.
The blue curve is calculated using measured temporal phase and compressor parameters.
The black curve is a best fit to the measured trace by adjusting compressor parameters.
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cavity. The applied temporal phase is measured using the temporal interferometry method
as detailed in Sec. 5.1-5.2. The temporal pulse shape is measured using a photodiode as
shown in Figure 6.6 (b). The chirped pulse is then compressed by applying the theoretical
spectral phase of the MTW grating pulse compressor as calculated in Sec. 2.1 (all orders
of spectral phases are included). A numerical intensity autocorrelator then calculates the
intensity correlation trace for the compressed pulse.
The solid-blue curve in Figure 6.13 (b) is the correlation trace calculated with
measured DCLS temporal phase and MTW compressor parameters. The solid-red curve
is the measured correlation trace for the DCLS compressed pulse as presented in Sec. 6.3
(Figure 6.9). There is obvious discrepancy between the measured and calculated traces.
The temporal phase measurement has limited accuracy as detailed in Sec. 5.3. The MTW
compressor parameters are determined through temporal interferometry measurements as
detailed in Sec. 5.4-5.5, which also has limited accuracy. Pulse compression is highly
sensitive to the dispersion match between the chirped pulse and compressor. The limited
accuracy in measuring both dispersion cause discrepancy between the measured and
calculated correlation traces. Improved agreement between them is achieved by fine
tuning the compressor parameters. The solid-black curve in Figure 6.13 (b) shows the
calculated correlation trace that is a best fit to the measured. This trace is produced when
the compressor grating separation is reduced by 1% from the measured value.
As detailed in Sec. 5.6, currently the DCLS temporal phase can be decomposed
into two parts: a quadratic phase (2nd order) and a high frequency phase ripple. The
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quadratic term can be retrieved through a quadratic fit to the measured phase. The high
frequency phase ripple is then calculated by subtracting the quadratic term from the
measured total phase. The experimental work in this thesis focuses on producing a
quadratic temporal phase but a cubic term (3rd order) is considered for future
development. The impacts of these three phase contributions on pulse compression are
evaluated using numerical simulation. Optimal compression is achieved when matching
second and third order phases are applied to the chirped pulse, as shown by the solid-red
curve in Figure 6.14. The dashed-black curve shows the best correlation trace when only
a second order phase is applied. Without the third order temporal phase, satellite prepulses are produced before the main compressed pulse. The correlation trace shows

Figure 6.14 Simulated correlation traces with different temporal phases. The solid-red
curve shows optimal compression when second and third order temporal phases matching
the pulse compressor are applied. The dashed-black curve shows the best correlation
trace when only second order phase is applied. The solid-blue curve shows that high
frequency phase ripple severely degrades pulse compression.
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optical energy distribution 20 ps away from the main peak. When optimizing pulse
compression with only second order temporal phase, its amplitude (thus the chirp rate) is
reduced by 6% compared to the optimal compression case (red). For the solid-blue curve,
the high frequency phase ripple calculated from measured DCLS phase is added to the
optimal compression case. It shows that the high frequency phase ripple severely
degrades pulse compression.
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7 Prospective Applications for DCLS Technology
This chapter outlines a few prospective applications for DCLS technology. Selfphase modulation is a common detrimental nonlinear effect for CPA systems. The phase
modulation capability of DCLS can directly compensate for the temporal phase error
accumulated through the laser amplifier chain and optimize pulse compression. An
optical frequency comb is a broadband laser source with a comb-like spectrum. The
spectral lines are individually resolved and equally spaced. Employing the DCLS concept,
repeated phase modulation in a ring cavity produces optical frequency combs with
increased frequency span. A linearly chirped pulse from DCLS can also be used as a
reference pulse in measuring the temporal shape of another optical pulse with picosecond
temporal resolution.

7.1 Compensation for Self-phase Modulation in CPA Systems
Self-phase modulation is due to the optical Kerr effect, where the refractive index
of an optical medium is modified by the optical signal that propagates through it (Chap. 4
of Ref [6]):
𝑛 = 𝑛0 + 𝑛2 𝐼(𝑡)

(7.1)

In the equation n2 is the nonlinear index and I(t) is optical intensity. In presence of this
effect, an optical pulse accumulates an intensity-dependent temporal phase (termed as Bintegral in CPA literature) as it propagates through a medium:
𝜑𝑆𝑃𝑀 = 𝜑0

𝐼(𝑡)
𝐼0

(7.2)
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where I0 is the peak intensity of the pulse,

