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ABSTRACT

The topic of this proposal is the development of high peak power laser sources with a
focus on linearly chirped pulse laser sources. In the past decade chirped optical pulses have
found a plethora of applications such as photonic analog-to-digital conversion, optical coherence
tomography, laser ranging, etc. This dissertation analyzes the aforementioned applications of
linearly chirped pulses and their technical requirements, as well as the performance of previously

demonstrated parabolic pulse shaping approaches.

The experimental research addresses the topic of parabolic pulse generation in two
distinct ways. First, pulse shaping technique involving a time domain approach is presented, that
results in stretched pulses with parabolic profiles with temporal duration of 15 ns. After pulse is
shaped into a parabolic intensity profile, the pulse is compressed with DCF fiber spool by 100

times to 80 ps duration at FWHM.

A different approach of pulse shaping in frequency domain is performed, in which a
spectral processor based on Liquid Crystal on Silicon technology is used. The pulse is stretched
to 1.5 ns before intensity mask is applied, resulting in a parabolic intensity profile. Due to
frequency to time mapping, its temporal profile is also parabolic. After pulse shaping, the pulse
is compressed with a bulk compressor, and subsequently analyzed with a Frequency Resolved
Optical Gating (FROG). The spectral content of the compressed pulse is feedback to the spectral

processor and used to adjust the spectral phase mask applied on the pulse. The resultant pulse



after pulse shaping with feedback mechanism is a Fourier transform, sub-picosecond ultrashort

pulse with 5 times increase in peak power.

The appendices in this dissertation provide additional material used for the realization of
the main research focus of the dissertation. Specification and characterization of major
components of equipments and devices used in the experiment are present. The description of
Matlab algorithms that was used to calculate required signals for pulse shaping are shown. A
brief description of the Labview code used to control the spectral processor will also be

illustrated.
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Figure 1-1: The sketch of a chirped pulse amplification system. Pulse from an utrashort MLL
source is stretched with a nonlinear medium or dispersion grating. This stretched pulse is then
amplified with an optical amplifier before compression with a bulk compressor to achieve
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Figure 2-1: Conceptual schematic of pulse shaper in frequency domain based on optical Fourier
transformation (OFT). This designed is called “zero dispersion pulse compressor” using a
pulse shaper mask. The mask is designed to modulate spectral content of the input pulse to
match the requirement of output pulse. A programable spatial light modulator (SLM) can be
used in the place of the mask to control spectral phase and intensity of the pulse, instead of a

costly dual phase-iNtENSITY MASK. ..........coiiiiriiiiiiie e

Figure 2-2: The schematic of pulse shaper in temporal domain utilizing a feedforward
mechanism. Pulses from a MLL are stretched with an optical pulse stretcher before being sent
to an optical bandpass filter to create sharp edges of the pulses. The feedforward mechanism
helps flatten the pulses, producing output pusles with squarish optical spectrum. These pulses
travels through an optical switch, where an RF ramp signal is applied to the switch, shaping
the output pulses into parabola. Due to frequency-to-time mapping, the temporal spectrum

also assumes the ParaboliC SNAPE. .........cciiiiiiece e

Figure 2-3: Diagram of pulse shaper in temporal domain using an intensity modulator. The
quality of the output pulses depends on the availability of the RF bandwidth of the intensity
modulator, the electrical signal driving the modulator, the compexity of the intensity profile of

input pulses, and the amount of stretching associated with the optical pulse stretcher. ....................

Figure 2-4: A 2-dimensional example of a genetic algorithm. An individual is made of genes
containing an array of variables. The most optimal of individuals (largest z-axis values)
randomly cross genes in order to create new individuals which are then tested against the
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Figure 2-5: Pulse propagation in fiber using Split Step Method. Input pulse has a Gaussian shape
with full width half maximum temporal duration of 1 ps. Pulse travels through 15 m of fiber
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Figure 2-6: Block diagram of backward propagation in fiber using Split Step Fourier Method. ...........
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Figure 3-3: Photo-detected power spectrum of Calmar laser before and after frequency-selection,
recorded with a RF spectrum analyzer (RFSA). An RF frequency divider was used to generate
an RF trigger signal to the AWG, with the repetition rate of the triggering signal equals to the
desired repetition rate of output laser pulse train. Due to the limitation of AWG, which can’t
respond to triggering signals with repetition rate higher than 2.5 MHz, the experiment was
performed at frequency selection down set to 1.25 MHz, which is 8-fold slower than the 20

MHz repetition rate of the pulse train of the Seed 1aSer. .........ccvvveiiiiiii i

Figure 3-4: Experimental setup for pulse shaping. Cir: circulator, PD: Photodiode, EOM:
intensity modulator, AWG: arbitrary waveform generator. The intensity profile of the input
pulse is chosen to be the well-known Gaussian shape. After pulse stretching, due to frequency-
to-time mapping, the stretched pulse also assume Gaussian shape. The temporal duration of
the stretched pulse has to be sufficiently long with respect to the bandwidth of the intensity
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Figure 3-5: Time domain parabolic pulse creation using a CW laser source. The period and
duration of the output signal is determined by the period and duration of the electronic signal
generated with the AWG. The resolution of the electronic signal is limited by the bandwidth

of the AWG, WhiCh 1S 10 GHZ, O 0.1 NS...uueiiiiiiiiii sttt st e s sba e e e s sabaa e e s saraee s

Figure 3-6: (a) Required and generated drive signal for square input pulses; inset: zoom-in of the
peak. The required and generted drive signals sufficiently resemble each other, with the
difference resulting from the limitation in resolution and bandwidth of the AWG (b)
Experimental and calculated power spectrum of drive signal, with the calculated power

spectrum follows the contour of the measured power spectrum of the drive signal very well..........

Figure 3-7: (a) Parabolic intensity profile of pulse after intensity modulation (b) Residual error

after pulse shaping, compared with a perfect parabola...........c.ccccoeeiiiiiii i

Figure 3-8: (a) Time-domain picture of output parabolic pulses as recorded with sampling scope

(b) Residual error of generated parabolic pulses compared to a perfect parabola. .............cccvennen.

Figure 3-9: (a) Drive signal for parabolic input pulse, with temporal duration of approximately 12
ns (b) Experimental and calculated power spectrum of drive signal. The calculated power
spectrum (b-dashed) shows very good agreement with the measured spectrum up to
approximately 3 GHz, with more deviation toward the higher frequency. The comb spacing of

RF tones corresponds to the temporal width of the drive signal............ccoooi i

Figure 3-10: (a) Optical spectrum of pulse before and after pulse shaping (b) Calculated residual
error of generated parabolic pulses compared to a perfect parabola. The maximum deviation is
approximately 5% at the wings, and smallest at the center, approximately 2%, with overall rms
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Figure 3-11: Time-domain picture of pulses as seen on sampling oscilloscope after pulse shaping
and compressing. Notice the sharp edge of the trace, which indicate parabolic pulse shaping
helps reduce nonlinearity induced-pedestals. The compression was limited to 80 ps to preserve
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Figure 4-5 Polarization Maintaining EDFA Characterization

quality of the pulse and limit the presence of temporal pedestal and pulse breaking, with

detrimental effects 0N PUISE SNAPE. ..o

Figure 4-1: Block diagram of chirped pulse amplification setup. Amp: optical amplifier; AOM:

acousto-optic modulator; Finisar: waveshaper; LPF: low pass filter; f/N: frequency divider;
RFAmp: RF amplifier; SG: signal generator, Driver: AOM driver. The dash box is the seed

laser for the Finisar SPECTral PrOCESSOL. ........cviiiiiiriie e

Figure 4-2: Schematic of chirped pulse amplification setup of an Yb fiber CPA system by J.H.V.

Price et.al. [55]. An adaptive control loop using feedback from an autocorrelator was used to
adjust the spectral phase of the input pulses. The resulting autocorrelation peak was increased
by a factor of 3.4 when a fiber stretcher was employed and by a factor of 2.9 with a bulk
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Figure 4-3 Block diagram of chirped pulse amplification with adaptive feedback loop (dashline

box). Seed laser sends out stretched pulses, which are shaped into parabolic intensity profile
with the Finisar waveshaper before being amplified with the booster amplifier. Amplified
pulses are compressed with the linear pulse compressor to achieve short pulses. Part of pulses
after compression is coupled out for monitoring and characterize with the SHG-FROG and

fedback into the Finisar spectral processor to adjust the spectral modulation parameters. ...............

Figure 4-4. Laser source for a parabolic pulse shaping fiber CPA system. A fiber spool is used to

stretch pulses to ~1.5 ns duration. Pulse train is frequency selected down from 20 MHz to 1.25
MHz by using an AOM synchronyzed with the output laser. A polarization maintaining
Erbium-doped amplifier is used to pre-amplify the pulse after frequency selection before pulse
shaping. A 4-layer thermal isolation box was used to house the laser and other fiber

components to minimize the effect of environmental temperature fluctuation. .............cc.ccccovernennen.

Figure 4-6. Pulse stretcher amplitude attenuation, with average attenuation is 7 dB. Outside the

range 1542-1562 nm, the steep attenuation serves as an optical filter to cutoff undesirable
bandwidth to limit the ASE effect. Inset: zoom-in of the plateau area, which indicate a non-
uniform loss over the whole spectrum. The resulting intensity modulation would affect the
overall quality of pulses, and therefore compensation for that modulation would require a

broad bandwidth of modulation devices, such as intensity modulator, or spectral processor. ..........

Figure 4-7. Comparison of stretched pulses with different dispersive media; subpicosecond, near

transform limited pulses from a mode locked laser are stretched with (a) a commercially
available Proximion chirped fiber Bragg grating, with dispersion value D = 100 ps/nm (b) a
custom made fiber spool of dispersion compensate fiber (DCF), with total dispersion designed
to be approximately 100 ps/nm. Notice the apparent difference in optical profiles of output
spectra is the result of changing polarization of input pulses, due to mechanical disposition or

diStOrtion OF INPUE TIDET. ....c.eoiiiiicc ettt

Figure 4-8. Geometry of the double-pass Treacy grating pair pulse compressor. The input beam

incidents on the dispersion grating at Littrow angle, angularly disperses on the second grating.
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A flat mirror is used to reflect the dispersed beams back. The reflected beams then recombine
at the first grating before tracing their way back to output port [65,66]. In the experiment, a
roof-mirror was used instead of the flat mirror to separate input and output beams to different
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Figure 4-9. Schematic of a SHG-FROG setup. The physical size of the FROG depends on the
optics in the experiment, and typically 2x2 feet. An up-to-date, single shot GRENOUILLE

would be significantly smaller, with physical size 26 cmx4.5cm X 11.5CM...cccoiiiiviiiiiiiieniee.

Figure 4-10. Optical spectrum of fundamental signal and corresponding SHG signal as observed
on the OSA. In this particular example, the input fundamental signal is the Calmar laser pulse,
which assumes the squarish shape. The maximum intensity of SHG signal is approximately 10
dB lower than the maximum intensityof the input fundamental signal, which is typical for

BBO nonlinear crystal used in the FROG. .........ccoiiiiiiiiicee e

Figure 4-11. Example of SHG FROG Spectrogram of an extremely complex pulse. Top: SHG
FROG spectrogram of a pulse with a time-bandwidth product of approximately 100. Bottom,

the actual (red) and retrieved (blue) pulses. Adapted from [70]......ccccoiiiiiiiiiiiic e

Figure 4-12. Optical spectrum of input signal (solid) and target output signal in logarithmic scale
(dashed) (b) Required intensity mask in logarithmic scale, this mask is calculated by taking the
difference between input spectrum and desired output spectrum. The signal to noise ratio of
the intensity mask is designed according to the modulation depth of the Finisar spectral
processor of maximum attenuation 50 dB. This exceeds the signal to noise ratio of input signal
of less than 30 dB, ensuring high quality, low noise, and sharp edge output parabolic output
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Figure 4-13. Setup of a Second Harmonic Generation FROG apparatus. A pulse is split into two,
and one beam is delayed with a variable optical delay. The two beam is recombined at a
second harmonic generation crystal, to generate a second harmonic pulse; this SHG spectrum

is then recorded with the spectrometer as a function of the relative time delay. ...........c.ccoceverennnn.

Figure 4-14. Optical spectrum of (a) fundamental signals, the fundamental spectrum has a square-
ish shape, with 10 dB bandwidth of approximately 15 nm (b) The SHG signal is the product
of the auto correlation of two identical pulses, and has triangular shape, which is the typical
cross correlation product of two square pulses. The intensity profile of the SHG shows
contrast of ~23 dB signal-to-noise ratio, more than required to achieve accurate FROG
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Figure 4-15. Optical spectrum without pulse shaping (solid) and desired output spectrum (dashed)
(b) Typical parabolic spectrum generated with the spectral processor. The parabolic pulse after
pulse shaping has signal to noise ratio of more than 27 dB and optical bandwidth of

approximately 15 NM at 20 AB........coiv i nre s

Figure 4-16. (a) Measured FROG spectrogram of CPA pulse without pulse shaping (b) Measured
FROG spectrogram with both spectral intensity and phase shaping. Horizontal axis is time,
with temporal duration of 24.5 ps, vertical axis is optical wavelength, ranging from 771-781
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nm. Notice the significant temporal wings reduction in the spectrogram of pulses after pulse
shaping compared with spectrogram of pulse before pulse shaping. The spectrograms were
color-coded such that the highest power area is depicted in white, followed by the blue rings
and subsequently the green pedestal wings, and the background is shown in orange/red. The
spectrogram after pulse shaping is re-normalized so that the background is shown in red,

indicating a substantial inCrease iN PEAK POWET . .........cciiiirerierieieieise s

Figure 4-17. Simulation results of SHG-FROG spectrogram generated with input zero-chirped
parabolic intensity pulses, horizontal axis is time delay from -12.45 to 12.45 ps, vertical axis is
wavelength, centered around 776 nm. The simulation spectrogram matches the measured

FROG spectrogram above VEIY WEIL .........cooiiiiiiieiecee e

Figure 4-18. Calculated (dashed) and measured (solid) AC traces, in comparison with an AC trace
of unshaped CPA pulses (short dashed) in (a) linear scale, with temporal intensity normalized

to unity (D) 10garithMIC SCAIE. ..o

Figure 4-19. (a) Reconstructed spectral phase with only spectral intensity modulation (red), with
both spectral phase and intensity modulation (blue), and its linear fit (b) Calculated and

measured AC traces, in comparison with an AC trace of unshaped CPA pulses. ..........cccocerernennn.

Figure 4-20. Input optical spectrum of seed laser after stretching with a CFBG. The sharp edges
of the spectrum is the result of the presence of optical filter embeded with the CFBG unit.
Inset is the zoomed-in spectrum with visible high frequency modulation imparted by the
CFBG. This high frequency modulation is the result of non-uniform loss of pulse intensity

across the optical bandwidh of the CFBG. ... e

Figure 4-21. Parabolic optical spectrum after amplification (a) with CFBG stretcher (b) with fiber
spool stretcher. Clearly the usage of fiber stretcher helps reducing spectral modulation by

nonlinear SPM by at least 5 dB at 65 m\W output pOWer SEttING. ......coovevveviiiicieieee e,

Figure 4-22. (a) Measured FROG spectrogram of CPA pulse only parabolic intensity shaping.
The distortion of spectrogram symmetry is due to temperature fluctuation. (b) perfect

spectrogram symmetry with implementation of thermal stabilization..............c.ccoocvviiiii e

Figure 4-23. Optical spectrum of pulse without parabolic pulse shaping (solid) and parabolic

output spectrum of pulse with intensity shaping (dashed). ...,

Figure 4-24. Experimental result of SHG-FROG spectrogram with both spectral phase and
intensity modulation. The measured spectrogram matches the theoretical FROG spectrogram

as Shown in previous Section VEIY WEIL ..o

Figure 4-25. (a) Autocorrelation traces of pulses with spectral pulse shaping (solid) and without
pulse shaping (dashed) in linear scale with normalized energy under curves, (b) replot of

autocorrelation traces in 10garithmic SCale. ..o s

Figure 4-26. Reconstructed spectral phase with only spectral intensity modulation (solid), with
both spectral intensity and intensity compensation (dashed), and its linear fit. The results again
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show almost perfect linear behavior of retrieved spectral phase near in the middle when phase

compensation is applied, and higher deviation at the tails............c.cooeveieiiiiiie,

Figure 5-1. Block diagram of chirped pulse amplification setup. Amp: optical amplifier; AOM:
acousto-optic modulator; Finisar: waveshaper; LPF: low pass filter; f/N: frequency divider;
RFAmp: RF amplifier; SG: signal generator, Driver: AOM driver. The dash box is the seed

laser for the Finisar SPECTral PrOCESSON .........cviiiiiirieir e

Figure 5-2 Block diagram of spectral interferometry setup for a chirped pulse amplification
system. Amp: optical amplifier; IM: intensity modulator; Finisar: waveshaper; LPF: low pass
filter; f/N: frequency divider; RFAmp: RF amplifier; SG: signal generator, Driver: AOM
driver, OSA: optical spectrum analyzer, VOA: variable optical delay. The dash box is the seed

laser for the FiNiSar SPECIIAl PrOCESSOL .....cvcviiiiiie ettt sre st sre s re e sresre e

Figure 5-3 Calculated dispersion curve of typical Corning-SMF-28 fiber, with zero-dispersion at
1310 nm. The dispersion is calculated for range from 1200 nm to 1700 nm, which is the

typical operating range for light in single mode fiber...........ccooo i

Figure 5-4. Optical spectrum without pulse shaping (solid) and desired parabolic output spectrum
(dashed) (b) Typical parabolic optical spectrum generated with the spectral processor. The
output spectrum has signal to noise ratio of ~28 dB measured from the maximum of the

intensity profile to background NOISE...........coeie i e

Figure 5-5. Optical spectra of pulses in CPA arm and reference arm. Pulse spectrum in CPA arm
has parabolic shape, resulting from the intensity modulation performed at the Finisar spectral
processor. However, as the pulses after shaping are amplified to high power, due to low
repetition rate and long fiber length of the CPA arm as well as the optical amplifier,
nonlinearity caused intensity modulation observed on the amplified spectrum. This

modulation is periodic, indicating the presence 0f SPM. ..o

Figure 5-6. Typical spectral interferogram of parabolic optical pulses generated with the spectral

Processor and refEreNCE PUISES .........ooviiiiiiiiieie et
Figure 5-7. Typical spectral INterference friNQES ........cocvviiiiiiiie e

Figure 5-8. Fast-Fourier-transform (FFT) of the interference fringes. .........ccooovvviii i,

Figure 5-9. Measured FROG spectrogram of CPA pulse without phase compensation. Notice the
significant smear out from the zero-delay central pulse, as well as the green structures at ~12

ps delay, corresponding to the satellite pulses seen in autocorrelation trace plot...........ccccceveveenene

Figure 5-10. Reconstructed spectral phase using spectral interferometry approach (dashed) and
FROG approach (solid). The shape and amplitude of these two spectral phases match very

well within 1545-1558 range, and less well at the red (longer) wavelength. .........cccccooveiiiiriennene
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Figure 5-11. Measured FROG spectrogram of CPA pulse with phase compensation. The
spectrogram is constructed with 1024 FROG traces, with total time delay of about 24.5 ps and

optical range of 10 NM, FromM 771-78L NIM. ....ccueiuiiiiieieieeie e

Figure 5-12. Measured AC trace of a phase compensated pulse (blue-dashed), in comparison with
an AC trace of CPA pulses with only parabolic intensity modulation (red-solid) in linear scale,
with temporal intensity normalized to unity. Notice the occurrence of pedestals at 13 ps delay
at both AC traces before and after phase compensation, indicating the presence of satellite

pulses, which can’t be compensated by changing diSpersion. ...........cccocevviiiiiiienie i

Figure 5-13. Measured AC trace of a phase compensated pulse (dash), in comparison with an AC
trace of CPA pulses without phase compensation (solid) in linear scale, with temporal
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Figure 5-14. Reconstructed spectral phase of parabolic pulses with both spectral intensity and
spectral phase modulation. The graph shows very good linear trend of spectral phase,

compared with a linear fit (solid blue), indicating good spectral phase compensation. ...................

Figure 5-15. Block diagram of spectral interferometry setup for a chirped pulse amplification
system with AOM on both arms. The signal generator produces a square gating signal to
modulate the 200 MHz carrier frequency signal from the AOM driver. The RF driver sends
out sinusoidal signal of 200 MHz to drive the AOM modulators. The AOM on the reference

arm is used to shift axial modes of pulses to the same amount of the CPA arm. .........ccccevvvvennee.

Figure A.0-1: Commercially available CFBG characterization. (a) Insertion loss. (b) Group delay
ripple and round trip residual group delay. The GDR plots are also centered on zero and have
been shifted for viewing purposes. Grating dispersion 991 ps/nm. The GDR has the order of
magnitude of approximately 80 ps. This is the limiting factor of pulse compession in
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Figure D.0-1: The programmable optical processor Finisar is connected and controlled by a
computer via USB gate. The Finisar used in the experiment is the Programmable Optical
Filtering (Waveshaper 1000E) version, with one input and one output optical port. The
waveshaper has a low insertion loss, typically around 4.5 dB, flat spectral response across the
C-band. Additionally, the 4000E version (not used in the experiment) has low cross talk
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Figure E.0-1: The programmable optical processor Finisar is connected and controlled by a
computer via USB gate. The Finisar used in the experiment is the Programmable Optical
Filtering (Waveshaper 1000E) version, with one input and one output optical port. The
waveshaper has a low insertion loss, typically around 4.5 dB, flat spectral response across the
C-band. Additionally, the 4000E version (not used in the experiment) has low cross talk
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Figure E.0-2: Commercially available Finisar software to control the optical Finisar spectral wave
processor. The interface is controlled with a desktop computer, and communicates with the
Finisar spectral processor via USB gate. An intensity mask and a spectral phase mask are
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designed and applied to the input optical pulses, as can be seen in the picture. An input center
wavelength frequency is calculated to properly align spectral masks to optical spectrum of the
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CHAPTER 1: CHIRPED PULSE AMPLIFICATION

1.1 Introduction to Chirped Pulse Amplification

In amplifiers for ultrafast optical pulses, the optical peak intensities that occur can
become extremely high, so that detrimental nonlinear pulse distortion or even destruction of the
gain medium or some other optical elements can happen. This can be effectively prevented by
employing the method of chirped pulse amplification (CPA), which was originally developed in
the context or radar technology, but later applied to optical amplifier. Chirped pulse
amplification is currently the state of the art technology, which is being employed by all the

highest power lasers with output power greater than 100 terawatts.

As an introduction, some systems that either use or can benefit from uniform-intensity
linearly-chirped optical pulses at low repetition rate are discussed in the following section.
Chapter 1 contains a review of applications for extremely chirped pulses and a literature review

on the generation of chirped pulses.

Chapter 2 describes in detail different approaches to generate of parabolic pulses for

chirped pulse amplification; specific implementation fiber tailoring techniques.

Chapter 3 and 4 contains the student’s experimental work. The work focuses on two
distinct approaches for the generation of the parabolic pulses based on time domain optical

Fourier transformation approach and frequency domain optical Fourier transformation approach.



Chapter 5 explores the spectral phase characterization utilizing interferometry approach.
The work focuses on measuring the optical spectral phase of the CPA laser system with much
faster acquisition time; that allows real time measurement and feedback to the optical spectral
processor to achieve high quality pulses and faster time response than the FROG-based
approach. This approach also reduces footprint of the system, simple to implement, significantly
reduces cost of optical parts in the setup. Comparison of results from this approach and FROG

shows that this is indeed a reliable approach.

The final part of the thesis discusses the future directions and potential next steps of

research to the work presented.

1.2 Frequency Chirped Pulse Applications

1.2.1 Short pulse amplification in optical fibers

Many applications of ultrashort pulses require high power optical pulses with energy
exceeding 1 J. That energy is not directly available from the laser producing pulse train.
Therefore it is necessary to amplify the pulse externally to reach the required energy level.
Currently the state-of-the-art technique for this purpose is known as the chirped pulse
amplification approach [1-11]. This technique was first introduced in 1974, but received
widespread attention only after 1985 when D. Strickland, G. Mourou and co-workers reported

terawatt peak power in their amplification experiment of short pulses [1-3,6].



The most common nonlinear phenomenon in optical fibers originates from the third-order
susceptibility (x®) when pulses propagate through fiber, usually referred as self-phase
modulation (SPM) effect. The second important nonlinear effect results from stimulated inelastic
scattering, leading to significant loss of power in the form of excited vibration modes [12]. A
large frequency shift of approximately 13 THz is called stimulated Raman scattering (SBS), due
to the excitation of optical phonons. A smaller shift approximately 17 GHz is called stimulated
Brillouin scattering as a result of the excitation of acoustic phonons [13]. In this experiment, due
to the broad nature of the bandwidth of our mode-locked laser (MLL), much larger than the
Brillouin gain bandwidth, the SBS effect can be ignored, and our focus would be on limiting the

negative effects of SPM [14].

The basic principle behind CPA is to use a nonlinear medium to stretch the pulse before
amplification. Due to short temporal duration of the ultrashort pulses, when ultrashort pulses
propagate through the gain media, there will be gain saturation as well as other detrimental
effects associated with high peak power such as pulse distortion, self-phase modulation and
nonlinearity processes that severely limit the amplification of pulse power. This is especially true
for the fiber amplification systems, where the confinement of the laser radiation and the long
interaction length makes fiber attractive for solid state laser system; however nonlinear effects
impose fundamental limitations on the systems, which may lead to severe pulse distortion and

damage to fiber [5].

Pulse broadening in contrast reduces the peak power, making it possible to amplify the

pulse by a large amount before gain saturation limits the energy-extraction efficiency, and at the
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same time avoiding possible damage to optical components of the laser systems. The use of
optical fibers even though is not crucial for chirped pulse amplification; their nonlinearity
provides an easy way to induce the frequency chirp on the pulse. This chirp in turn can be
effectively compensated by the bulk grating compressor to maintain quality of short pulse after
amplification. Further discussion of pulse broadening using CFBGs will be shown in the

following chapters.

1.2.2 Chirped pulse amplification scheme

CFBG

Amplifier

Short ‘
Pulse

Laser

@)

Figure 1-1: The sketch of a chirped pulse amplification system. Pulse from an utrashort MLL source is
stretched with a nonlinear medium or dispersion grating. This stretched pulse is then amplified with an

optical amplifier before compression with a bulk compressor to achieve high peak power pulse.

The concept of chirped pulse amplification has revolutionized the laser field, and is very
useful for the amplification of femtosecond and picosecond pulses, as well as maintaining pulse

fidelity before and after amplification. This technique was used in radar technology, and later



adapted to laser amplification. The principle of this technology is to expand (or stretch) the
pulses before amplification, followed by pulse compression to its original shape, as illustrated in
Figure 1-1. Pulse stretching is done by passing through a media that provides, for example, a
positive group delay dispersion (GDD) to expand the pulse considerably in time, while acquiring
a positive frequency sweep. The stretched pulse therefore preserves the bandwidth of the input

pulse but lowers the peak power of the pulse by the stretching factor.

After stretching, the pulse is amplified by either single or multi-stage amplifier. Due to
peak power reduction associated with stretching, nonlinear effects, self-focusing, optical damage
as well as other detrimental effects are significantly suppressed. After amplification, the pulse is
sent to a media, or optic systems with negative GDD. This second dispersive element
compensates for the frequency sweep introduced by the first, and therefore restores the initial
shape of the input pulse before amplification. This process ensures only the compressor stage is

subjected to the full peak power of the final amplified pulse.

The dispersive media employed as the stretcher is usually diffraction gratings. However,
other media such as high nonlinear fiber or FBG can be used as well. Typically the Treacy
grating pair is built as pulse compressor, which provides anomalous dispersion. The compressor
recombines spatially separated beams into a single coherent laser beam. The use of bulk
compressor safeguards the compressor from possible optical damage or undesirable nonlinearity

associated with high peak power pulses.



1.3 Chirped Pulse Amplification Applications

As described in the previous section, CPA technique is originally used in frequency
modulated continuous wave (FMCW) radars, where a source with a long coherence length is
used to achieve metrology and sensing of targets at long range [15]. Conventional FMCW lidar
systems rely on tuning the wavelength of a diode laser using current injection modulation [16].
However, obtaining perfect linear optical frequency sweeps at fast sweep rates with large

frequency excursions is challenging.

Recently, a new approach that relies on passively generating chirped pulses has been
presented [17—19], which is based on using a CFBG for the generation of temporally stretched,
frequency chirped pulses from a MLL. Unlike conventional lasers, the optical spectrum of a
MLL consists of many individual axial modes that provide optical bandwidths of hundreds of
GHz, sufficient for sub-millimeter range resolution. Furthermore, the coherence length of a MLL
is dictated by the optical linewidth of a single axial mode, which can be in the kHz range,
enabling ranging at target distances of hundreds of kilometers when coherent detection at the
receiver is used. Most recently, this concept has been demonstrated by Piracha and co-workers,

to achieve range resolution of sub-millimeter at 10 km distance [18,19]

The technique of chirped pulse amplification was originally introduced in the 1960s to
increase radar signal power [20]. This technique has been modified and improved over the past
few decades and is now also used for the amplification of optical signals [1,6,11,21-24]. Some

of the current highest power laser systems are the Vulcan Petawatt Upgrade at the Rutherford


http://en.wikipedia.org/wiki/Rutherford_Appleton_Laboratory

Appleton Laboratory's central laser facility, the Diocles Laser at the University of Nebraska-
Lincoln, the Gekko Petawatt laser at the Gekko XII facility in the Institute of Laser Engineering
at Osaka University, the OMEGA EP laser at the University of Rochester's Lab for Laser
Energetics and the former petawatt line on the former Nova laser at the Lawrence Livermore
National Laboratory. These laser systems employ the CPA approach to generate high optical

output power.

However, in fiberized systems, when desired energy levels are in the milijoule range,
linear pulse amplification is limited because nonlinearities and dispersion of the gain media can
cause severe pulse distortion and consequently degrade the pulse quality. Since self-phase
modulation (SPM) is proportional to the derivative of the pulse instantaneous intensity, the
amplification of optical pulses with parabolic temporal intensity profile results in the generation

of linear chirp that can be compensated in a straightforward manner.

Parabolic pulse generation has been demonstrated using several different techniques, but
the quality of the parabolic pulses demonstrated is only moderate, because the input pulses
evolve asymptotically into a near-parabolic shape [25-32]. Moreover, as the pulses propagate,
even as they retain their parabolic shape, their width and amplitude changes, thus there is not a
well-defined mechanism to actively and dynamically control pulse characteristics. Also, it has
been shown that third order dispersion and linear absorption have detrimental effects on
parabolic pulse evolution and thus, on the performance of configurations utilizing dispersion

decreasing fiber [33].


http://en.wikipedia.org/wiki/Rutherford_Appleton_Laboratory
http://en.wikipedia.org/w/index.php?title=Institute_of_Laser_Engineering&action=edit&redlink=1
http://en.wikipedia.org/wiki/Osaka_University
http://en.wikipedia.org/wiki/Lab_for_Laser_Energetics
http://en.wikipedia.org/wiki/Lab_for_Laser_Energetics
http://en.wikipedia.org/wiki/Nova_laser
http://en.wikipedia.org/wiki/Lawrence_Livermore_National_Laboratory
http://en.wikipedia.org/wiki/Lawrence_Livermore_National_Laboratory

Recently, a technique for dynamic shaping of pulses has been demonstrated using an
approach based on the temporal stretching of pulses using a dispersion element [34,35]. This
technique enables dynamic control of the pulse properties such as pulse shape, pulse width and
amplitude with high resolution and a large signal to noise ratio making it suitable for a variety of
applications including super-continuum generation, optical communication, high power
femtosecond laser amplification, and chirped pulse amplification. This approach is described in

detail in CHAPTER 2:.



CHAPTER 2: PRINCIPLES OF PARABOLIC PULSE SHAPING

2.1 Introduction to Parabolic Pulse Shaping

Data processing utilizing photonic technologies in the optical domain has very promising
potential for many applications in various areas such as optical communications, metrology,
optical sensing, micro-engineering, microscopy image processing, optical computing and many
others. The advantages of processing information in the optical domain consist of large
bandwidth and high processing speeds. Therefore, techniques for generating, controlling and
manipulating ultrashort optical pulses and arbitrary waveform is highly importance in many
research areas, such as high speed optical communications, optical signal processing, and bio-

photonics.

However, current electronic techniques of signal manipulation are far advanced
compared to all-optical processing devices. One of the key features of electronics is the
capability of generating electrical waveform in temporal domain with arbitrary shape for a

variety of integrated circuits applications.

Pulse shaping in optical domain has been implemented in optical domain using devices
such as Liquid Crystal Spatial Light Modulator, wavelength to time mapping, acousto-optic
modulators, and electro-optical phase arrays, which allow arbitrary spectral intensity and phase

to impart on the pulses. [36]



2.2 Applications of Parabolic Pulse in Signal Processing

Applications of parabolic pulses have not been limited to ultrashort high power pulse
generation and highly coherent continuum sources, but also optical processing techniques that
utilized their unique features. These include, but not limited to optical regeneration including
pulse re-timing, pre-receiver nonlinear processing in the optical domain, and mitigation of linear
waveform distortions. Moreover, the simplicity of the intensity profile of parabolic pulse makes
it desirable to a range of applications, such as time-domain add-drop multiplexing, wavelength
conversion, time to frequency mapping of multiplexed signals, as well as enhanced spectral

compression.

2.3 Active Pulse Shaping Techniques Overview

2.3.1 Pulse Shaping in the Frequency Domain

Due to their short duration, ultrafast laser pulses with time durations in the ps or shorter,
cannot be directly shaped in the time domain. One way to realize a pulse shaper is the Fourier
transform wave shaper, which uses a spatial light modulator (SLM) as a mask. Its operation
principle is based on the optical Fourier transformation (OFT) between the time and frequency

domains [37]. The schematic of a standard pulse shaper design is shown in Figure 2-1.