𝐼(𝑡)
𝐼0

is the normalized temporal pulse shape and

φ0 is the amplitude of the B-integral. The B-integral amplitude is directly proportional to
the nonlinear index, peak intensity and propagation distance. In a CPA system, the
chirped pulse can accumulate an appreciable B-integral through the amplifier chain. This
causes phase mismatch between the amplified chirped pulse and optical pulse compressor
which results in uncompressible pulse energy.26,104 This detrimental nonlinear effect is
more severe for fiber CPA systems because of the tighter spatial confinement of optical
signal and relatively long propagation distance. 105 Earlier investigations show that Bintegral needs to be kept below 1 rad to avoid serious degradation to pulse
compression.26,104 Self-phase modulation can be partially corrected by intentionally
mismatching the grating pulse stretcher and compressor, or pre-compensated for by
applying a programmed spectral phase. 106 Compensation for self-phase modulation has
been experimentally demonstrated using a grating based spatial light modulator or an
acousto-optic programmable filter. 107,108 There has also been a demonstration of selfphase modulation compensation using temporal phase modulation.109 In this work, a fiber
CPA system amplifies 136-ps chirped pulse to 30 nJ in an Er-doped fiber amplifier. The
pulse accumulates ~1π phase shift in the optical fiber. The temporal shape of the chirped
pulse before amplification is measured using a photodiode. This signal drives a LiNbO3
phase modulator to pre-compensate for the B-integral. The phase modulation is not
programmable and offers limited control. The total B-integral it can compensate for is
limited because of the single-pass design.
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The direct temporal phase modulation capability of DCLS can be used to
compensate for self-phase modulation in a CPA system. A fiber ring cavity with a phase
modulator inside can be deployed right after the grating pulse stretcher to provide
programmable, multi-pass phase modulation to the chirped pulse. The optical pulse shape
can change as it propagates through the CPA system and a programmable temporal phase
offers optimal compensation without relying on pulse shape measurement at a specific
point. The multi-pass phase modulation can compensate for a large amount of B-integral.
The numerical simulations in Ref. [26] and Ref. [104] focuses on chirped pulses with
~100-ps pulse durations that are compressed to ~100 fs. A numerical model has been
developed to simulate a case where a 1-ps (FWHM), Fourier-transform limited Gaussian
pulse is stretched to 0.5 ns (FWHM) and compressed back. A nonlinear phase is added to
the chirped pulse before compression. The added phase has the same Gaussian temporal
shape as the chirped pulse. The simulation process is shown by the flow chart in
Figure 7.1. The numerical grating pulse stretcher and compressor include all orders of
spectral phase and have matching dispersions. These calculations demonstrate the impact
of B-integral on pulse compression from nanosecond to picosecond.

Figure 7.1 Numerical modelling shows the impact of B-integral on pulse compression.
A nonlinear phase with varying amplitude is imposed on the 0.5-ns chirped pulse before
pulse compression. The compressed pulse is 1 ps (FWHM) when B-integral is 0.
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Figure 7.2 (a) shows the calculated compressed pulse shape with B-integral
increasing from 0 to 3. The solid-blue curve shows the baseline case when there is no
self-phase modulation. The pulse is compressed back to the Fourier-transform limited,
Gaussian pulse and has a 1-ps pulse width (FWHM). The compressed pulse shape starts
to deviate from the original Gaussian shape as B-integral increases from 0. For B=1
(dashed-red) and B=2 (solid-black), the pulse shape change is relatively small. The
change becomes very obvious for B=3 (dashed-magenta). Figure 7.2 (b) shows the
compressed pulse width (FWHM) as a function of B-integral. The pulse width is the
Fourier-transform limited value (1 ps) when B=0. It increases slowly for B<2, but rapidly
for B>2. The pulse width is 1.3 ps for B=2 and 3.3 ps for B=3. It increases to 5.9 ps for
B=6.

Figure 7.2 (a) Normalized compressed pulse shape for B=0-3. The pulse is compressed
back to the Fourier-transform limit (solid-blue) when B=0. Impact to pulse shape
becomes obvious for B>2. (b) Compressed pulse width (FWHM) as a function of Bintegral. The pulse width increases rapidly for B>2.
Apart from the pulse width, another important quality metric for the compressed
pulse is the temporal contrast. The CPA output field has high peak intensity so a pedestal
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extending to temporal ranges much longer than the pulse width can still be very energetic.
A high temporal contrast is required to avoid disruption to laser-matter interaction
experiments by the pedestal. Figure 7.3 (a) shows the compressed pulse in a semi-log
scale to reveal the pedestal energy for B=0-3. The solid-blue curve shows the Fouriertransform limited case with B=0. For the other three curves, the peak power is normalized
to the Fourier-transform limit value to reveal the decrease in peak power as B-integral
increases. The temporal contrast at 5 ps before the peak (ratio between instantaneous
power at t=-5 ps and t=0) is plotted as the blue curve in Figure 7.3 (b). The pedestal is
below noise level of the numerical simulation (~-250 dB) for B=0. The contrast is -70 dB
for B=1 and rapidly degrades to -16 dB for B=6. DCLS can compensate for the Bintegral with a 5% precision (Sec. 3.2). The pedestal level with a 5% residual phase error
is plotted as the red curve in Figure 7.3 (b). The pedestal level is -124 dB for B=1 and is
suppressed to below -90 dB for B=6.