An incoming ultrashort laser pulse is dispersed using a grating and the light is collected

by a lens of focal length f. The spectral components of the original pulse are separated at the
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back focal plane of the lens, which is called the Fourier plane. By this means, the intensity and
phase of spectral components can be individually accessed by placing a SLM at the system
Fourier plane. The pulses are reconstructed by performing an inverse Fourier transformation
back into the time domain by a mirrored setup consisting of an identical lens and grating. Pulse
shaping is performed by modulating the incident spectral electric field E(w) by a (linear) mask

having a spectral transfer function M(w). This results in a spectral electric field E(w) given by:

Eout (C()) =M (a)) Ein (C()) (21)

A
A\ 4
A
A\ 4
A
A 4
A
v

L [}

Figure 2-1: Conceptual schematic of pulse shaper in frequency domain based on optical Fourier

transformation (OFT). This designed is called “zero dispersion pulse compressor” using a pulse shaper
mask. The mask is designed to modulate spectral content of the input pulse to match the requirement
of output pulse. A programable spatial light modulator (SLM) can be used in the place of the mask to

control spectral phase and intensity of the pulse, instead of a costly dual phase-intensity mask.
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The mask can be used to modulate either the spectral amplitude A(w), or the phase Ag.

M (@) = A(w) & (iAp(w)) (2.2)

2.3.2 Pulse Shaping in the Temporal Domain

In this approach, the near transform limited pulses generated by a Mode-Locked Laser
(MLL) are dispersed. That can be done using a Chirped Fiber Bragg Grating (CFBG) or simply a
fiber spool. The time profile of the dispersed pulses will match the optical spectrum of the laser,
due to frequency-to-time mapping resulting from the linear chirp. Let us assume a Gaussian
optical spectrum for the rest of the discussion, without loss of generality. The purpose of the rest
of the setup is to convert the pulse shape from Gaussian to parabolic. Concurrently, it is
advantageous to clip the tails of the Gaussian pulse using a passive optical band pass filter,
which creates sharp edges on the pulse. Subsequently, there are two different ways that can result

into the parabolic pulse shape;

a) The pulses are converted to square using a feedforward system [38] and then the
parabolic shape is attained using an Mach-Zehnder interefometric switch biased at the
appropriate point and driven by a ramped RF signal. This approach has the advantage of
being dynamic and is able to deal with changes in the pulse shape and the optical

spectrum. The schematic of this approach is shown in Figure 2-2
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b) In the second approach, as illustrated in Figure 2-3, a simple amplitude modulator is
used, where the driving electrical signal is quasi-static and has to be calculated to
incorporate the optical spectral shape, the modulator’s nonlinear response and the desired
(parabolic) pulse shape. This is the approach we chose in this paper to produce parabolic

intensity profile pulse.
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Figure 2-2: The schematic of pulse shaper in temporal domain utilizing a feedforward mechanism.
Pulses from a MLL are stretched with an optical pulse stretcher before being sent to an optical bandpass
filter to create sharp edges of the pulses. The feedforward mechanism helps flatten the pulses, producing
output pusles with squarish optical spectrum. These pulses travels through an optical switch, where an
RF ramp signal is applied to the switch, shaping the output pulses into parabola. Due to frequency-to-

time mapping, the temporal spectrum also assumes the parabolic shape.
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Figure 2-3: Diagram of pulse shaper in temporal domain using an intensity modulator. The quality of
the output pulses depends on the availability of the RF bandwidth of the intensity modulator, the
electrical signal driving the modulator, the compexity of the intensity profile of input pulses, and the

amount of stretching associated with the optical pulse stretcher.

2.4  Passive Pulse Shaping Techniques

2.4.1 Pulse Shaping using Normal Dispersion Fibers

Normal dispersion fibers with dispersion carefully calculated and designed and
engineered to achieve parabolic pulse shaping. One of the earlier works in parabolic pulse
generation was the theoretical demonstration of self-similar propagation of short pulses of
parabolic intensity profile in optical fibers with normal group-velocity dispersion (GVD) and
strong nonlinearity [39]. This concept has also been extended to optical fiber amplifiers. By use
of the technique of symmetry reduction, parabolic pulses were shown to propagate self-similarly
in a normal dispersion rare earth doped fiber amplifier, and verified experimentally [29,40-42].

Most of the effort has been on generating parabolic pulses in fiber amplifier with normal
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dispersion [26,28,43], in which pulse propagates in normally dispersive and nonlinear fiber
amplifiers, taking advantage of the asymptotic reshaping that occurs during that
process [29,32,39]. There are a number of experimental demonstrations of parabolic pulse
generation, focusing on amplification from rare earth doping [29], Raman amplification in
standard optical fibers [27], and utilizing active or passive dispersion decreasing optical
fibers [28]. Pulse shaping using optical fiber that exhibits a decrease in the absolute dispersion
along its length has also been reported [25,26,30]. This approach is based on the observation that
the longitudinal decrease of the normal dispersion is equivalent to optical gain [25]. Passive
pulse shaping using super structured fiber Bragg gratings [44], a combination of two carefully
chosen normally dispersive optical fibers [28], or continuously tapered dispersion decreasing
fiber has also been successfully demonstrated [30,45]. Pulse shaping techniques that control
amplitude and phase of input pulses have also been investigated, and have significantly improved

the performance of CPA system [28,45,46].

Passive pulse shaping techniques only generate parabolic pulses with moderate quality,
since the input pulses evolve asymptotically into a near parabolic shape. As the pulses propagate,
even though they retain their quasi-parabolic shape, their width and amplitude evolve. Thus,
there is no mechanism to actively and dynamically control the pulse characteristics. Also, it has
been shown that third order dispersion and linear absorption also have detrimental effects on
parabolic pulse evolution and thus on the performance of configurations utilizing dispersion

decreasing fiber [33].
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2.4.2 Algorithms for Fiber Dispersion Calculation

2.4.2.1 Genetic/Annealing Algorithms

Genetic algorithms are Monte Carlo based algorithms. Monte Carlo algorithms use
probability to determine the global optimum. In the case of a generic genetic algorithm, the total
number of variables forms an array. Each variable represents a gene, and the total array of values
represents an individual in the population. Each individual corresponds to a location within the
overall solution-space, as shown in Figure 2-4. Thus, individuals with better “fitness” contain
values within their genes that are better optimized than individuals with lower fitness. In
principle, the algorithm starts with a random selection of individuals whose genes broadly
represent the total volume of possible solutions. The individuals are then tested for fitness (e.g.
the random sets of variables are tested against some pre-determined condition) and those with the
highest fitness are allowed to move to the next generation. These fit individuals will also create
offspring by randomly swapping genes with other “fit” individuals. This random recombining of
genes creates new individuals who are then also tested for fitness. In theory, the algorithm will
move toward the global optima, avoiding local optima through breeding. Given enough time and
individuals the algorithm will find the global optimum. The larger the population, the fewer
generations it takes to reach the optimum. Because of the large number of individuals, this
algorithm works best when multiple individuals can be checked for fitness concurrently, thus
maximizing throughput. When throughput is limited, the large number of random samples
which lead to unfit individuals can become cumbersome. Since theory predicts that initially

there will be many more unfit individuals than fit ones, early generations often move a large
16



portion of poorly fit individuals on to the next generation. While this provides for a healthy
population in that there is a large random sampling of the solution-space, it also results in a large

number of unnecessary calculations.

Gene 1 (X variable) —

Gene 2 (Y variable) 3
D_}| One Individual consisting of two genes

Figure 2-4: A 2-dimensional example of a genetic algorithm. An individual is made of genes
containing an array of variables. The most optimal of individuals (largest z-axis values) randomly

cross genes in order to create new individuals which are then tested against the environment.

Simulated annealing, like other probabilistic metaheuristics, economically finds a good
approximation of the global optimum given a high dimensionality. This method varies from

other Monte Carlo-based methods in that it avoids local optima by being less greedy. Greed is
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defined as the degree in which an algorithm limits successful moves to only beneficial moves. A
greedy function would reject all moves with lower optimization and only accept those moves
which result in a better state than the current one. The problem with this is the ease in which
such a function can get trapped in local optima. Simulated annealing randomly probes the field-
space by starting with a limited number of samples, often one. This individual proceeds through
a random walk in which a step of predetermine-size is taken in a random direction (one variable
is changed a fixed amount each iteration). If the new position is better, the solution is kept. If it
is worse, a probability function determines if the position is kept or if the individual returns to
the previous location. This probability of staying at a bad location is determined through the
drawing of a random number. If the random number, the samples “temperature”, is below the
“environmental temperature”, the move is kept. As the system proceeds, the environmental
temperature decreases, reducing the likelihood that the sample will stay at a worse location than
its previous location. The system thus progresses toward a lower energy system with an ever-
decreasing likelihood of moving out of its current minima/maxima. The movements continue
until either a preset number of iterations is reached, or an acceptable solution is found. A
modification of this process combines quantum annealing (decreasing step length with a static

acceptance rate) with simulated annealing to create adaptive simulated annealing.

The methods described above give a sampling of the possibilities in optimization algorithms
currently used in the field of iterative computational optimization. Because of the immensity of

the field of metaheuristics, further investigations into optimization algorithms will continue.
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2.4.2.2 Backward Propagation using Split Step Fourier Method (SSFM)

The propagation of optical pulses in nonlinear dispersive fibers has been mathematically
derived, which uses the electromagnetic wave equation as a starting point. The effects of fiber
losses, dispersion and fiber non-linearities can also be accounted for in the wave equation to

show the evolution of the pulse shape as it propagates over a length of optical fiber.

Different numerical methods are available for solving the wave equation. One such
method called the split step Fourier method has been used extensively to solve pulse propagation
problems in nonlinear dispersive mediaThe Split Step Fourier method for pulse propagation is
used to solve the pulse propagation problem in nonlinear, dispersive media, by dividing the
propagation distance into small step [14]. This equation is called Nonlinear Schrodinger equation
(NLSE) , which describe the temporal and longitudinal dependency of the slowly varying pulse

envelope A(z,t) long the fiber in the retarded time frame t

0A (2.3)
Pl (D+N)A

Where A is the complex electric field, D = (B> ‘32/(%2 + ) is the differential operator

accounting for fiber dispersion and loss, and N = jyA? is the nonlinear operator. a is the
attenuation factor, B, are the Taylor expansion coefficient of dispersion parameter, in this
particular case B, is the group velocity dispersion, and v is the effective nonlinearity coefficient,

respectively. The pulse amplitude A(z,t) is assumed to be normalized such as |A|? represents the
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optical power. The nonlinear coefficient vy is defined by y = ;jﬂ where Ag; is the effective
of f

mode area, n; is the nonlinear refractive index coefficient, c is the speed of light 3x10®m/sec, and
o IS the center frequency of the optical field. These parameters therefore represent the linear

effects of dispersion, gain/loss and self-phase modulation as the lowest-order nonlinear effect.

The phase excursion imposed by the SPM can lead to nonlinear chirp, which cannot be
compensated by standard dispersive element. Another important parameter, the accumulate

nonlinear phase of a pulse propagating through the fiber, called B-integral is defined as

2m (* 2.4
B=7nj;)n21(z)dz (24)

Where 1(2) is the intensity of pulse propagating over the fiber length L. The B-integral is
considered as linear propagation when smaller than 1. When B-integral exceeds that value, the

propagation is considered nonlinear, and pulse quality is consequently degraded.

To illustrate the consequence of SPM, the demonstration of this technique is shown in
Figure 2-5, with input pulse assumes Gaussian shape during propagation, and as pulse
propagates along 15m of fiber, side bands are created. For this particular simulation, only

nonlinear and dispersion parameters are non-zero.
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Figure 2-5: Pulse propagation in fiber using Split Step Method. Input pulse has a Gaussian shape with
full width half maximum temporal duration of 1 ps. Pulse travels through 15 m of fiber with high

dispersion slope.

The modelling result indicates pulse broadening due to SPM, and sidelobes appears.
These sidelobes contain a significant amount of pulse energy, and therefore reducing peak power
of pulse after propagation. The simulation was performed with pulse propagation in only 15 m of
fiber, and still a significant pulse distortion was observed, with negative effects such as reduction
of peak power and degradation of pulse contrast. This simulation is essential in the estimation of

dispersion required in engineering fiber properties for self-similar pulse propagation.
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Figure 2-6: Block diagram of backward propagation in fiber using Split Step Fourier Method.

For backward propagation, the optical pulse power and intensity profile of the desired output
pulses from the system is backward propagated utilizing the split step Fourier method [14,47].
By knowing the desired output pulse from CPA system, using backward propagation technique,
we can predict the optical properties of the required input pulse, which will be generated by the
Finisar spectral processor. Backward propagation using the single step Fourier method can be
employed by dividing the total propagation distance into smaller spans, with each span
consisting of many smaller steps (Figure 2-6). Within a step, the effect of nonlinearity is
included at the midplane. Half of the dispersion is accounted for before the midplane, and the
other half after the midplane. Fiber loss is accounted for in each step while amplification is

reversed after each span. Compensation for the entire propagation length is achieved by
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repeating these steps. By selecting a step size that is small enough, the evolution of the optical

pulse as it backward propagates through a system can be obtained.

To obtain optical pulses with high power, linear chirp and parabolic intensity profiles from
our CPA system, the optical pulse power and intensity profile of the desired output pulses from
the system is backward propagated using the split step Fourier method. System nonlinearities and
dispersion effects are included in the simulation to obtain the required power and intensity
profile of the input pulse. Therefore, if an input optical pulse with the characteristics predicted by
the simulation is launched into the CPA system, it will result in good quality, high power,
linearly chirped pulses that can be compressed easily using a grating compressor to result in high

peak powers.
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CHAPTER 3: TIME DOMAIN OPTICAL FOURIER

TRANSFORMATION PULSE SHAPING

3.1 Introduction

Chirped pulse amplification (CPA) has been widely used to achieve pulses with high
energy for many applications such as radar technology or non-thermal ablation [6,48-51].
Increased energy per pulse can be extracted from gain media if the pulse is chirped and
temporally stretched to a pulse duration longer than the storage time of the gain media [23,24].
However, in fiberized systems, when desired energy levels are in the miliJoule range, pulse
amplification is limited because nonlinearities and dispersion of the gain media can cause severe
pulse distortion and consequently degrade the pulse quality. As a result, advanced measures are
required to mitigate the effect of nonlinearities and dispersion. Pulse shaping techniques that
control amplitude and phase of input pulses have been investigated, and have significantly

improved the performance of CPA systems [10,46,52].

Optical pulses, whose temporal shape is parabolic, appear to be a very suitable candidate
for reducing the impact of nonlinearities and to achieve high peak powers [46]. The use of
parabolic pulses for fiber CPA has attracted considerable attention due to their ability to retain
their intensity profile during propagation in highly nonlinear and dispersive
media [32,39,41,46]. Self-phase modulation, which is proportional to the temporal intensity of
the pulse, induces a linear frequency chirp during amplification of parabolic pulses. The linear

chirp also allows efficient pulse compression, therefore making parabolic pulses especially
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suitable for use in a wide range of applications, such as high power femtosecond lasers, super-
continuum generation for optical telecommunications, fiber amplifiers and chirped pulse

amplification [29,44].
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Figure 3-1: Non linear effects on pulses with different input intensity profile; with Gaussian temporal

intensity profile.

Several different approaches for parabolic pulse generation have been demonstrated. One
of the earlier investigations in parabolic pulse generation was the theoretical demonstration of
self-similar propagation of short pulses of parabolic intensity profile in optical fibers with normal
group-velocity dispersion (GVD) and strong nonlinearity [39]. This concept has also been
extended to optical fiber amplifiers, taking advantage of the asymptotic reshaping which occurs
upon propagation within fiber amplifiers. By using the symmetry reduction technique, parabolic
pulses were shown to propagate self-similarly in a normal dispersion rare earth doped fiber
amplifier [29,40,41]. Since then, much work has been done to generate parabolic pulses using
dispersion-decreasing fiber (DDF) with normal group velocity dispersion [25,26], Raman

amplification in optical fibers [27], and active or passive dispersion decreasing optical
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fibers [28]. Further investigations to passively generate parabolic pulses using tapered

dispersion-decreasing fibers have also been reported [30,45].
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Figure 3-2: Non linear effects on pulses with different input intensity profile; with parabolic temporal

intensity profile.

The quality of the parabolic pulses generated with these approaches is only moderate,
because the input pulses evolve asymptotically into a near parabolic shape. Also, as the pulses
propagate, even as they retain their parabolic shape, their width and amplitude change, so there is
not a well-defined mechanism to actively and dynamically control pulse characteristics. Also, it
has been shown that third order dispersion and linear absorption have detrimental effects on

parabolic pulse evolution and thus, on the performance of configurations utilizing DDF [33].

In this chapter, a dynamic temporal pulse shaping technique of time domain optical
Fourier transformation (OFT) technique is explored. Time domain OFT is the technique in which
the spectral profile is converted into a waveform in the time domain, enabling the elimination of

undesirable waveform distortion caused by linear perturbation in optical fibers, such as high
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order dispersion, jitter, and polarization mode dispersion [36] (Boscolo p9, 2012). Optical pulses
from a mode-locked laser are temporally stretched to a temporal duration of several
nanoseconds. An intensity modulator is driven with an appropriate voltage signal to shape the
input pulses into parabolic temporal profiles. This technique to generate a parabolic temporal
intensity profile as well as dynamically control properties of the output pulse with any input

pulse profile is demonstrated experimentally.

3.2  Experimental Setup

3.2.1 Frequency selection down of seed pulse train

The pulse train from the Calmar mode-locked laser is sent to an acousto-optic modulator.
The AOM is used to frequency-select the repetition rate of the pulse train from 20 MHz down to
1.25 MHz as described previously. Figure 3-3(a) is the 20 MHz fundamental frequency of
Calmar laser, as seen on RF spectrum analyzer, and Figure 3-3 (b) is the power spectrum after

frequency-selection down, with the repetition rate of 1.25 MHz.
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Figure 3-3: Photo-detected power spectrum of Calmar laser before and after frequency-selection,
recorded with a RF spectrum analyzer (RFSA). An RF frequency divider was used to generate an RF
trigger signal to the AWG, with the repetition rate of the triggering signal equals to the desired
repetition rate of output laser pulse train. Due to the limitation of AWG, which can’t respond to
triggering signals with repetition rate higher than 2.5 MHz, the experiment was performed at
frequency selection down set to 1.25 MHz, which is 8-fold slower than the 20 MHz repetition rate of

the pulse train of the seed laser.
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3.2.2 Parabolic pulse shaping employing LiNbOj3 intensity modulator

Stretching

Gaussian intensity

Short
Pulse |
Laser

AWG

Trigger

Figure 3-4: Experimental setup for pulse shaping. Cir: circulator, PD: Photodiode, EOM: intensity
modulator, AWG: arbitrary waveform generator. The intensity profile of the input pulse is chosen to
be the well-known Gaussian shape. After pulse stretching, due to frequency-to-time mapping, the
stretched pulse also assume Gaussian shape. The temporal duration of the stretched pulse has to be

sufficiently long with respect to the bandwidth of the intensity modulator for the scheme to work.

The schematic for temporal pulse shaping is shown in Figure 3-4. The near transform
limited pulses generated by a mode-locked laser (MLL) are temporally stretched using
dispersion-compensating fiber (DCF). Due to the high dispersion experienced by the pulses in
the DCF, a wavelength-to-time mapping of the temporally stretched pulses is observed, so the
temporal profile of the dispersed pulses closely resembles the shape of the input optical
spectrum [53]. Subsequently, the stretched pulses are sent into an intensity modulator. A broad

bandwidth arbitrary waveform generator (AWG) is used to generate a voltage drive signal. This

29



drive signal is applied to the intensity modulator and is synchronized with the arrival of the

stretched pulses, to impart a parabolic intensity profile to the stretched pulses.

To synchronize the voltage signals generated by the AWG with the incident optical
pulses, pulses from the same mode-locked laser are photo-detected, and used to trigger the
AWG. Since the quality of the shaped pulses directly depends on the quality of the voltage drive
signal, an AWG with a sufficiently large bandwidth and high temporal resolution is required to
generate a high quality drive signal. The AWG used in the experiment has a sampling rate of 10
GSamples/sec and a bandwidth of 10 GHz. After shaping, the parabolic pulses are photo-

detected, and a sampling oscilloscope is used to monitor the quality of the pulses.

The typical transmission function of an intensity modulator is given by the equation

T(\/):sinz(%) (31)

where V is the applied voltage and V; is the voltage at which the transmission of light
through modulator changes from minimum to maximum. For a known intensity profile of an
input pulse 1(t)input, the response function in time P(t) of the intensity modulator required to

generate a parabolic pulse can be calculated by:
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I output (t) (32)

"0

where I(t)ourput 1S the desired output parabolic intensity profile.

From (1) and (2), the required drive voltage signal can be obtained by:

V(t) = arcsin(a/P(t)).z\Q (3.3)
T

The important aspect of this approach is that it allows dynamic control of the properties of
the output pulses such as pulse shape, pulse width, and amplitude, and can be configured to work

with input pulses with any intensity profile.

3.3 Results and Discussion

Two different types of configurations were used in this work: a CW laser which simulates
a square pulse input to the system and a MLL with Gaussian-shaped pulses. As a proof of
concept experiment, a temporally gated CW laser is used as a seed source to simulate a square

pulse input to the system, as can be seen in Figure 3-5. It should be noted that the square pulses
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with linear chirp and uniform intensity can be produced with the frequency swept mode-locked

laser [54].

Scope
‘ \ AWG

[oom]

Figure 3-5: Time domain parabolic pulse creation using a CW laser source. The period and duration of
the output signal is determined by the period and duration of the electronic signal generated with the
AWG. The resolution of the electronic signal is limited by the bandwidth of the AWG, which is 10

GHz, or 0.1 ns.
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Figure 3-6: (a) Required and generated drive signal for square input pulses; inset: zoom-in of the peak.
The required and generted drive signals sufficiently resemble each other, with the difference resulting
from the limitation in resolution and bandwidth of the AWG (b) Experimental and calculated power
spectrum of drive signal, with the calculated power spectrum follows the contour of the measured

power spectrum of the drive signal very well

Using the procedure described in section 2, the voltage drive signal is calculated and
plotted in Figure 3-6(a). It’s evident that the drive signal (blue) generated by the AWG (Figure
3-6 (a)) matches very well with the required signal (red). The power spectrum of this signal is
shown in Figure 3-6 (b), where the calculated power spectrum agrees with the measured
spectrum up to 1.5 GHz. In this figure, the required power spectrum (red) is the envelope of the
desired signal, because it is calculated from a non-periodic drive signal, unlike the measured
power spectrum of periodic signals generated by the AWG (blue). The signal generated by the
AWSG is used to drive the modulator, resulting in parabolic pulses, plotted on a logarithmic scale
in Figure 3-7(a).
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Figure 3-7: (a) Parabolic intensity profile of pulse after intensity modulation (b) Residual error after

pulse shaping, compared with a perfect parabola.

Notice that in Figure 3-7 (a), the pulse edges fall sharply following the parabolic fit, with
an observed extinction ratio of 30 dB. To further demonstrate the precision of the generated
parabola, the residual error over the full temporal duration of the pulse of 20 ns is calculated, by
taking the difference of this parabolic pulse with the fitted parabola, and is shown to be less than

3%, as seen in Figure 3-7 (b).
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Figure 3-8: (a) Time-domain picture of output parabolic pulses as recorded with sampling scope (b)

Residual error of generated parabolic pulses compared to a perfect parabola.

In the second experiment, near transform limited pulses generated from a MLL are
temporally stretched using 10 km of DCF. The shape of the optical spectrum is approximated by
a Gaussian function with a full width at half maximum (FWHM) bandwidth of 6.6 nm, with a
center wavelength at 1556 nm and a repetition rate of ~2.45 MHz. Pulses passing through the
DCF are temporally stretched and spectrally dispersed, with the temporal profile of the dispersed
pulses closely resembling the Gaussian shape of the optical spectrum. The DCF has a dispersion
of ~1350 ps/nm which induces a linear frequency chirp and temporally stretches the pulses to 8.9
ns duration (FWHM): At=D-Aw®, where At is the pulse duration at FWHM, D is the dispersion of

the DCF, and Ao is the optical bandwidth (FWHM).
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Figure 3-9: (a) Drive signal for parabolic input pulse, with temporal duration of approximately 12 ns
(b) Experimental and calculated power spectrum of drive signal. The calculated power spectrum (b-
dashed) shows very good agreement with the measured spectrum up to approximately 3 GHz, with
more deviation toward the higher frequency. The comb spacing of RF tones corresponds to the

temporal width of the drive signal.

Stretched pulses with longer temporal durations allow higher resolution shaping, due to
the fixed temporal resolution of the AWG. The pulse train is then directed to an intensity
modulator that is driven by an appropriate voltage signal, to produce pulses with parabolic
intensity profiles. Figure 3-9 (a) shows the calculated drive signal, with a temporal duration of
~12 ns. The small discrepancies between the generated signal and the required signal are due to
the bandwidth limitation of the AWG. The generated power spectrum of this drive signal can be
seen in Figure 3-9 (b) and is found to be in agreement with the calculated power spectrum up to

1.75 GHz in bandwidth.
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Figure 3-10: (a) Optical spectrum of pulse before and after pulse shaping (b) Calculated residual error
of generated parabolic pulses compared to a perfect parabola. The maximum deviation is
approximately 5% at the wings, and smallest at the center, approximately 2%, with overall rms
deviation is about 2.5%.

The drive signal is applied to the intensity modulator and is synchronized with the arrival
of the stretched pulses, resulting in parabolic pulses. Figure 3-10(a) shows the optical spectrum
before and after pulse shaping, and an extinction ratio of 27 dB is observed. A close observation
of Figure 3-10(a) reveals that the optical power at the wings of the input pulse is attenuated to
create parabolic shape at output pulse. The amplitude of pulses before and after pulse shaping
has been adjusted for easy comparison. Figure 3-10 (b) shows a residual error of less than ~5%

over the pulse duration of 12 ns.
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Figure 3-11: Time-domain picture of pulses as seen on sampling oscilloscope after pulse shaping and
compressing. Notice the sharp edge of the trace, which indicate parabolic pulse shaping helps reduce
nonlinearity induced-pedestals. The compression was limited to 80 ps to preserve quality of the pulse
and limit the presence of temporal pedestal and pulse breaking, with detrimental effects on pulse

shape.

To demonstrate the compressibility of the pulses after the temporal shaping, pulses are
compressed to achieve high peak power using a commercially available chirped fiber Bragg
grating (CFBG). The parabolic pulses having a 8 ns temporal duration (FWHM) before
compression are compressed to 80 ps, a compression factor of 100, as seen in Figure 3-11. In this
experiment, the limiting factor of compression appears to be the group delay ripple of the CFBG
of approximately 80 ps. Using a different CFBG with smaller group delay ripple can reduce
group delay ripple effect, and produce much shorter compressed pulses [23]. It should be noted

that SPM phase can complicate compression of pulse. In our experiment, the peak power —
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length product is ~0.13 Wkm, which is much smaller than the 1.5 Wkm thresholds in SMF for

SPM, minimizing nonlinear residual dispersion.

3.4 Conclusions

A recently conceived application, namely, time domain parabolic pulse generation is
discussed in detail. In order to reduce the detrimental effects of nonlinearities that occur during
pulse amplification, a dynamic temporal architecture for the generation of parabolic pulses has
been proposed and demonstrated experimentally. The concept of A-t mapping is utilized for
parabolic pulse generation, enabling dynamic control of the pulse properties such as pulse shape,
pulse width and amplitude. Pulse shaping using a gated CW laser input is shown, yielding
parabolic pulses with less than 3% error and 30 dB signal to noise ratio. Using a mode-locked
laser source, parabolic pulses with less than 5% error and 27 dB signal to noise ratio are
achieved. These parabolic pulses are compressed by a factor of 100 to 80 ps, using a chirped

fiber Bragg grating.

In conclusion, in the past few decades, significant progress has been made in the field of
chirped pulse generation and amplification, which has enabled a wide variety of applications. In
the future, further improvements in parameters such as the linearity of the chirp, the chirp

bandwidth, and sweep rates will result in even better performance.
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CHAPTER 4: FREQUENCY DOMAIN PULSE SHAPING

4.1 Introduction
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Figure 4-1: Block diagram of chirped pulse amplification setup. Amp: optical amplifier; AOM:
acousto-optic modulator; Finisar: waveshaper; LPF: low pass filter; f/N: frequency divider; RFAmp:
RF amplifier; SG: signal generator, Driver: AOM driver. The dash box is the seed laser for the Finisar

spectral processor.

Chirped pulse amplification systems are one of the key components

telecommunication system as well as high power ultrafast sources. Optical pulses with parabolic
temporal intensity profile have been shown to be especially suitable for CPA systems, due to
their attractive features such as resistance to optical wave breaking, ability to retain their
intensity profile during propagation in gain media, and enhanced linearity in chirp. Their linear

chirp also allows efficient and high quality pulse compression. Consequently, parabolic pulse
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generation has attracted much attention, with a pulse shaping approach involving a dynamic

technique to control pulse intensity in the temporal domain has been reported most recently.
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Figure 4-2: Schematic of chirped pulse amplification setup of an Yb fiber CPA system by J.H.V. Price
et.al. [55]. An adaptive control loop using feedback from an autocorrelator was used to adjust the
spectral phase of the input pulses. The resulting autocorrelation peak was increased by a factor of 3.4

when a fiber stretcher was employed and by a factor of 2.9 with a bulk stretcher.
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It should be noted that when the desired energy levels are high, due to the combination of
dispersion and nonlinear effects, even a small deviation in the temporal profile of the generated
parabolic pulse from the perfect parabolic shape will result in large pedestal generation, therefore
degrading pulse quality. Fiber CPA systems are particularly susceptible to this degradation effect

due to their small mode areas and long interaction length.

Much research has been done to understand the mechanism of parabolic pulse generation
and propagation in fiberized systems and to improve their quality. One of the earliest
investigations was the demonstration of self-similar propagation of temporal parabolic pulses in
optical fibers with normal group velocity dispersion and strong nonlinearity [39]. This concept
has been extended to include using dispersion decreasing fiber [25], Raman amplification in
optical fibers, active or passive dispersion decreasing fiber [28,43], as well as tapered dispersion
decreasing fibers [45]. Pulse shaping techniques involving amplitude or phase modulation have
also been explored to improve pulse quality and increase peak power of CPA
systems [46,52,55,56]. Most recently, a pulse shaping approach involving a technique to

dynamically control the pulse intensity in the temporal domain has been investigated [34,35].

However, pulse shaping involving both spectral phase and intensity has never been
investigated. J.H.V. Price and co-worker had shown CPA system with a strong spectral
modulation, resulting in 3.4-fold increase in peak power and near transform limited pulses. Phase
shaping was performed to offset the broadening effect of SPM in the amplifiers as well as to

compensate for the mismatched dispersion between the compressor and pulse stretcher. Spectral
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phase shaping was done by optimizing Taylor coefficients of the phase profile, and the output

pulses are monitored using the autocorrelator.

In this work, we proposed and demonstrated an active feedback loop, which controls both
the spectral phase and amplitude of the pulses, resulting in the generation of transform-limited
parabolic pulses of a CPA system operating in C-band using erbium fiber amplifier. Controlling
spectral phase was essential to achieve high quality, clean, transform limited pulse, and this can
be achieved by analyzing output pulse with a SHG-FROG to fully characterize pulse properties

with high accuracy.

4.2 Frequency Pulse Shaping Schematic

The schematic of this approach is shown in Figure 4-3. A Calmar seed laser is used to
generate pulses at 1552 nm at 20 MHz repetition rate with a full width half max (FWMH) optical
bandwidth of ~7 nm. The pulses are temporally stretched using a polarization maintainig (PM)
fiber stretcher with a dispersion of 100 ps/nm, resulting in a linear frequency chirp across the

pulses. After stretching, pulses are amplified with a PM optical amplifier.

An Acousto-Optic Modulator (AOM), combined with an electronic driver, is employed to
frequency-select the pulse train to a lower frequency. After frequency selection, a second PM
optical amplifier is used to amplify the pulse train. The RF signal from Calmar laser is injected
into a 20 MHz low pass filter (LPF) to select the first 20 MHz tone. A frequency divider is used

after the LPF to divide the frequency of RF signal from 20 MHz to sub-MHz. The signal with the
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required repetition rate coming out from the frequency divider is amplified with an RF amplifier
before being used to trigger the signal generator. The signal generator produces the square gating
signal to modulate the 200 MHz carrier frequency signal from the AOM driver. This signal is

applied to the AOM, resulting in an output pulse train with the desired repetition rate.
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Figure 4-3 Block diagram of chirped pulse amplification with adaptive feedback loop (dashline box).

FROG retrieval

Seed laser sends out stretched pulses, which are shaped into parabolic intensity profile with the Finisar
waveshaper before being amplified with the booster amplifier. Amplified pulses are compressed with
the linear pulse compressor to achieve short pulses. Part of pulses after compression is coupled out
for monitoring and characterize with the SHG-FROG and fedback into the Finisar spectral processor

to adjust the spectral modulation parameters.

A Liquid Crystal on Silicon phase and amplitude controller (LCOS) was used to shape the
stretched pulses to produce a parabolic temporal intensity profile. The schematic, description and
operation of the Finisar spectral processor can be seen in detail in the Appendix. After pulse

shaping, an optical amplifier was used to amplify the pulses to high average power. A Treacy
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grating pair was used to compress the amplified pulses to attain short pulses with high peak

power.
Fiber spool
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Figure 4-4. Laser source for a parabolic pulse shaping fiber CPA system. A fiber spool is used to
stretch pulses to ~1.5 ns duration. Pulse train is frequency selected down from 20 MHz to 1.25 MHz
by using an AOM synchronyzed with the output laser. A polarization maintaining Erbium-doped
amplifier is used to pre-amplify the pulse after frequency selection before pulse shaping. A 4-layer
thermal isolation box was used to house the laser and other fiber components to minimize the effect of

environmental temperature fluctuation.