Figure 7.3 (a) Compressed pulse profile on a semi-log scale reveal pedestal energy
distribution for B=0-3. (b) Blue: temporal contrast at 5 ps before the pulse peak for
B=1-6. The contrast is -70 dB for B=1 and rapidly degrades to -16 dB for B=6. Red:
Temporal contrast after SPM compensation with 5% residual phase error.
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7.2 Frequency Comb Generation
Optical frequency combs find applications in optical communication, 110 RF
photonics111 and optical arbitrary waveform generation. 112 Applying sinusoidal temporal
phase modulation to a narrowband CW laser produces equally spaced side bands that
form a frequency comb.113 The comb line spacing is determined by the frequency of the
sinusoidal phase modulation and is easily tunable. However, this simple approach
produces comb lines that vary significantly in amplitude, while most applications desire a
flat frequency comb. Applying quadratic phase modulation to flat-top pulses produces
frequency comb with improved flatness, as discussed in Ref [114]. The pulse train is
produced by intensity modulation driven at the same repetition frequency of the phase
modulation, and the pulse is centered to the applied quadratic phase. The quadratic phase
modulation produces a linear frequency chirp, so the spectral shape of the frequency
comb is the same as the temporal shape of the optical pulse, which is flat-topped. This
approach has been experimentally demonstrated. 115 A quadratic signal is generated by
mixing an RF sinusoidal signal and its second harmonic with tailored relative amplitude
and phase. A frequency comb spanning ~3 nm centered at 1541.5 nm is produced. The
comb has 10-GHz line spacing and 38 lines within 1-dB spectral power variation. The
phase modulation depth and comb bandwidth in this demonstration is limited by the
single pass design. The frequency span and comb flatness can be further increased by
employing nonlinear frequency mixing or supercontinuum generation in a highly
nonlinear fiber (HNLF) but this approach adds complexity. 116, 117
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Repeated sinusoidal phase modulation in a ring cavity can greatly increase the
spectral span of an optical frequency comb. Figure 7.4 (a) illustrates the concept of such a
laser source. A narrowband CW laser and two cascaded intensity modulators produce a
burst of short optical pulses to serve as the optical carrier. The first intensity modulator
produces a continuous pulse train,
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while the second one provides temporal gates that

convert the continuous pulse train into consecutive bursts. As shown in Figure 7.4 (b),
the burst is 100-ns long and the pulses within are separated by 0.1 ns, corresponding to a
10-GHz repetition rate. Each burst is injected into a ring cavity with a phase modulator
built inside. It circulates in the cavity for a prescribed number of round-trips to

Figure 7.4 (a) A frequency comb source through repeated phase modulation in a ring
cavity is proposed. IM, intensity modualtor; PM, phase modulator. (b) The optical carrier
is a 100-ns burst of short optical pulses with a 10-GHz repetition rate. (c) The extrema of
the 10-GHz phase modulation is centered to each optical pulse within the burst.
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accumulate sinusoidal phase modulation and then gets ejected from the cavity. The phase
modulation is also at 10 GHz and Figure 7.4 (c) shows that the extrema of the sinusoidal
phase is synchronized to the center of each optical pulse. The phase modulated optical
carrier form a frequency comb. Spectral line spacing within the comb is determined by
the RF frequency that drives the phase modulator and the pulse-generating intensity
modulator. The comb frequency span is controlled by the amplitude of the phase
modulation drive and the number of round-trips.
The phase modulated spectrum of the frequency comb is calculated using
numerical simulation. The total temporal phase is:
𝑉

𝜑(𝑡) = 𝑁𝜋 𝑉𝐴 𝑐𝑜𝑠(𝜔𝑟𝑓 𝑡)
𝜋

(7.3)

where Vπ=3.75 V is the half wave voltage of the phase modulator (Sec. 3.1), VA and ωrf
are the amplitude (10 V) and frequency (10 GHz) of the sinusoidal phase modulation
drive, N is the number of round-trips for repeated modulation. The half wave voltage
specification for the phase modulator at 10 GHz is much higher than at 1 GHz (Sec. 3.1).
For the simulation 20 round-trips is used, which is demonstrated to be easily achievable
for the DCLS cavity (Sec. 6.3). The calculated spectrum is shown in Figure 7.5. The
spectrum spans a 27 nm of bandwidth with 340 spectral lines. The spectral power
variation within this range is 7 dB. The inset on the right shows a few spectral lines
around the center wavelength (1550 nm), which demonstrates the 10-GHz line spacing.
The spectral span and number of lines increases linearly with the number of round-trips.
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Figure 7.5 The proposed optical frequency comb source produces 340 spectral lines in 20
round-trips, spanning a 27-nm bandwidth around 1550 nm. The comb line power
variation is 7 dB. The lines are separated by 10-GHz as indicated by the inset.
The consecutive bursts in the optical carrier need to be properly separated in time
to ensure that one burst completes the prescribed round-trips in the ring cavity and gets
ejected before the next burst is injected. This is achieved by proper triggering of the
intensity modulator that provides the temporal gates for the bursts (IM2 in Figure 7.4(a)).
The relative delay between the consecutive bursts needs to be larger than TB+N×TRT,
where TB is the length of the burst, NRT is the cavity round-trip time and N is the number
of round-trips. A continuous pulse train is needed for optical communication applications.
With a similar concept as time-division multiplexing, each burst can be split into replicas
and recombined with a controlled delay between them, converting the frequency comb
into a continuous pulse train (Chap. 8 of Ref [118]). Depending on the exact parameters,
the relative delay between the replicas can be hundreds of nanoseconds while a 1-ps
resolution is required, which is challenging. The magnitude of the required relative delay
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increases with the number of round-trips. A design tradeoff can be established between
desired frequency span, thus the number of round-trips, and the complexity of converting
into a continuous pulse train.

7.3 Pulse Characterization with a DCLS Reference Pulse
Apart from seeding a CPA system, a stable, well characterized DCLS output pulse
can find application in other fields. For example, it can be used as a reference pulse for
measuring the temporal shape of narrow-band optical pulses. As shown in Figure 7.6, the

Figure 7.6 Scheme for temporal pulse characterization using a DCLS reference pulse.
The temporal shape of a narrow-band pulse is mapped onto the spectrum of the sum
frequency generated field through nonlinear frequency mixing. The temporal pulse shape
can then be reconstructed by spectrum measurement.
linearly chirped pulse from DCLS and a narrow-band optical pulse under test are
frequency mixed through sum-frequency generation. The temporal shape of the narrowband pulse is mapped onto the spectrum of the DCLS-generated field. With the chirp on
the DCLS pulse (λ(t)) well characterized, the temporal shape of the pulse under test can
be reconstructed. With a 314 ps/nm dispersion on the chirped pulse (chirp rate recovered
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in Chap. 5.4 ) and a spectral resolution of 0.01 nm, temporal features on the order of 3 ps
can be resolved with this scheme.
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8 Summary
The directly chirped laser source (DCLS) is a fiber-based, nanosecond chirped
pulse laser source for seeding high energy chirped-pulse–amplification (CPA) systems. It
provides programmable control for the temporal phase of the pulse, high pulse energy
and diffraction-limited beam performance, which are beneficial for CPA systems. This
thesis presents the concept and design of DCLS. It also presents the experimental
demonstration of a DCLS system and its integration into a high energy OPCPA system.
The key technologies that enable DCLS are identified and their experimental
demonstration is presented. An arbitrary waveform generator and an RF amplifier
provide phase modulation drive control with a 1% precision. With a high precision
temporal phase measurement technique guiding the phase modulation and iterative phase
correction, DCLS achieves a temporal phase close to the desired shape. Deviation of the
measured phase from the desired temporal shape is limited to 0.7% peak-to-valley. This
is critical for matching the dispersion between the DCLS chirped pulse and the grating
pulse compressor. Employing a multi-pass phase modulation architecture, DCLS
produces a ~1000 rad quadratic phase on a 1-ns optical pulse. This modulation broadens
the pulse spectrum from narrow linewidth (~10 kHz) to 3 nm centered at 1053 nm,
sufficient to support pulse compression to sub-picosecond duration. With a Yb-doped
gain fiber built inside, the DCLS fiber cavity has been operated as a regenerative
amplifier. The all fiber regenerative amplifier has produced 240-nJ output pulse energy in
five round-trips, demonstrating high pulse energy capability for DCLS. Numerical
simulation has been used to predict output energy and identify optimal operation point for
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the regenerative amplifier. A negative feedback system controls DCLS pulse growth
dynamics, which enables circulating the pulse in the cavity for 81-roundtrips and
stabilizing the output energy to within 1.5% (rms). Polarization maintaining and
polarizing fibers preserve the linear polarization for the signal. Gain-spectrum
engineering techniques flatten the gain spectrum for the cavity and maintain integrity of
the DCLS pulse shape.
DCLS produces a 1-ns chirped pulse with a 3-nm bandwidth. This chirped pulse
is amplified from 0.9 nJ to 76 mJ in an OPCPA system. The amplified pulse is
compressed to close to its Fourier transform limit, producing an intensity autocorrelation
trace with a 1.5-ps width. Direct compressed-pulse duration control by adjusting the
phase modulation drive amplitude is demonstrated. Limitation to pulse compression is
investigated using numerical simulation.
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Appendix
A

Treacy Model Derivation
The dispersions produced by a pair of parallel gratings are prescribed by the

Treacy model, as described in Sec. 2.1. This appendix provides detailed derivations for
this model. Appendix A1 calculates the first- to third-order spectral phase coefficients
produced by the Treacy compressor. Appendix A2 calculates the temporal phase of the
optical pulse that is best compressed by the Treacy compressor.
A1

Spectral Phase
The setup of a pair of gratings as a pulse compressor is illustrated by Figure 2.1 in