A Frequency Resolved Optical Gating (known by the acronym FROG) setup [57] will be

implemented to analyse the quality of the pulses in terms of their temporal duration, intensity and
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frequency chirp. The FROG spectrogram is a function of the frequency and time delay, are the
squared magnitude of the Fourier transform of a 2D signal, and hence solvable by the phase
retrieval algorithm [57-59]. The FROG-retrieved spectral phase output will be directed to a
computer (PC). An adaptive feedback loop (Figure 4-3) is used to monitor the pulse quality
using FROG and dynamically modify the pulse shaping parameters in the LCOS, based on the
input profiles and the system response function, to result in pulses with minimal amounts of

phase ripple, amplitude ripple, high order dispersion, and non linear effects.

In the following sections, a brief description and characterization of components used in
CPA is shown. We will present results of frequency-selection down, and the output pulse train
will be used as input for the Finisar waveshaper. Some preliminary results of parabolic pulse
shaping by amplitude attenuating pulse optical spectrum using the Finisar is shown. A proposal
of simulation of pulse propagation using split step Fourier method (SSFM) to study the effects of
dispersion and high order nonlinearities will also be shown. Finally will be results and

discussion.

4.3  System Components

4.3.1 Polarization Maintaining EDFA

Two custom-made Erbium doped EDFAs have been used in the experiment setup as the
EDAF pre-amplifiers to compensate for the optical power loss before the stretched, parabolic

shaped signal is amplified with a booster amplifier. The EDFA amplifier serves as a polarization
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insensitive traveling wave amplifier (TWA), with a the typical gain within the range of 20-30
dB, and length of a few meters of optical fiber. Polarization maintaining Erbium doped fiber was
used to constructed the amplfiers to simplify the task of controlling and maintaining polarization
in the laser systems. The peformance of the PM EDFAs were experimentally characterized.
From the Figure 4-5, the EDFAs operate over the wavelength range of 1545-1565 nm, with
maximum output power of ~ 60 mW and small signal gain of 22 dB. The EDFAs were designed
with internal optical filter to operate in this specific optical wavelength range to match the
optical bandwidth of the CFBG stretcher in the experiment, to avoid and minimize effect of
ASE. Output power of the EDFAs can be controlled by changing the driving supplied DC
voltage, with range of applied voltage from DC to 2.5 Volts. To characterize gain parameter of
the EDFA, a turnable CW laser is used, with center wavelength at 1550 nm, and input power of
is incrementally increased every 0.1 mW upto 2.5 mW. The results shown in Figure 4-5(b)

indicate a small signal gain of approximately 22 dB at 0.1 mW input power.
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Table 1. Polarization Maintaining Erbium-doped Amplifier Specification

Parameters Min Typ Max Unit
Output Wavelength Range 1547.0 1558 nm
Max ouput power at -6dBm input 16 dBm
Input pulse width 1.0 ns
Input repetition rate 0.5 20.0 MHz
Input power range -6.0 -2.5 dBm
Input pulse peak power 15 W
Small signal gain 25 dB
Polarization extinction ratio 20 dB
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4.3.2 CFBG fiber stretcher

The first fiber Bragg grating had been fabricated by Ken Hill in 1978 [60] using a visible
laser propagating along the core of fiber to induce structural change, and therefore permanently
modify reflective index of the fiber. Subsequently, the holographic technique using the
interference pattern of ultraviolet laser light coming from the side of fiber to create the periodic
structure of the Bragg grating was demonstrated [61] (transverse holographic technique). The
angle between the UV beams determines the period of the light pattern in the fiber core and
consequently the Bragg wavelength. Another technique involves point-by-point inscription by

infrared femtosecond laser to produce long period Bragg gratings [62].

The Bragg condition for the reflection of light involving refractive index perturbation can

be expressed as

2 5 2MNess (4.1)

Therefore 4 = 2 n.¢r A ;where A is the grating period, nes is effective refractive index of

the fiber and A is the Bragg wavelength. The Bragg condition means the wavenumber of the
grating matches the difference of the opposite wave vectors of the incident and reflected waves.
This condition also ensures that light of other wavelength not satisfying the Bragg condition
would not be affected by the Bragg grating. The reflection bandwidth of the FBG depends on the

length and strength of the refractive index modulation.
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FBG since then has gained important applications such as gain equalizer to equalize gain
of optical amplifiers. FBG can also be used in temperature and strain sensors. FBG can be
designed to acts as dispersion compensation [63] to introduce a time delay as a function of
wavelength, so that different wavelength is reflected at different grating location. FBG also acts
as pump reflector in distributed fiber Bragg reflector (DBR) lasers and distributed feedback
(DFB) laser as well as many other uses in fiber optic communication and fiber sensor application

involving wavelength filtering [64].
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Figure 4-6. Pulse stretcher amplitude attenuation, with average attenuation is 7 dB. Outside the range
1542-1562 nm, the steep attenuation serves as an optical filter to cutoff undesirable bandwidth to limit
the ASE effect. Inset: zoom-in of the plateau area, which indicate a non-uniform loss over the whole
spectrum. The resulting intensity modulation would affect the overall quality of pulses, and therefore
compensation for that modulation would require a broad bandwidth of modulation devices, such as

intensity modulator, or spectral processor.

o1



The FBG can be designed to operate either in transmission or reflection mode [64]. In
this experiment, the CFBG is reflective fiber, with more than -40 dB transmission loss. The
fiberized pulse stretcher has optical bandwidth of 20 nm and dispersion approximately 100
ps/nm. Figure 4-6 is the amplitude distortion caused by the pulse stretcher, which is the
difference of optical spectrum before and after going through pulse stretcher. This distortion will
be imparted on the optical spectrum of input pulse. The intensity mask applying to the Finisar to

generate pulses with parabolic profile will compensate for this distortion.

One advantage of using fiber spool stretcher over chirped fiber Bragg grating stretcher is
the low or non-existent non uniform loss of optical power over the input spectrum. As a result,
output spectrum resembles input spectrum. Consequently, if input spectrum has smooth optical
intensity profile, such as Gaussian shape, it would significantly reduce the required bandwidth of
electrical components as well as resolution of optical devices, and at the same time, improve
quality of output signals. However, as the fiber CFBG is inherently shorter than a typical fiber
spool required to attain the same amount of dispersion, it’s more stable to surrounding thermal
fluctuation; and it is more likely to be immuned to mechanical vibration of the optical table and
other environmental changes. A fiber CFBG also requires much shorter warm up time compared
to a fiber stretcher spool. The fiber CFBG used in the setup has a physical length of about 70 cm,

in contrast to several hundred meters fiber length of the fiber spool.
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Figure 4-7. Comparison of stretched pulses with different dispersive media; subpicosecond, near
transform limited pulses from a mode locked laser are stretched with (a) a commercially available
Proximion chirped fiber Bragg grating, with dispersion value D = 100 ps/nm (b) a custom made fiber
spool of dispersion compensate fiber (DCF), with total dispersion designed to be approximately 100
ps/nm. Notice the apparent difference in optical profiles of output spectra is the result of changing

polarization of input pulses, due to mechanical disposition or distortion of input fiber.
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4.3.3 Treacy grating pair compressor

Figure 4-8. Geometry of the double-pass Treacy grating pair pulse compressor. The input beam
incidents on the dispersion grating at Littrow angle, angularly disperses on the second grating. A flat
mirror is used to reflect the dispersed beams back. The reflected beams then recombine at the first
grating before tracing their way back to output port [65,66]. In the experiment, a roof-mirror was used

instead of the flat mirror to separate input and output beams to different ports.

The Treacy grating pair compressor utilizes a parallel pair of identical diffraction grating
in an arrangement first introduced by Treacy [66]. Unlike the Martinez-type compressor
containing two lenses between the gratings, which can provide normal dispersion [67], the
Treacy grating pair compressor can provide only anomalous dispersion. The architecture of the
Treacy grating pair has high tolerance for optical systems with high peak power, without

introducing additional nonlinear distortions. The grating pair compressor is very suitable for this
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task, since they can be operated with large mode areas, in contrast to FBG, which limits the pulse

energy to below 1 uJ, but there is size constrain in the fabrication of large volume Bragg grating.

Another unfavorable aspect of the volume compressor is the substantial reflection loss,
which can be as high as 3 dB on a double pass grating pair. For that reason, electron beam
lithography is employed to fabricate special transmission gratings, with only 0.13 dB, or ~3%

optical power loss.

Besides the dispersion from the pulse stretcher, there will be additional dispersion
resulting from chromatic dispersion (or material dispersion) and other nonlinearity effects when
propagating through gain medium and other optical components. Therefore the dual grating
compressor is constructed with the overall dispersion taken into account. The total amount of
chromatic dispersion required in the stretcher and the compressor also depends on the initial
pulse optical bandwidth, which should thus not be too small. Conversely, very large bandwidths
introduce problems with matching higher-order dispersion on one hand, and gain narrowing in
the amplifier on the other hand. Therefore, CPA systems employing dispersion grating pair work

best for pulse temporal durations within few femtoseconds to a few hundred femtoseconds [5].

In this setup, the distance between two dispersive gratings is approximately 60 cm, with
the incident angle at ~ 15°. The alignment was such that center wavelength of the incident beam
at 1552 nm illuminates the centers of the second grating after being angularly dispersed from the
first grating. This condition is to ensure the spreading of dispersed beam over the entire surface
of the second grating, thus avoiding beam clipping at the edges of the beam, and consequently,

reducing optical bandwidth of pulses.
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The dispersion of the grating pairs can be calculated using the following equation [65]

ot _Ab (d@D)2 (4.2)
o1 ¢ \da

Where 0p is the diffracted angle, which is a function of the frequency and incident angle 6;, b is
the slant distance between two gratings, c is the speed of light, A is the optical wavelength, and
propagation time T = dyY(w)/dw is the derivative of spectral phase over frequency. The angular

dispersion is obtained from the grating equation

m 4.3
sinfp = sinf; + T (43)

With d is the periodicity of the grating rulings and m is the diffraction order. In this setting, the
grating is 1200 lines/mm, so d= (1200 lines/mm)™, and the gratings are used in the first-order

Littrow configuration, or m = —1. Consequently, by differentiating the previous equation, we

can obtain angular dispersion

6, ~m (4.4)
01  dcos6,
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Resulting in second derivative of path length P over wavelength 4

2P 3 m?b (4.5)
912 d2cos? 6,

Finally the anomalous dispersion for a double pass grating pairs compressor

_ 0t ) m?Ab (4.6)
01 “cd?cos?6,

or in terms of phase

0%y m2Ab (4.7)
dw? " 2mc?d? cos? 6,

The third-order dispersion becomes important when compensating a chirp over a wide

bandwidth, which has the opposite sign to the second-order dispersion
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OZIP_ —23 92P :631[}_ 24 02P+/103P (4.8)
dw? " 2mc?2 9?2 T dw3 T 2m2c3\” 9A2 o3

And for parallel diffraction gratings,

%Y —3m221*b ( mA sin@p ) (4.9)
dw3 " 4m2c3 d2cos? 6 d cos? 6,

Inversely, if input pulse is linearly chirped (purely quadratic spectral phase), then this
third order phase term must be small for the grating pairs to provide high quality pulse
compression, or 19°y/dw?*(Aw)® « m, with Aw is the optical bandwidth. The sign difference
of the second and third order dispersion means that the grating pairs cannot be used to

compensate both 2" and 3" order material dispersion [68,69].

58



4.3.4 Second Harmonic Generation Frequency Resolved Optical

4.3.4.1 Introduction to the FROG Technique
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Figure 4-9. Schematic of a SHG-FROG setup. The physical size of the FROG depends on the optics in

the experiment, and typically 2x2 feet. An up-to-date, single shot GRENOUILLE would be

significantly smaller, with physical size 26 cmx 4.5 cm x 11.5 cm

The second harmonic generation frequency-resolved optical gating (SHG-FROG) is a
well-known technique that completely measures and characterize ultrashort laser pulses to give
the phase and time dependent intensity of pulse, with range from several femtoseconds to
nanosecond in length [70]. This technique is mathematically rigorous, involving a second
harmonic generation setup with a phase retrieval algorithm to deliver information of the spectral
intensity and spectral phase of the ultrashort pulses [57-59,71,72]. The FROG has been
demonstrated to be a reliable technique to characterize laser systems with temporal pulses width

ranging from several femtoseconds to several picoseconds. Chirped pulse amplification systems
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had been analyzed with the FROG to provide direct observation of residual phase distortion in

the CPA system [73].
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Figure 4-10. Optical spectrum of fundamental signal and corresponding SHG signal as observed on
the OSA. In this particular example, the input fundamental signal is the Calmar laser pulse, which
assumes the squarish shape. The maximum intensity of SHG signal is approximately 10 dB lower than
the maximum intensityof the input fundamental signal, which is typical for BBO nonlinear crystal
used in the FROG.

However, there are also several drawbacks of the FROG approach, including the bulky
size of the FROG setup, complexity of free-space optic alignment, typical high peak power
requirement to achieve a good signal to noise contrast, ambiguous time reversal, as well as long

data acquisition and processing time.
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Many different SHG spectra are measured as a function of temporal delay 1, by
incrementally changing the optical path length difference between two arms. The FROG
spectrogram is then constructed by stitching together the SHG spectra, as a 2D function of time
delay t and wavelength. The spectrogram as a time-frequency distribution is used to characterize
signals whose spectral content is varying over time. The time delay At is chosen with respect to
the temporal width of the pulse so that an accurate picture of pulse is obtained, typically about
one tenth to one fifth of the pulse full-width half maximum (FWHM) width, depending on the
complexity of the pulse. The temporal duration of time delay needs to be chosen so that any
signal that is greater than 10™ of the maximum intensity of SHG trace should be included in the

recorded spectrogram.

The experimentally measured FROG spectrogram is then used as input to the iterative
algorithm to retrieve the temporal intensity and spectral phase of the pulse [71,74,75]. The
FROG iterative retrieval algorithm is based on the iterative Fourier transform algorithm,

developed in the field of phase retrieval.

The phase retrieval algorithm is a well-known problem, and is called two-dimensional
phase-retrieval problem to reconstruct quantitative information about the electric field and the
phase, which is discussed in detail in [58,59,76]. The reliability of this technique stems from the
redundancy of the FROG spectrogram. For example, an electric field sampled at N points has 2N
degrees of freedom, taking into account both intensity and phase. However, the FROG
spectrogram corresponds to this field has N? pixels, representing N? degrees of freedom.

Therefore the FROG trace is oversampled, meaning that there are many more possible FROG
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spectrograms, than are allowed by a physically realizable electric field. The result is, if some
systematic or random error is added to a retrieved FROG spectrogram, it will be unlikely to
correspond to an experimentally measured FROG spectrogram, leading to the non-convergence

of the algorithm.
4.3.4.2 Retrieval algorithm of the FROG spectrogram

The FROG is a simple spectrally resolved autocorrelation. To retrieve pulse information
using FROG, an iterative phase retrieval algorithm is implemented [58], which has been proven
to be robust, fast and reliable, with convergence usually takes under several seconds, unless the
pulse is rather complex. Therefore FROG has become an effective tool to characterize ultrashort

laser pulses.

In Figure 4-9, the schematic of a SHG-FROG setup is shown. Input beam is split into two
components, a reference arm and a delay arm. These two beams overlap in the second harmonic
generation (SHG) crystal and produce another pulse. This signal has a new wavelength which is

half the wavelength, and frequency which is double of the frequency of input pulse.

0 (4.10)
A2(1) = f I(OI(t—1)dt

— 00
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The resulting signal is called intensity autocorrelation, with gives temporal information of
the pulses. This intensity autocorrelation trace doesn’t contain enough information to retrieve
spectral phase. Therefore a FROG spectrogram needs to be constructed. The FROG spectrogram
is essentially the product of the electric field E(t) and the gate function g(t-t), which gates out a

portion of E(t), centered at t, g(t — 7) ~ |E(t — 7)|? using the pulse itself as the gate function,

The FROG algorithms starts with a guess for the complex electric field E(t), with the
addition of noise in the standard phase retrieval. This electric field E(t) is used to generate the
signal field Eg;,(t, ) from the equation Es;;(t,7) < E(t)g(t — 1) = E(t)|E(t — 7)|* as given

in [65]

This signal field is then Fourier transformed with respect to time to obtain Eg;,(w, 7).

* 4.11
Esig(w,7) =J dtEs;,(t,7) exp(—iwt) (4.11)

with the magnitude of the FROG trace

2 2 (412
= U dtE(t)g(t — 1)e 't

2 »
Irroc (@, T) = |ESig(w: T)l = U thSig(t' 7)e twt

By substituting t’=t — t, the equation for lIgros can be seen as a symmetric function of t
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IFROG((U’ T) = Irrog(w, —-7) (4.13)

Consequently, SHG-FROG trace has a time reversal ambiguity, resulting from using the

same pulse as gating function.