Sec. 2.1. The frequency dependent optical path through the system is:
𝐺

𝑃(𝜔) = 𝑏(1 + 𝑐𝑜𝑠(𝜃)) = 𝑐𝑜𝑠(𝛾−𝜃) [1 + 𝑐𝑜𝑠(𝜃)],

(A.1)

where  is the angle of incidence,  is the acute angle between the input and diffracted
𝐺

beams, G is the perpendicular distance between the two gratings, and 𝑏 = 𝑐𝑜𝑠(𝛾−𝜃) is the
slant distance that the beam travels between the two gratings.
The acute angle for each frequency component is determined by the grating
equation (assuming first-order diffraction):
𝜆

𝑠𝑖𝑛(𝛾 − 𝜃) + 𝑠𝑖𝑛(𝛾) = 𝑑.
The spectral phase introduced by the pair of gratings is:

(A.2)
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𝜙(𝜔) = − [

𝜔𝑃
𝑐

−

2𝜋𝐺
𝑑

𝑡𝑎𝑛(𝛾 − 𝜃)].

(A.3)

The first-order derivative of the spectral phase to the angular frequency is:
𝜕𝜙
𝜕𝜔

𝜕

= − 𝜕𝜔 [

𝜔𝑃

2𝜋𝐺

−

𝑐
𝑑
𝜔 𝜕𝑃 𝜕𝜃

𝑃

𝑡𝑎𝑛(𝛾 − 𝜃)]

= − 𝑐 − [ 𝑐 𝜕𝜃 𝜕𝜔 −
𝑃

𝜔 𝜕𝑃

= − 𝑐 − [ 𝑐 𝜕𝜃 +

2𝜋𝐺

(

𝜕

𝜕𝜃

𝑡𝑎𝑛(𝛾 − 𝜃)) 𝜕𝜔]

𝑑
𝜕𝜃
2𝜋𝐺
𝜕𝜃
] .
𝑑𝑐𝑜𝑠2 (𝛾−𝜃) 𝜕𝜔

(A.4)

Taking the derivative of Eq. (A.1) with respect to θ, we have:
𝜕𝑃
𝜕𝜃

𝜕

𝐺

= 𝜕𝜃 [𝑐𝑜𝑠(𝛾−𝜃) (1 + 𝑐𝑜𝑠(𝜃))]
𝐺𝑠𝑖𝑛(𝛾−𝜃)

𝐺𝑠𝑖𝑛(𝜃)

= − 𝑐𝑜𝑠2 (𝛾−𝜃) (1 + 𝑐𝑜𝑠(𝜃)) − 𝑐𝑜𝑠(𝛾−𝜃)
𝐺

= − 𝑐𝑜𝑠2 (𝛾−𝜃) [𝑠𝑖𝑛(𝛾 − 𝜃)(1 + 𝑐𝑜𝑠(𝜃)) + 𝑠𝑖𝑛(𝜃)𝑐𝑜𝑠(𝛾 − 𝜃)]

(A.5)

𝐺

= − 𝑐𝑜𝑠2 (𝛾−𝜃) [𝑠𝑖𝑛(𝛾 − 𝜃) + [𝑠𝑖𝑛(𝛾 − 𝜃)𝑐𝑜𝑠(𝜃) + 𝑐𝑜𝑠(𝛾 − 𝜃)𝑠𝑖𝑛(𝜃)]]
= −

𝐺
𝑐𝑜𝑠2 (𝛾−𝜃)

[𝑠𝑖𝑛(𝛾 − 𝜃) + 𝑠𝑖𝑛(𝛾)].

Substituting Eq. (A.2) into Eq. (A.5) gives:
𝜕𝑃
𝜕𝜃

𝐺

𝜆

𝐺

2𝜋𝑐

= − 𝑐𝑜𝑠2 (𝛾−𝜃) 𝑑 == − 𝑐𝑜𝑠2 (𝛾−𝜃) 𝜔𝑑 .

(A.6)

Substituting Eq. (A.6) into Eq. (A.4) then gives:
𝜕𝜙
𝜕𝜔

𝑃

𝜔 𝜕𝑃

𝑐

𝑐 𝜕𝜃

=− −[

+

2𝜋𝐺

]

𝜕𝜃

𝑑𝑐𝑜𝑠2 (𝛾−𝜃) 𝜕𝜔

𝑃

=− .
𝑐

(A.7)

This result agrees with the expression of the group delay:
𝜕𝜙

𝜏 = − 𝜕𝜔 =

𝑃
𝑐

(A.8)
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To calculate the second-order spectral phase coefficient, we take the derivative of
Eq. (A.7):
𝜕2 𝜙
𝜕𝜔 2

1 𝜕𝑃 𝜕𝜃

2𝜋𝐺

𝜕𝜃

= − 𝑐 𝜕𝜃 𝜕𝜔 = 𝜔𝑑𝑐𝑜𝑠2 (𝛾−𝜃) 𝜕𝜔.

From the grating equation (A.2), we have 𝑠𝑖𝑛(𝛾 − 𝜃) + 𝑠𝑖𝑛(𝛾) =

(A.9)
2𝜋𝑐
𝜔𝑑

. Differentiating on

both sides of this equation then gives:
2𝜋𝑐

𝜕𝜃

2𝜋𝑐

−𝑐𝑜𝑠(𝛾 − 𝜃)𝑑𝜃 = − 𝜔2𝑑 𝑑𝜔 ⇒ 𝜕𝜔 = 𝜔2 𝑑𝑐𝑜𝑠(𝛾−𝜃)

(A.10)

Substituting this into Eq. (A.9) gives the second-order spectral phase coefficient:
𝜕2 𝜙
𝜕𝜔 2

4𝜋 2 𝑐𝐺

= 𝑑2 𝜔3cos3(𝛾−𝜃),

(A.11)

Similarly, we can calculate the third-order spectral phase coefficient:
𝜕3 𝜙

=
𝜕𝜔 3
=



4𝜋 2 𝑐𝐺 𝜕
𝑑2
4𝜋 2 𝑐𝐺
𝑑2

= −

[

1

𝜕𝜔 𝜔3 cos3 (𝛾−𝜃)

]

3

3

3

3

𝜕𝜃

[− 𝜔4 cos3(𝛾−𝜃) − 𝜔3 cos4(𝛾−𝜃) (− sin(𝛾 − 𝜃))(−1) 𝜕𝜔]

4𝜋 2 𝑐𝐺
𝑑2

2𝜋𝑐

[𝜔4 cos3(𝛾−𝜃) + 𝜔3 cos4(𝛾−𝜃) sin(𝛾 − 𝜃) 𝜔2 𝑑𝑐𝑜𝑠(𝛾−𝜃)]

12𝜋 2 𝑐𝐺

2𝜋𝑐

𝑠𝑖𝑛(𝛾−𝜃)

= − 𝑑2 𝜔4 cos3(𝛾−𝜃) {1 + ( 𝜔𝑑 ) 𝑐𝑜𝑠2 (𝛾−𝜃)} .
These results are presented as Eq. (2.5) in Sec. 2.1.

(A.12)
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A2

Temporal Phase
For an input field 𝐸(𝑡) = 𝐴(𝑡)exp[𝑖𝜑(𝑡)]exp[𝑖𝜔0 𝑡], where 𝐴(𝑡)exp[𝑖𝜑(𝑡)] is

the slowly varying field envelope and 𝜔0 is the carrier frequency, the output field after
propagating through the grating pair system is:
𝑑𝜔

𝐸(𝑡 ′ ) = ∫ 2𝜋 exp[𝑖𝜔𝑡 ′ ] exp[𝑖𝜙(𝜔)]

(A.13)

 ∫ 𝑑𝑡 exp[−𝑖𝜔𝑡]𝐴(𝑡)exp[𝑖𝜑(𝑡)]exp[𝑖𝜔0 𝑡] .
The spectral phase added by the grating pair is:
1

𝜙(𝜔) = 𝜙0 − 𝜏0 (𝜔 − 𝜔0 ) + 2𝜇 (𝜔 − 𝜔0 )2 + 𝜎(𝜔 − 𝜔0 )3 + 𝑂(𝜔 − 𝜔0 )4 ,

(A.14)

where the first- to third-order spectral phase coefficients have been defined in Sec.2.1 and
derived in Appendix A1. Substituting this spectral phase into Eq. (A.13), keeping the
phase to up to third order, we have:
1

𝐸(𝑡 ′ ) = 2𝜋 exp[𝑖(𝜙0 + 𝜔0 𝑡 ′ ] ∫ 𝑑𝑡𝐴(𝑡) exp[𝑖𝜑(𝑡)]
∙ ∫ 𝑑𝜔𝑒𝑥𝑝 {𝑖 [

(𝜔−𝜔0 )2
2𝜇

+ 𝜎(𝜔 − 𝜔0 )3 + (𝜔 − 𝜔0 )(𝑡 ′ − 𝑡 − 𝜏0 )]}
(A.15)

1

= 2𝜋 exp[𝑖(𝜙0 + 𝜔0 𝑡 ′ ] ∫ 𝑑𝑡𝐴(𝑡) exp[𝑖𝜑(𝑡)]
∆𝜔 2

∙ ∫ 𝑑∆𝜔𝑒𝑥𝑝 {𝑖 [ 2𝜇 + 𝜎∆𝜔3 + ∆𝜔(𝑡 ′ − 𝑡 − 𝜏0 )]} ,
where for simplicity we have written ω-ω0 as Δω. For an impulse input at 𝑡 = 𝑡0 , the
input envelope is 𝐴(𝑡) exp[𝑖𝜑(𝑡)] = 𝛿(𝑡 − 𝑡0 ), the output field envelope is:
𝑖



𝐴(𝑡 ′ ) = ∫ 𝑑𝑡𝛿(𝑡 − 𝑡0 ) ∫ 𝑑∆𝜔𝑒𝑥𝑝 [2𝜇 𝜓(∆𝜔)]
𝑤ℎ𝑒𝑟𝑒𝜓(∆𝜔) = 2𝜇𝑇∆𝜔 + ∆𝜔2  + 2𝜇𝜎∆𝜔3 .