The magnitude of this signal is subsequently replaced by the magnitude of the

experimentally measured FROG trace through the equation

1172 (4.14)

’ ES' ((1), T)
Efig(w,7) = —2 ||1FRoc(w,r)

|ESig ((1), T)

just as in the usual phase retrieval problem. This new signal field Eg;,(w,) is then
inverse Fourier transformed to yield Eg;,(t,7). By integrating this new temporal signal field

E éig (t, T) with respect to T, we generate a new guess for E(t).

We then start a new cycle of this procedure, using this new E(t) as our new input. If the
current E(t) is the correct one, then the signal field E;,(t, ) would stay unchanged, meaning the
new E(t) after this cycle will remain the same. So basically this FROG algorithm iterates,
alternatively applying the experimentally measured FROG spectrogram data and enforcing
compliance to achieve convergence. The convergence of this algorithm is evaluated by
calculating the FROG error, defined as the root-mean-square (rms) difference between the

measured FROG spectrogram and the FROG trace of the recovered field
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! Y, (4.15)
7 ). (@0 = (@,

w, T=1

Where Iy, is the measured FROG trace, and I, is the recovered FROG trace, N is the
number of frequency and delay points in the trace. The convergence is considered satisfactory

when the value of G is on the order of 10 to 10 for experimentally measured data.

The FROG spectral retrieval can be further validated by the use of marginal, which are
the one-dimensional curves obtained by integrating the FROG spectrogram over one of its
coordinates. This marginal can then be compared with the characteristics of pulses such as
optical spectrum and autocorrelation. When the computer retrieved results converge with the
experimentally measured data, we can be assured of the consistency of the FROG

results [65,72,77].
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Figure 4-11. Example of SHG FROG Spectrogram of an extremely complex pulse. Top: SHG FROG
spectrogram of a pulse with a time-bandwidth product of approximately 100. Bottom, the actual (red)

and retrieved (blue) pulses. Adapted from [70]

4.4  Dynamic Feedback Pulse Shaping Procedure

4.4.1 Parabolic intensity pulse shaping

In Figure 4-12 (a), the optical spectrum of pulse without pulse shaping is shown (blue).
This optical spectrum has an optical bandwidth of about 15 nm at 10 dB, centered around 1552.5
nm. The desired parabolic pulse output is shown in Figure 4-12 (a) in red dashed. Initially, only
spectral amplitude of the input pulse is attenuated to produce parabolic shape of output pulse,

phase modulation is not yet performed.
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Figure 4-12. Optical spectrum of input signal (solid) and target output signal in logarithmic scale
(dashed) (b) Required intensity mask in logarithmic scale, this mask is calculated by taking the
difference between input spectrum and desired output spectrum. The signal to noise ratio of the
intensity mask is designed according to the modulation depth of the Finisar spectral processor of
maximum attenuation 50 dB. This exceeds the signal to noise ratio of input signal of less than 30 dB,

ensuring high quality, low noise, and sharp edge output parabolic output pulses.

A mask function is generated by taking the difference between the input optical spectrum
(solid) and the desired optical spectrum (dashed) in Figure 4-12 (a). This mask is depicted in
Figure 4-12 (b), and is applied to the Finisar spectral processor to produce a parabolic output
optical spectrum. The quality of pulse shaping can be improved by utilizing a feedback loop to
better tune the mask function with any instantaneous change in the spectral shape of input pulse

due to changes in the surrounding environment.

67



Output pulses after intensity shaping are amplified with an optical amplifier and
subsequently compressed with a Treacy compressor. The compressed pulses are sent to the SHG-
FROG to analyze and retrieve spectral phase information. This phase information is then fed
back to the Finisar spectral processor to adjust phase shaping done on the input pulses. In
addition, an autocorrelator is used to monitor quality of of generated parabolic pulses in real-time
and to cross-check with results from the FROG. The usage of the autocorrelation has the
advantage of providing fast, accurate evaluation of pulses, in contrast to the measurement using

FROG,which is rather time consuming.

4.4.2 SHG-FROG Operation

The schematic of a Frequency Resolved Optical Gating (FROG) is depicted in Figure
4-13. A mode-locked laser with 15 nm optical bandwidth at 10 dB, centered at 1553 nm and 1.25
MHz repetition rate was used to calibrate and align the FROG, as shown in Figure 4-14(a). The
input beam from this mode-locked laser was split into a delay arm and a reference arm before
being focussed on a 1mm-thick BBO nonlinear crystal. A New Focus picometer motorized
translational stage is used in the variable optical delay to adjust the difference of optical path
length, or time delay. The picometer includes a network controller (model 8752) and a driver,
which can control up to three individual piezo Picometer actuators. The piezo linear actuator has
travel range of 50.8 mm, and minimum incremental motion of less than 30 nm, or 0.1 fs time
delay in free space. A SHG signal was produced at zero-delay and observed on the optical

spectrum analyzer shown in Figure 4-14 (b).
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Figure 4-13. Setup of a Second Harmonic Generation FROG apparatus. A pulse is split into two, and
one beam is delayed with a variable optical delay. The two beam is recombined at a second harmonic
generation crystal, to generate a second harmonic pulse; this SHG spectrum is then recorded with the

spectrometer as a function of the relative time delay.
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Figure 4-14. Optical spectrum of (a) fundamental signals, the fundamental spectrum has a square-ish
shape, with 10 dB bandwidth of approximately 15 nm (b) The SHG signal is the product of the auto
correlation of two identical pulses, and has triangular shape, which is the typical cross correlation
product of two square pulses. The intensity profile of the SHG shows contrast of ~23 dB signal-to-
noise ratio, more than required to achieve accurate FROG retrieval analysis.

A FROG spectrogram is constructed, by recording many SHG spectra at different setting
of delay between two arms. In order to ensure the high resolution of the FROG spectrogram as
well as the retrieval pulse information, a 1024x1024 FROG spectrogram was generated, which
consists of 1024 SHG optical spectrum (or trace) of 1024 data points each. The optical spectra of
the FROG traces ranges from 771-781 nm, and each spectra was measured at time delay step of
48 fs. A computer software was used to communicate and control the motorized translational

stage to ajust optical path length, or time delay, after the SHG spectum was recorded.

70



These spectra are then stiched together to generate a 2D spectrogram of SHG signals as a
function of wavelength and time delay. The FROG spectrogram utilizes color codes to display
intensity as a function of time delay versus wavelength. The horizontal axis of a FROG
spectrogram corresponds to a temporal coordinate, while vertical axis corresponds to a
wavelength (or frequency) coordinate. These two axes are related by the Fourier transform
relationship, therefore fixing the aspect ratio of the FROG spectrogram. A FROG software is
used to analyze this spectrogram to retrieve phase information of input pulse, with details of the
retrieval algorithms desribed in detail in previous section. The retrieval FROG spectrogram
should have minimal difference with the original FROG spectrogram, indicated by the
convergence error (less than 0.005 for experimental data). Typically this data processing
operation, together with data acquisition, takes about 20 hours, with data acquisition being the

fastest procedure of approximately 3 hours.

4.5 Results and Discussion

45.1 Pulse shaping utilizing CFBG fiber stretcher

In the first setup, a fiberized CFBG was used as the temporal pulse stretcher. The length
of the fiber CFBG is approximately 1 meter, and is suitable for reducing the physical footprint of
CPA systems. The short length of the fiber CFBG also makes it much less susceptible to

fluctuations in environmental temperature.
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Figure 4-15. Optical spectrum without pulse shaping (solid) and desired output spectrum (dashed) (b)
Typical parabolic spectrum generated with the spectral processor. The parabolic pulse after pulse

shaping has signal to noise ratio of more than 27 dB and optical bandwidth of approximately 15 nm at
10 dB.

Initially, only spectral intensity modulation was applied to the input pulses. A spectral
intensity mask was generated by taking the difference between input spectrum and the desired
target output spectrum seen in Figure 4-15(a). This mask was applied to the Finisar spectral
processor to produce the desired parabolic optical intensity shape. These output pulses have 15
nm optical bandwidth at 10 dB, centered around 1552.5 nm and have temporal width of 1.4 ps.

The output parabolic pulses after intensity shaping, in Figure 4-15(b), were amplified before

being compressed with the bulk compressor.

These amplified pulses were sent to the FROG to retrieve spectral phase information. A
FROG spectrogram (Figure 4-16) was constructed by collecting 1024 FROG traces by gradually
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varying the arrival time difference of the two pulses on two arms of the FROG, with delay
setting at 48 fs between traces. These traces, which are the optical spectra of SHG pulses at
various delay setting, are afterward stitched together to generate the color-coded, 2-D
spectrogram. Due to the symmetry of the pulses and the delay sweeping, the spectrogram also
appears to be symmetric along the zero — delay vertical axis, with highest peak power at the

center of the spectrogram.

A commercially available FROG software, which implements an iterative phase retrieval
algorithm, was used to reconstruct the pulse shape from the FROG spectrogram. The retrieval
error of the retrieval procedure was on the order of 1.5E-3, showing a very good convergence.
Based on this phase information, the Finisar spectral processor was programmed to adjust phase
modulation applied to the input pulse, resulting in much shorter measured autocorrelation (AC)
trace and significant reduction of temporal pedestals. In Figure 4-16, the FROG spectrograms of
the pulses with and without pulse shaping are shown. Clearly, the shape of spectrogram changes,
as well as the green wings (indicates chirp, or higher order dispersion) have been cleaned up very

well.
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Figure 4-16. (a) Measured FROG spectrogram of CPA pulse without pulse shaping (b) Measured
FROG spectrogram with both spectral intensity and phase shaping. Horizontal axis is time, with
temporal duration of 24.5 ps, vertical axis is optical wavelength, ranging from 771-781 nm. Notice the
significant temporal wings reduction in the spectrogram of pulses after pulse shaping compared with
spectrogram of pulse before pulse shaping. The spectrograms were color-coded such that the highest
power area is depicted in white, followed by the blue rings and subsequently the green pedestal wings,
and the background is shown in orange/red. The spectrogram after pulse shaping is re-normalized so

that the background is shown in red, indicating a substantial increase in peak power.
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Figure 4-17. Simulation results of SHG-FROG spectrogram generated with input zero-chirped
parabolic intensity pulses, horizontal axis is time delay from -12.45 to 12.45 ps, vertical axis is
wavelength, centered around 776 nm. The simulation spectrogram matches the measured FROG

spectrogram above very well.

Figure 4-16 (a) shows the measured FROG spectrogram of CPA pulses without pulse
shaping. The temporal green wings correspond to the temporal pedestals of the pulse, which can
also be observed on the autocorrelation trace measured with the autocorrelator. The shape of the
experimental FROG spectrogram in Figure 4-16 (b) indicates a chirp-free pulse, with significant
temporal wings reduction. These results are further validated by comparing experimental FROG
spectrograms with simulation results seen in Figure 4-17.
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Figure 4-18. Calculated (dashed) and measured (solid) AC traces, in comparison with an AC trace of
unshaped CPA pulses (short dashed) in (a) linear scale, with temporal intensity normalized to unity (b)

logarithmic scale.

In Figure 4-18(a), the measured autocorrelation trace of pulse without pulse shaping is
shown with temporal duration of 1.1 ps at FWHM, with the amplitude of autocorrelation traces
normalized to unity. After parabolic pulse shaping, a 0.7 ps temporal duration autocorrelation
trace was achieved. This measured autocorrelation trace shows an excellent agreement with a
ated autocorrelation trace of transform-limited pulses with the same parabolic optical
spectrum. In order to specify the quality of the compressed pulses as the result of parabolic pulse
shaping, the autocorrelation traces were re-plotted in logarithmic scale in Figure 4-18 (b). In this
figure, the autocorrelation race of shaped pulse agrees with transform limited pulse up to 12 dB,

at approximately 1 ps delay. The pedestals in temporal profile of a CPA pulse without pulse
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shaping have been suppressed by 15 dB at 3 ps delay. These results clearly show that a

substantial amount of energy under the pedestals on the wings has been transferred to the central

lobe, significantly increases pulse peak power.
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Figure 4-19. (a) Reconstructed spectral phase with only spectral intensity modulation (red), with both

spectral phase and intensity modulation (blue), and its linear fit (b) Calculated and measured AC

traces, in comparison with an AC trace of unshaped CPA pulses.

In Figure 4-19(a), the reconstructed spectral phases are plotted. The red curve is the

spectral phase of pulses without pulse shaping, ranging from 0 to 28 radians. The shape of the

curve corroborates the existence of high order dispersion (or chirp). After pulse shaping, the

retrieved spectral phase of pulses with pulse shaping is shown in blue. The linear fit of the

retrieved spectral phase indicates a maximum deviation of 0.75 radians towards the left tail of the

spectrum, almost flat phase across the center, with 0.25 radians root mean square deviation.
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In Figure 4-19 (b), the autocorrelation traces are plotted with normalized power under
curve. In this figure, the peak power of CPA pulses with pulse shaping (red) is comparable to the
maximum theoretical peak power of the calculated transform limited pulses (blue) with the same
parabolic optical spectrum, and is increased by a factor of 5, compared to the peak power of

unshaped pulses (green).

4.5.2 Pulse shaping utilizing fiber spool stretcher

When the CPA systems operate in high power amplification stage, the fiber
nonlinearities, such as self-phase modulation can still be present, with even a small deviation in
spectral intensity from a perfect parabola can results in substantial nonlinear phase accumulation,
and consequently a spectral modulation is imposed on the envelope spectrum as seen in Figure
4-20. This imperfection is due to the presence of very high frequency intensity modulation
imparted by the CFBG on the spectrum, which couldn’t be compensated by the Finisar spectral
processor, which has spectral resolution of +/- 5 GHz. This intensity modulation can be
measured by comparing the optical spectrum of the pulse before and after stretching with the

CFBG.
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Figure 4-20. Input optical spectrum of seed laser after stretching with a CFBG. The sharp edges of the
spectrum is the result of the presence of optical filter embeded with the CFBG unit. Inset is the
zoomed-in spectrum with visible high frequency modulation imparted by the CFBG. This high

frequency modulation is the result of non-uniform loss of pulse intensity across the optical bandwidh
of the CFBG.
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In the second setup, a fiber stretcher with minimal group delay ripple (GDR) was used to
avoid the high frequency modulation on the optical intensity spectrum. As a result, the amount of
spectral intensity modulation on amplified optical intensity spectrum was reduced significantly

from 7 dB to less than 2 dB, shown in Figure 4-21.
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Figure 4-21. Parabolic optical spectrum after amplification (a) with CFBG stretcher (b) with fiber
spool stretcher. Clearly the usage of fiber stretcher helps reducing spectral modulation by nonlinear
SPM by at least 5 dB at 65 mW output power setting.
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Figure 4-22. (a) Measured FROG spectrogram of CPA pulse only parabolic intensity shaping. The
distortion of spectrogram symmetry is due to temperature fluctuation. (b) perfect spectrogram

symmetry with implementation of thermal stabilization.

A 4-km long fiber stretcher was use, with a dispersion of D = 100ps/nm. The long fiber
length is more vulnerable to temperature fluctuation; resulting to as much as 2 ps change in the
overall total dispersion, causing distortion of the FROG spectrograms. The measured FROG
spectrogram aftermath of changing stretching media clearly displays a substantial asymmetry in
the temporal wings of the spectrogram. This indicates change of dispersion in the system over
time. The FROG spectrograms in Figure 4-22 show the effect of temperature fluctuation over
time. Without the protection of the thermal box, pulse width varies over a long period of time
and subsequently causes distortion in the FROG spectrogram, with the assymetry clearly
observed along the temporal coordinate (horizontal axis) in Figure 4-22(a). In the experiment,
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this variation of pulse properties with time occurred over a period of 4 hours when the FROG

spectrogram was being recoreded.
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Figure 4-23. Optical spectrum of pulse without parabolic pulse shaping (solid) and parabolic output
spectrum of pulse with intensity shaping (dashed).

To counter the effect of temperature fluctuation as well as acoustic and mechanical
vibration, a closed thermal box (as shown in Figure 4-4) was constructed to isolate the CPA
system from environmental change. This is the thermal isolation architecture developed and
matured within our research group that has demonstrated its efficiency in shielding the laser

systems from undesirable environmental effects such as mechanical vibration, thermal and
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external acoustic noise. The laser is housed in the thermal box, which consists of 1 layer of
styrofoam, 1 layer of cardboard, 1 layer of anti-vibration material, one special acoustic filtering
layer, all enclosed in a hard Plexiglas case. By implementing thermal box to isolate the long fiber
spool from temperature fluctuation of surrounding environment, spectrogram symmetry was
achieved, as seen in Figure 4-22(b). Another approach to avoid the aforementioned problems, a
fiber stretcher with minimal group delay ripple (GDR) could be used to circumvent the high

frequency modulation on the optical intensity spectrum.