.

(A.16)
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Again for simplicity we have written tˈ-t-τ0 as T. The integral over Δω in Eq. (A.16) is
calculated using the stationary phase approximation. The ‘stationary point’ of the
integrand is identified by the following equation:
𝜓′ (∆𝜔) = 2𝜇𝑇 + 2∆𝜔 + 6𝜇𝜎∆𝜔2 = 0.

(A.17)

To solve Eq. (A.17) we need to estimate the relative amplitudes of the second and third
terms in it. Using the grating compressor parameters listed in Sec. 2.1, we can calculate
that the chirp rate µ is on the order of =5×103 (rad/ns2), the third order phase
coefficient σ is on the order of σ=1×10-9 ns3, the relevant bandwidth is below 10 nm so
Δω is on the order of 1×103 GHz. Thus we have  σ Δω <<1, and the third term in
Eq. (A.17) is much smaller than the second term. The approximate solution to Eq. (A.17)
is then
∆𝜔𝑠 = −𝜇𝑇.

(A.18)

The second derivative of the integrand at the stationary point is:
𝜓" (∆𝜔 = −𝜇𝑇) = 2 + 12𝜇𝜎∆𝜔𝑠 ≈ 2.

(A.19)

Using the stationary phase approximation, we have:
𝑖

𝑖

2𝜋

𝜋

∫ 𝑑∆𝜔𝑒𝑥𝑝 [2𝜇 𝜓(∆𝜔)] = 𝑒𝑥𝑝 [2𝜇 𝜓(∆𝜔𝑠 )] √ 1 " (∆𝜔 ) 𝑒𝑥𝑝 [𝑖 4 𝑠𝑔𝑛[𝜓" (∆𝜔𝑠 )]]
𝜓
𝑠
2𝜇

𝜋
𝜇
= √2𝜋𝜇 exp (𝑖 4 ) 𝑒𝑥𝑝 [−𝑖 2 𝑇 2 − 𝜎𝜇 3 𝑇 3 ] .

(A.20)

183

Substituting Eq. (A.20) into Eq. (A.16) and integrating over t, we have:
𝜋
𝜇
𝐴(𝑡 ′ ) = √2𝜋𝜇 exp (𝑖 ) ∫ 𝑑𝑡𝛿(𝑡 − 𝑡0 )𝑒𝑥𝑝 [−𝑖 (𝑡 ′ − 𝑡 − 𝜏0 )2 − 𝜎𝜇 3 (𝑡 ′ − 𝑡 − 𝜏0 )3 ]
4
2
𝜋
𝜇 ′
= √2𝜋𝜇 exp (𝑖 ) 𝑒𝑥𝑝 [−𝑖 (𝑡 − 𝑡0 − 𝜏0 )2 − 𝜎𝜇 3 𝑇(𝑡 ′ − 𝑡0 − 𝜏0 )3 ],(𝐴. 21)
4
2
So the impulse input becomes a purely phase modulated pulse after propagating through
the grating pair, with the temporal phase:
𝜇

𝜑(𝑡′) = − 2 (𝑡 ′ − 𝜏0 − 𝑡0 )2 − 𝜎𝜇 3 (𝑡 ′ − 𝜏0 − 𝑡0 )3 .
This result is quoted as Eq. (2.10) in Sec. 2.1.

(A.22)
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B

Transmission of Birefringent Filter
The setup of a birefrigngent spectral filter is presented in Sec. 3.5. This appendix

derives the birenfringent filter transmission as a function of the angular frequency. As
described in Sec. 3.5, a broadband, linearly polarized signal is launched into a
birefringent element and then a polarizer. The transmission axis of the polarizer is
parallel to the input polarization, while the slow axis of the birefringent element is rotated
by an angle θ with respect to the input polarization. The input field E0 is projected onto
the slow and fast axes of the birefringent element:
𝐸𝑠 = 𝐸0 cos(𝜃)
𝐸𝑓 = 𝐸0 sin(𝜃) .

(B.1)

After propagating through the birefringent element and being analyzed by the polarizer,
the transmitted field is:
𝐸 ′ = 𝐸0 𝑐𝑜𝑠 2 (𝜃) + 𝐸0 sin2(𝜃) exp(𝑖𝜔𝜏),

(B.2)

where ω is the angular frequency and τ is the delay between the slow and fast axes. The
transmission of a signal centered at frequency ω is then:
𝐸′ 2

𝑇 = |𝐸 | = |𝑐𝑜𝑠 2 (𝜃) + 𝑠𝑖𝑛2 (𝜃)exp(𝑖𝜔𝜏)|2
0

= 𝑐𝑜𝑠

4 (𝜃)

+ 𝑠𝑖𝑛

4 (𝜃)

+ 2𝑠𝑖𝑛

2 (𝜃)𝑐𝑜𝑠 2 (𝜃)𝑐𝑜𝑠(𝜔𝜏).