Using the pulse shaping procedure on CPA systems described previously, a spectral
intensity mask was calculated and applied to the Finisar spectral processor. The parabolic optical
intensity pulses generated were afterward amplified and compressed with the Treacy bulk
compressor to achive high peak power. These compressed pulses were sent to the FROG to
generate the spectrogram and eventually retrieve spectral phase information. The FROG
spectrogram was generated by combining 1024 SHG optical traces at 48 fs delay interval. This
phase information in turn was used to adjust the phase modulation applied to the Finisar spectral
waveshaper to achieve pulses with linear spectral phase. The retrieval error of the FROG was

1.5E-3, showing very good convergence between FROG input and retrieval results
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Figure 4-24. Experimental result of SHG-FROG spectrogram with both spectral phase and intensity
modulation. The measured spectrogram matches the theoretical FROG spectrogram as shown in

previous section very well.

In Figure 4-23, optical spectrum of pulse without parabolic pulse shaping is shown
(solid), together with a typical parabolic output pulse (dashed). The output parabolic spectrum
was designed to resemble output parabolic spectrum in CPA system with CFBG stretcher to

facilitate comparison of two settings.

In Figure 4-24, the FROG spectrogram of pulses with parabolic pulse shaping is shown,

with x-axis represents temporal coordinate, with 50 ps duration, and y-axis represents optical
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wavelength, ranging from 771-781 nm. The spectrogram shows very good agreement with a

typical simulation FROG spectrogram of chirp-free parabolic pulses, shown in Figure 4-17.
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Figure 4-25. (a) Autocorrelation traces of pulses with spectral pulse shaping (solid) and without pulse

shaping (dashed) in linear scale with normalized energy under curves, (b) replot of autocorrelation

traces in logarithmic scale.

In Figure 4-25(a), autocorrelation traces of pulses with pulse shaping (solid) and without

pulse shaping (dashed) are shown, with normalized energy under curves. The AC of pulses

without pulse shaping has temporal width at FWHM of 1.8 ps, and is considerably shortened to

0.7 ps of pulses with pulse shaping. As with the case of CPA system using CFBG stretcher,

clearly energy under the pedestals on the wings was transferred to the main peak, leading to an

increase of 6.2 times in peak power. The graphs in Figure 4-25 (b) of autocorrelation traces

plotted in logarithmic scale show 17 dB pedestal suppression on the wings of the autocorrelation
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traces at 3 ps delay. This results show better compression of pulses and achieve higher increase

in peak power compared to the CPA system with CFBG fiber stretcher.
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Figure 4-26. Reconstructed spectral phase with only spectral intensity modulation (solid), with both
spectral intensity and intensity compensation (dashed), and its linear fit. The results again show almost
perfect linear behavior of retrieved spectral phase near in the middle when phase compensation is
applied, and higher deviation at the tails.

Figure 4-26 shows the retrieved spectral phase of the amplified pulse in the linear regime
with and without phase modulation. The retrieved phase shows a deviation of 1.5 and 2.5 radians
toward the left and right tail of the spectrum, respectively, flat phase across the center with 0.15

radians root mean square deviation. These results show 40% improvement of the linearity of
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spectral phase over the results shown with CFBG stretcher, demonstrating the benefit of

minimizing the group delay ripples (GDR) in CPA systems for optimal pulse compression.

45.3 Conclusions

In summary, we have demonstrated parabolic pulse shaping with both spectral intensity
and spectra phase modulation in a CPA system. The use of SHG — FROG together with the
spectral processor in an active feedback loop allows controlling of spectral phase and intensity
modulation, resulting in high quality sub-picosecond pulses after compressing CPA pulses using
a bulk grating compressor. The usage of the spectral waveshaper with versatile dispersion
compensation capability immensely simplifies alignment requirement of the Treacy compressor
to match the dispersion of the fiber stretcher. Using CFBG pulse stretcher, we achieved
transform limited parabolic pulses of 0.7 ps temporal autocorrelation duration at FWHM, with
linear spectral phase across the optical spectrum (1545 nm to 1560 nm) with 0.25 radians
deviation. Measured autocorrelation traces show 5 times increase in peak power and 15 dB
pedestal suppression on the wings at 3 ps delay. Similar results were achieved with a spool of
dispersive fiber. A temporal autocorrelation trace with 0.7 ps width (FHMW), representing 6.2
times increase in peak power and 17 dB pedestal suppression at 3 ps delay was attained. The
spectral phase retrieved by FROG software shows a linear spectral phase with 0.15 radians rms
deviation. The consistency in these results confirms this approach as highly reliable, versatile,
and can be readily applied to any existing CPA systems. This will be of significance in many

CPA applications of fiber laser systems, allowing the generation of high quality ultrafast pulses
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However, the FROG-based approach for phase retrieval in feedback loop is rather time
intensive. To achieve transform limited pulses, three feedback loop iterations were performed.
To ensure high resolution spectral phase profile, the spectrogram was constructed with 1024
traces, which cover the optical range of 776-786 nm of SHG signals. The data acquisition
process takes approximately 3 hours, together with about 7 hours phase-retrieval data processing,
resulting in on average 10 hours long process for a single iteration. This is a constrain in the
ultimate goal of achieving real-time control feedback loop. The following section describes a
high precision characterization of the spectral phase of the fiber CPA laser system, which was
essential in the laser development. This approach is a well-known technique, promising a fast,

reliable and accurate measure of spectral phase comparable to the FROG approach.
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CHAPTER 5: MACH-ZEHNDER INTERFEROMETRIC SPECTRAL

PHASE CHARACTERIZATION

5.1 Introduction

Fiber based chirped pulse amplification (CPA) systems have generated great interest
because of their ability to amplify ultrafast pulses to energy comparable to conventional bulk
solid-state systems, while offering significant advantages, such as compactness, simplification of
components, and freedom of alignment. Optical pulses with parabolic temporal intensity profile
are of much practical significant for CPA systems because of their intrinsic resistance to optical
wave breaking, ability to retain their intensity profile during propagation in gain media, and
enhanced linearity in chirp, therefore allows the scaling of fiber amplifiers to higher energy
regimes. Their linear chirp also allows efficient and high quality pulse compression.
Consequently, parabolic pulse generation has attracted much attention, and pulse shaping
approach involving a dynamic technique to control spectral intensity as well as spectral phase

utilizing an active feedback loop has been reported recently [78].
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Figure 5-1. Block diagram of chirped pulse amplification setup. Amp: optical amplifier; AOM:
acousto-optic modulator; Finisar: waveshaper; LPF: low pass filter; f/N: frequency divider; RFAmp:
RF amplifier; SG: signal generator, Driver: AOM driver. The dash box is the seed laser for the Finisar

spectral processor

In this setup, the use of second harmonic generation frequency resolved optical gating
(SHG-FROG) in conjunction with the Liquid Crystal on Silicon (LCOS) waveshaper in the
active feedback loop allows dynamic control of spectral phase and intensity modulation,
resulting in transform limited parabolic pulses of 0.7 ps temporal duration after compression, and

five time increase in peak power.

The implementation of the second harmonic generation frequency resolved optical gating
(FROG) [57,70,79] is instrumental to analyse the quality of the pulses in terms of their temporal
duration, intensity and spectral frequency, and to retrieve spectral phase of the pulses. This
information is directed to an adaptive feedback loop to dynamically modify the pulse shaping
parameters in the Finisar spectral processor, based on the input profiles and the retrieval

information from the FROG, to produce high quality pulses..
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However, this phase retrieval approach using FROG is rather time intensive. On average,
the feedback iteration takes about 10 hours to complete. The use of the FROG adds to the cost of
the pulse shaping systems as well as increasing the overall volume of the CPA setup. Here we
propose and devise a different approach for spectral phase retrieval. This approach must be cost
effective, time efficient and has a small footprint. And it’s important that this approach allows us

to achieve equivalent pulse quality as the FROG approach for our CPA system.

In the following sections, a brief description of experimental setup and procedure are
shown. We will present results of phase retrieval using spectral interferometry (SI) approach,
followed by a summary and conclusion. Spectral interferometry approach using interference of
two beams in a standard Michelson or Mach-Zehnder interferometer has been widely used in a
variety of research areas, such as laser ranging, material characterization and optical

communications. It has also become a very useful tool in fiber-based sensing.

5.2 Spectral Interferometry

The intensity profile of the optical spectrum of a signal, such as an ultrashort pulse, can
be measured easily using an optical spectrum analyzer (OSA), or spectrometer. However, the
task of measuring optical spectral phase is much more difficult, and can either be performed
using nonlinear or linear approach. One such linear measurement technique is Fourier transform
spectral interferometry, or frequency domain interferometry, which has the potential to provide

fast, accurate and at the same time guarantees high quality measurements. In this approach, a
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typical Mach-Zehnder interferometer is employed to combine two pulses, and the resulting
interference spectrum is recorded with an OSA, or spectrometer. The optical path length of the
two pulses is carefully monitored so that one of the pulses is subjected to a small time delay 1, so
that the combined electric field is E(w) = E;(w) + E,(w)e®T, resulting in the modulation of

the combined field.
5.2.1 Reference pulse for spectral retrieval

In order to measure the ultrashort pulse, a well-defined source of the reference beam is
required, the spectrum of which covers the full range of the pulse to be characterized. This can
be achieved by either use a relevant, well characterized pulse, or a heterodyne approach, with the
reference pulses from the same source, albeit with lower pulse energy than pulses from CPA

arm.

5.2.1.1 Spectral shearing interferometry

A well-known approach for obtaining a reference pulse is accomplished by sending a
pulse from the same laser source through a sinusoidally modulated phase modulator at a time
close to the zero crossing of the phase. In this approach, an arm of the Mach-Zehnder
interferometer contains an electro-optic phase modulator, the nearly linear phase modulation then
corresponds to the spectral shift of magnitude dw. The spectrum of the combined pulses then has

a modulation phase
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where the approximate relation holds if dw is not too large. This shows that the spectral
derivative of the phase of the signal pulse can be obtained, which is the frequency-dependent

group delay.

This method is called spectral shearing interferometry [80-82], and it works well for
relatively long pulses. For very short pulses, where the group delay variation within the pulse
duration is small, it is difficult to obtain a sufficiently large spectral shift in the modulator. A
larger spectral shear can be achieved by using a nonlinear interaction, as discussed in the

following section

5.2.1.2 Spectral phase interferometry for direct electric field reconstruction

Another method of spectral shearing interferometry, often applied for the complete
characterization of ultrashort pulses, is called Frequency Resolved Optical Gating
(FROG) [57,70,83]. Here, the signal pulse is split into two identical copies with a significant
temporal distance, so that there is no temporal overlap. Another pulse, derived from the same
input pulse, is strongly temporally broadened by sending it through a highly dispersive optical

element, such as a long block of glass or a pair of diffraction gratings.
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The long chirped pulse and the two copies of the signal pulse are then combined in a
nonlinear crystal, where sum frequency generation occurs (see Figure). The two signal pulses
overlap with different temporal portions of the chirped pulse, which have different optical
frequencies, so that there is also a spectral shear between the two upconverted pulses. Therefore,
the optical spectrum of the sum frequency signal reveals the temporally resolved group delay in a
way which is analogous to that discussed above. From the group delay, it is easy to retrieve the

frequency-dependent spectral phase, so that complete pulse characterization is achieved.

The FROG method offers various advantages:

e The FROG algorithm has the advantage of delivering additional consistency checks.

e The method can be applied also for very short pulses with durations below 10 fs. FROG
relies on the accurate calibration of the spectrometer in a wide wavelength range.

However, it may anyway be desirable to know the spectrum precisely for calibration.

o For long pulses, FROG is convenient, and doesn’t require a spectrometer with very high

resolution, and an optical element with a huge amount of chromatic dispersion.

e The method has variants which allow for single-shot measurements.

A comprehensive comparison of SPIDER and FROG techniques is difficult, because there are

many variants of both methods, which have specific advantages under certain circumstances.
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5.3  Experimental Setup
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Figure 5-2 Block diagram of spectral interferometry setup for a chirped pulse amplification system.
Amp: optical amplifier; IM: intensity modulator; Finisar: waveshaper; LPF: low pass filter; f/N:
frequency divider; RFAmp: RF amplifier; SG: signal generator, Driver: AOM driver, OSA: optical
spectrum analyzer, VOA: variable optical delay. The dash box is the seed laser for the Finisar spectral

processor

The schematic of this CPA system is shown in Figure 5-2. A Calmar seed laser was used
0 generate pulses at 1552 nm at 20 MHz repetition rate with a full width half max (FWMH)
optical bandwidth of ~10 nm. The pulses are temporally stretched using a polarization maintainig
(PM) fiber stretcher with a dispersion of 100 ps/nm, resulting in a linear frequency chirp across

the pulses. After stretching, pulses are amplified with an optical amplifier.

An LiNbO;3 Intensity Modulator (IM), combined with a RF driver, is employed to
frequency-select the pulse train to a lower frequency. The IM has an extinction ratio of
approximately 25 dB, as contrast to the extinction ratio of an Acousto-optic modulator (AOM) of

over 40 dB. However, using AOM would cause a frequency shift in axial modes of the laser
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corresponding to the driving frequency of the AOM of about 200 MHz. This frequency shift
effectively renders laser beams from two arm incoherent with each other, and no interference

fringes would be observed on the OSA.

After frequency selection, a second optical amplifier is used to amplify the pulse train.
The RF signal from Calmar laser is injected into a 20 MHz low pass filter (LPF) to select the
first 20 MHz tone. A frequency divider is used after the LPF to down convert the frequency of
RF signal from 20 MHz to 1.25 MHz, followed by amplification with an RF amplifier, before
being used to trigger the signal generator. The signal generator produces a square gating signal to
modulate the 200 MHz carrier frequency signal from the AOM driver. This signal is applied to
the AOM, resulting in an output pulse train with the desired repetition rate. Throughout the
operation, to ensure the AOM operating at minimum transmission when the gate signal is not

applied, a DC voltage is applied to the AOM.

A Finisar spectral processor, which utilizes Liquid Crystal on Silicon (LCOS)
technology, is used to shape the stretched pulses to produce a parabolic temporal intensity
profile. Due to frequency to time mapping property of extremely stretched pulse [53], the
temporal profile of output pulse after pulse shaping, as seen in sampling scope, resembles the
pulse optical spectrum and also assumes parabolic shape. After pulse shaping, an optical
amplifier is used to amplify the pulses. A Treacy grating pair [66] is used to compress the

amplified pulses to attain high peak power.

To determine the spectral phase in the CPA laser, we use the spectral interferometry

approach. A typical Mach-Zehnder interferometer will be used to perform spectral interference
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measurements™? [84]. The laser source signal is split into two arms, one containing the CPA
setup, and the other containing a variable optical delay (VOD). The VOD is used to balance
length of two arms, as well as to introduce a small path length difference between the two
interferometer arms. The spectral interferometry approach simply involves measuring the
spectrum of the sum of two pulses, which yields the phase difference between the two arms.
Since the laser source is transform limited, the spectral phase from the delay arm is linear,

therefore spectral phase of the CPA system is the phase difference between the two arms.

Mathematically, the sum of the two pulses can be expressed as:

I(@) = (Ey(@)e'?P) + B, (w)e' ) (Ey (w)e () + Ey(w)e™ 1)) (5-2)
= E,%(w) + Ey(w)E,el(#p@)=¢.(@) 4 E (@)E,e~{(#p(@)-¢.() 4

Ezz(w)

where and @ (o) is the resultant phase excursion after transmission through the CPA
laser system. Similarly, ®p(w) = wt is resultant phase of the electric field after travelling an

additional distance in the VOD. Eq (1) can be simplified to:

! Germain Chartier, Chapter 6, “Introduction to optics”, Springer Science+Business Media, Inc, (2005)
2 Dennis Derickson, Chapter 10, “Fiber optic test and measurement”, Prentice-Hall, Inc (1998)
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I(®) = I (w) + 21115 (w)cos(¢pp(w) — ¢y (w)) + L (w) (5.3)

With I; (w) = E;%(w), and I,(w) = E,*(w), are the spectra of the reference (delay) arm
and the CPA arm. Spectral interference with periodic fringes will be observed on the OSA due to
the linear phase modulation across the optical spectrum. By blocking the CPA arm of the

interferometer, the spectral intensity of the light source I;(w) can be obtained. Similarly, by
blocking the delay arm, the term I, (w)can be determined. The cross-term 21,1, (a))cos(q,')D (w) —

oL (a))) can then be used to obtain information about the phase @ (®). The spectrum is easily
extracted using a well-known fringe-inversion technique®. If the VOD is not changed during an
experiment, the ¢ (w) term can be considered constant, and therefore does not needed to be
independently measured, except to determine its sign to avoid ambiguity in the sign of cosine
argument. The experiment can be repeated with different phase delays to validate retrieved

spectral phase.