(B.3)

Picking a center frequency ω0 for which cos(ω0τ)=1, and writing Δω=ω-ω0, the
transmission function becomes:
𝑇 = 𝑐𝑜𝑠 4 (𝜃) + 𝑠𝑖𝑛4 (𝜃) + 2𝑠𝑖𝑛2 (𝜃)𝑐𝑜𝑠 2 (𝜃)𝑐𝑜𝑠(𝛥𝜔𝜏).

(B.4)
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C

Grating Spectrometer
A grating spectrometer is used to characterize the output spectrum of individual

DCLS pulses (Sec. 6.3). The system includes a photometrics CoolSNAP ES CCD camera
coupled to an ACTON SpectraPro-2556 spectrograph. The optical signal is launched into
the spectrometer with an optical fiber. The beam is collimated by a curved mirror,
dispersed by the grating, and then focused onto the CCD camera. A Czerny-Turner
imaging system* using special aspheric mirrors reduces optical aberrations such as coma.
The mapping between the optical wavelength and the spatial position on the CCD
detector is determined by a polynomial fit between the wavelength of a few discrete
spectral lines and their positions. The narrow spectral lines are from a tunable diode laser
with a Littman-Metcalf cavity design.
A narrow line-width laser is launched into the spectrometer to determine its point
spread function, as shown in Figure C.1. The spectral resolution is 0.05 nm FWHM. The

Figure C.1 Point spread function of the spectrometer shows a 0.05 nm spectral resolution
(FWHM).
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resolution of the spectrometer is determined by several parameters, including the amount
of angular dispersion by the grating, the CCD camera pixel size, and the entrance slit
width at the fiber input.

*M. Czerny and A. F. Turner, “Über den Astigmatismus bei Spiegelspektrometern,”
Zeitschrift für Physik 61, 792-797 (1930).
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D

Intensity Autocorrelator
An intensity autocorrelator based on second harmonic generation (SHG) is used

to characterize the DCLS compressed pulse (Sec. 6.3). This appendix describes the
working principle of the autocorrelator.
Using a Michelson interferometer, the field under measurement E(t)exp(i0t) is
split into two replicas. The two pulses are then focused onto an SHG crystal and the
output power at second harmonic frequency is recorded with a slow detector. The delay
between the two pulses () is scanned by adjusting one of the two beam paths in the
Michelson interferometer. The second harmonic field is
2

𝐸2𝜔 (𝑡) = [𝐸(𝑡) + 𝐸(𝑡 − 𝜏)𝑒 𝑖𝜔0 𝜏 ]

=  𝐸 2 (𝑡) +  𝐸 2 (𝑡 − 𝜏)𝑒 2𝑖𝜔0 𝜏 + 2𝐸(𝑡)𝐸(𝑡 − 𝜏)𝑒 𝑖𝜔0 𝜏 .

(D.1)

The first two terms in Eq. (D.1) represents SHG by the two individual pulses, and the
third term is produced by nonlinear interaction between the two pulse replicas. The slow
detector yields the time integrated second harmonic power (in the equation the bracket 〈〉
represents integration over time):
〈𝑃2𝜔 〉 = ∫|𝐸2𝜔 (𝑡)|2 𝑑𝑡 (𝐷. 2)
= 2〈|𝐸(𝑡)|4 〉 + 4〈|𝐸(𝑡)|2 |𝐸(𝑡 − 𝜏)|2 〉
+2𝑅𝑒{2〈[|𝐸(𝑡)|2 + |𝐸(𝑡 − 𝜏)|2 ]𝐸(𝑡)𝐸 ∗ (𝑡 − 𝜏)〉𝑒 𝑖𝜔0 𝜏 + 〈[𝐸(𝑡)𝐸 ∗ (𝑡 − 𝜏)]2 〉𝑒 2𝑖𝜔0 𝜏 }.
Again, the first term in Eq. (D.2) corresponds to contribution from individual pulses, and
the second term corresponds to the interaction between the two pulses. The other terms
are interference between the three different terms in Eq. (D.1) and are fast oscillating
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with the change of . These terms are suppressed by averaging over several optical
periods for non-interferometric correlation. In a non-collinear geometry, the contribution
from individual pulses is not detected. So the intensity correlation trace, which is the
detected SHG power as a function of the delay , is the second term in Eq. (D.2):
𝐺() = 〈𝐼(𝑡)𝐼(𝑡 − 𝜏)〉.

(D.3)

In the equation I(t) is the intensity of the optical pulse under measurement.
Generally, the correlation trace does not provide enough information to uniquely
determine the pulse shape. For example, the intensity correlation trace is always
symmetric, whether the pulse is symmetric or not. However, combined with some a priori
knowledge about the pulse, parameters such as the pulse duration can be inferred from
the correlation trace. For example, if we know the pulse shape to be Gaussian or
Hyperbolic Secant, then the FWHM width of the pulse and the correlation trace are
related by specific deconvolution factors ( √2 for Gaussian and 1.54 for Hyperbolic
Secant). This enables us to probe the ultra-fast characteristics of an optical pulse with
only slow detectors.