The signal recorded as the function of time delay T between two arms is well known to be
the first order autocorrelation of the incident electric field whose Fourier transform is the power
spectrum. This result is the basis of Fourier transform spectroscopy, a standard technique
regularly used in the infrared spectral domain. The spectral interferometry technique was

introduced by Froehly and coworkers in 1973. The spectral fringes of the interference signal is

% S. Kujawinska, “Interferogram Analysis”, D.W. Robinson and G.T. Reid, eds (Institute of Physics, Bristol, UK, 1993), pp 141-193.
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inversely proportional to the optical path difference between two beams, which in turns depends
on the phase difference. One big advantage of using spectral interferometry method is that the
spectral interferogram can be recorded simultaneously by using either photography or a
multichannel analyzer, such as a CCD detector or OSA. Unlike in time-domain interferometry,
small fluctuations of the optical path length do not invalidate the interferogram, although they do

reduce the fringe contrast if the time scale is shorter than the exposure time.

301

20 4

10 4

Dispersion (ps/nm/km)

| —— SMF Fiber Dispersion |

-10 4

1200 1300 1400 1500 1600 1700
Wavelength (nm)

Figure 5-3 Calculated dispersion curve of typical Corning-SMF-28 fiber, with zero-dispersion at 1310
nm. The dispersion is calculated for range from 1200 nm to 1700 nm, which is the typical operating

range for light in single mode fiber.
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Let’s first consider non-dispersion shifted single mode fiber (SMF) used in the
experiment, such as Corning SMF-28 single mode fiber. Approximately 100 m of SMF fiber in
reference arm is required to balance the length of two arms of the interferometer. This fiber has
zero-dispersion wavelength at between 1301 and 1321 nm. However, at zero-dispersion
wavelength, the attenuation is rather high, approximately 0.5 dB/km. This attenuation limits
transmission distance and increase loss in the laser systems; therefore it’s more desirable to

operate at the C-band where attenuation is smaller, approximately 0.1-02 dB/km.

The dispersion of the SMF-28 as a function of the wavelength

5, (5.4)

14
D=Z<L"%>orD=zwa+mﬂ)

With s, = 0.092 ps/nm/km is the slope of zero dispersion at Lo = 1310 nm for SMF-28 fiber, so
4
B = SO/8and C = SO/’{O /8

Approximately the group delay

T = (BA*>+CA17%) (5.5)
Knowing
_ 6_<p (5.6)
- dw
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Consequently phase excursion

¢ = dew - f(BAZ +CA?) do = f <B (zwic)z i (%)”) e (5.7)
o(w) = —B (27;0)2 N 3(62:;2 (5.8)

Spectral phase is the phase difference between two arms, which can be extracted by
Fourier transforming the spectrum, filtering out the negative and zero-frequency components,
frequency shifting the positive frequency component to DC (to remove the delay term), and
inverse Fourier transforming back to the frequency domain. The phase of the resulting spectrum
is then the phase difference between the reference ¢, (w) and the phase ¢, (w) of the CPA arm,
with the value of ¢ (w) calculated above to avoid ambiguity in the sign of cosine argument. The

experiment can be repeated with different phase delays to validate retrieved spectral phase.

5.4  Experimental Results

In the first setup, a fiberized CFBG was used as the temporal pulse stretcher. The length
of the fiber CFBG is approximately 1 meter, and is suitable for reducing the physical footprint of
CPA systems. The short length of the fiber CFBG also makes it much less susceptible to

fluctuations in environmental temperature.
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Figure 5-4. Optical spectrum without pulse shaping (solid) and desired parabolic output spectrum
(dashed) (b) Typical parabolic optical spectrum generated with the spectral processor. The output

spectrum has signal to noise ratio of ~28 dB measured from the maximum of the intensity profile to
background noise.

Initially, only spectral intensity modulation was applied to the input pulses. A spectral
intensity mask was generated by taking the difference between input spectrum and the desired
target output spectrum seen in Figure 5-4 (a). This mask was applied to the Finisar spectral
processor to produce the desired parabolic optical intensity shape. These output pulses have 15

nm optical bandwidth at 10 dB, centered around 1552.5 nm and have temporal width of 1.4 ps.
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Figure 5-5. Optical spectra of pulses in CPA arm and reference arm. Pulse spectrum in
CPA arm has parabolic shape, resulting from the intensity modulation performed at the
Finisar spectral processor. However, as the pulses after shaping are amplified to high
power, due to low repetition rate and long fiber length of the CPA arm as well as the
optical amplifier, nonlinearity caused intensity modulation observed on the amplified
spectrum. This modulation is periodic, indicating the presence of SPM.

The output parabolic pulses after intensity shaping, in Figure 5-4 (b), were amplified
before being compressed with the bulk compressor. Due to high power setting, there will be
intensity modulation as seen on amplified spectrum in Figure 5-5. This pulse is used to interfere
with pulse from reference arm. The resultant interference spectrum can be seen in Figure 5-6. To
maximize the depth of interference fringes as well as avoiding SPM due to high peak power,
power of pulses in CPA is attenuated to match pulse power in reference arm using a bending
optical attenuator. A polarization controller is utilized to ensure the same polarization in both

arms.
103



55 | —— Interference spectrum |

1545 1548 1551 1554 1557 1560
Wavelength (nm)

Figure 5-6. Typical spectral interferogram of parabolic optical pulses generated with the spectral

processor and reference pulses
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Figure 5-7. Typical spectral interference fringes
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In Figure 5-7, interference fringes of Sl approach is plotted in linear scale. This
interference fringes is obtained by subtracting the spectrum of reference arm and CPA arm from
the spectral interferogram in Figure 5-6. To implement fast Fourier transform for phase retrieval,
the spacing and the number of points in which the spectrum is measured is set to be 1024.
Afterward, the standard Fourier transform spectroscopy technique is implemented to retrieve

spectral phase difference between two arms.
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Figure 5-8. Fast-Fourier-transform (FFT) of the interference fringes.

In Figure 5-8 the Fourier transform of the interference fringes shown in Figure 5-7 is
shown. This graph shows symmetric behavior, typical for the Fast Fourier transform operation;
therefore only half the graph is sufficient to provide the information of the spectral phase. This

data will be used in the inverse Fourier transform to retrieve spectral phase difference between
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the two arms of the Mach-Zehnder interferometer. Physically changing the optical path length
difference between the two arms by adjusting the variable optical delay will result in shifting the

plot closer or further from DC in this graph.

If pulses from two arms have the same (or no) chirp, then the interference pattern will
show a perfect sinusoidal function, with the frequency of the function inversely proportional to
the time delay (or optical path length) between pulses. The resultant Fourier transform of that
interference fringes will be the Fourier transform of a sinusoidal function, which is a delta
function. However, when there is chirp presence, the delta function broadens accordingly to the
complexity of the chirp, as seen in Figure 5-8, and chirp information can be obtained by

performing inverse Fourier transform
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Figure 5-9. Measured FROG spectrogram of CPA pulse without phase compensation. Notice the
significant smear out from the zero-delay central pulse, as well as the green structures at ~12 ps delay,

corresponding to the satellite pulses seen in autocorrelation trace plot.

To validate spectral phase retrieval using Sl approach, the FROG-based phase retrieval is
used for comparison. A FROG spectrogram was constructed by collecting 1024 FROG traces by
gradually varying the arrival time difference of the two pulses on two arms of the FROG, with
delay setting at 48 fs between traces. A commercial FROG software, which implements an
iterative phase retrieval algorithm, was used to reconstruct the pulse shape from the FROG
spectrogram. The retrieval error of the retrieval procedure was on the order of 2.5E-3, showing a

very good convergence. In Figure 5-9, the FROG spectrogram of parabolic pulses without phase
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compensation is shown. In this figure, the green wings indicate the presence of chirp, or higher

order dispersion.
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Figure 5-10. Reconstructed spectral phase using spectral interferometry approach (dashed) and
FROG approach (solid). The shape and amplitude of these two spectral phases match very well

within 1545-1558 range, and less well at the red (longer) wavelength.

To retrieve spectral phase of pulse, inverse Fourier transforming back to the frequency
domain was performed. In Figure 5-10, the retrieved spectral phase using SI approach is plotted,
together with spectral phase retrieved with the FROG. The retrieved spectra show remarkable
agreement, with about 30 radians offset, ranging from 1542-1558 nm. Moreover, the Matlab-

based phase retrieval code used to calculate spectral phase has a significant time advantage over
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the FROG-based approach, with only 10 minutes long procedure, in comparison with FROG-
spectrogram generation and phase retrieval of about 10 hours. Consequently, the Sl phase
retrieval approach brings up the prospect of real time pulse monitoring and shaping for CPA
systems. The faster retrieval time also allows multiple feedback loops to be performed,

potentially improve pulses quality and pulses width to theoretically transform limited.
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Figure 5-11. Measured FROG spectrogram of CPA pulse with phase compensation. The spectrogram
is constructed with 1024 FROG traces, with total time delay of about 24.5 ps and optical range of 10
nm, from 771-781 nm.

The spectral phase from Figure 5-10 using Sl approach is fed back to the Finisar
waveshaper to adjust spectral phase compensation. Figure 5-11 shows the measured FROG

spectrogram of parabolic CPA pulses after phase compensation. The shape of the experimental
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FROG spectrogram in Figure 5-11 is strikingly similar to the expected FROG spectrogram of a

chirp free parabolic pulse, with significant reduction in the temporal wings.
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Figure 5-12. Measured AC trace of a phase compensated pulse (blue-dashed), in comparison with an
AC trace of CPA pulses with only parabolic intensity modulation (red-solid) in linear scale, with
temporal intensity normalized to unity. Notice the occurrence of pedestals at 13 ps delay at both AC
traces before and after phase compensation, indicating the presence of satellite pulses, which can’t be

compensated by changing dispersion.

The contour of the retrieved spectral phase using spectral interferometry approach
follows the contour of the FROG-based retrieval phase, with about 35 radians offset. The right
wing of the spectral phase however doesn’t match, that could be attributed to the lack of
interferometry information at wavelength longer than 1557 nm, as seen in Figure 5-7. Since the

SHG is a nonlinear optical phenomenon, the intensity, or amplitude of the SHG signal strongly
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correlates to the peak power of the input pulses. The contrast in background of the FROG
spectrograms in Figure 5-11 with the background of the FROG spectrogram in Figure 5-9

implied substantial increase in peak power of pulses after phase compensation.
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Figure 5-13. Measured AC trace of a phase compensated pulse (dash), in comparison with an AC trace
of CPA pulses without phase compensation (solid) in linear scale, with temporal intensity normalized

to unity

In Figure 5-12, the measured autocorrelation trace of pulse without phase compensation
is shown (solid) with temporal duration of 1.1 ps at FWHM, with the amplitude of
autocorrelation traces normalized to unity. After phase compensation, a 0.72 ps temporal
duration autocorrelation trace (dashed) was achieved. This measured autocorrelation trace shows

very good agreement with a calculated autocorrelation trace of transform-limited pulses with the
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same parabolic optical spectrum of 0.7 ps. It should be noted that the pedestals in temporal

profile of a CPA pulse without phase compensation have been well suppressed by 13 ps delay.
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Figure 5-14. Reconstructed spectral phase of parabolic pulses with both spectral intensity and spectral
phase modulation. The graph shows very good linear trend of spectral phase, compared with a linear
fit (solid blue), indicating good spectral phase compensation.

In Figure 5-13, the autocorrelation traces are renormalized and re-plotted, with respect to
power under curves. These results clearly show that a substantial amount of energy under the
pedestals on the wings has been transferred to the central lobe, significantly increases pulse peak
power. The relative intensity of the autocorrelation trace of pulse before phase compensation is
approximately 0.22, indicating a 4.5 fold increase in peak power. In this figure, the pedestals

occur at 13 ps delay, these pedestals appears on both autocorrelation traces before and after
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phase compensation, indicating the presence of satellite pulses. These satellite pulses could be

the results of a local Fabrey-Perrot oscillator, or pulse reflection within the laser system.

In Figure 5-14, the reconstructed spectral phase of parabolic pulses after phase
compensation is plotted. After pulse shaping, the retrieved spectral phase of pulses with pulse
shaping is shown in blue. The linear fit of the retrieved spectral phase indicates a 0.45 radians

root mean square deviation over the whole optical spectrum of the pulse.

5,5  Summary and Discussion

In summary, we have demonstrated a spectral interferometry (SI) approach to measure
spectral phase of our CPA system. This Sl approach appears to be an excellent method because
of its simplicity, small footprint, low cost and time efficient. And yet this approach allows the
generation of high quality CPA pulses comparable to the FROG-based feedback loop approach.
This approach allows the portability of the CPA systems by bypassing the use of the FROG as
well as enables real-time pulse monitoring and adjusting. Using Sl spectral phase retrieval for
our feedback loop, we achieved near transform limited parabolic pulses of 0.74 ps temporal
autocorrelation duration at FWHM, with fairly linear spectral phase across the optical spectrum
(1545 nm to 1560 nm). By suppressing the temporal pedestals, energy under temporal pedestal
was transferred to the central peak, resulting in 4.5 times increase in peak power. The time
duration for this spectral interferometry approach is on the order of 10 minutes, that’s 60-fold

improvement over the FROG-phase retrieval approach. The consistency of the pulse spectrogram
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with this technique and the FROG approach confirms this approach as highly reliable, can be

readily adapted to any existing CPA systems.

Several improvements however can still be implemented.

The spectral phase retrieval approach gives the phase difference between two arms of the
Mach-Zehnder interferometer. Therefore in order to successfully measure and compensate for
the accumulate phase in the CPA system, it’s very important for the seed laser to be chirp-free,
as the quality of the pulse after compensation will be limited by the seed laser, and the measured
spectral phase with interferometry will only reflect the phase accumulation in the CPA. The
pulse picking operation (or frequency selection down) from 20 MHz to 1.25 MHz was performed
with an EOM instead of an AOM. This was done to avoid frequency shifting of the axial modes
of the pulse in the CPA arm with respect to the pulse in the reference arm, and consequently

would render laser beams from two arms incoherent for interference purpose.

VOD

AL A

L Stretcher > #
LPF - f/N «@} SG Driver

i Booster Compressor OSA

Figure 5-15. Block diagram of spectral interferometry setup for a chirped pulse amplification
system with AOM on both arms. The signal generator produces a square gating signal to modulate

the 200 MHz carrier frequency signal from the AOM driver. The RF driver sends out sinusoidal
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signal of 200 MHz to drive the AOM modulators. The AOM on the reference arm is used to shift

axial modes of pulses to the same amount of the CPA arm.

However, the EOM have much smaller extinction ratio of around 24 dB compared to an
extinction ratio of approximately 45 dB of an AOM. This would eventually lead to increasing
noise of the interference measurement. One possible approach avoid this issue is to use two
AOM intensity modulators in both arms of the Mach-Zehnder interferometer, driven with the
same RF drive source so the frequency shifting of the axial modes in two arm would be identical.
The sketch of this setup can be seen in Figure 5-15. The use of the AOM in the CPA arm would

reduce leak and subsequently improve the contrast of signal to noise.

The repetition rate of the laser in the reference arm is 20 MHz, corresponds to a 50 ns
time period, or ~10 m of optical path length in fiber. In the CPA arm, due to frequency selection
down to 1.25 MHz, the time separation between pulses is 800 ns, or approximately 160 m of
optical path length. In order to balance the optical path length of the two arms of the Mach-
Zehnder, a 110 m fiber spool was added to the reference arm. The coherent length of a transform
limited mode locked laser is typically on the order of many kilometers. Therefore, if the optical
path length difference is much smaller than the coherent length, instead of interfering with its
own copy in the reference arm, a pulse from the CPA arm can interfere with a different pulse
from reference arm, without losing signal to noise contrast. Consequently, the length of the fiber
spool was reduced to ~10m. The reduction in length of the fiber spool helps reducing fiber

fluctuation and change in dispersion due to thermal fluctuation as well as mechanical vibration.
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The number of the interference fringes is proportional to the change in time delay (or
optical path length AL) between two pulses. The larger the AL, the bigger the number of the
interference fringes. Increasing the number of interference fringes help improving the resolution
of the retrieved spectral phase. The maximum resolution of the OSA in the experiment is 0.05
nm. By using an OSA with higher resolution, the interference fringes can be better resolved,

resulting in more accurate phase retrieval.

A phase retrieval using a stationary-phase point scheme can be implemented®. The
stationary-phase point scheme would help reducing false maxima and minima, hence further
enhance the feature of the interference fringes. Also, in the phase retrieval Matlab code, instead

of using a hard filtering window with cut-off values, a Hamming window w(n) =a —
B cos (%) with @ + =1 and N is the number of data point, could be applied to filtering out

the negative and zero-frequency components after Fourier transforming the spectrum.

% “Phase retrieval from spectral interferograms including a stationary-phase point”, Petr Hlubina, Jacek
Olszewski, Opt. Comm, Vol. 285, Iss 24, pp. 4733-386 (2012)
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FUTURE WORK

This section describes the suggested paths that the student’s work may lead in the near

and long-term future.

One approach that will be pursued is the incorporation of a spectral phase characterization
using spectral interferometry approach. This would greatly reduce the required acquisition
time to generate spectrometer with the nonlinear FROG method, without compromising the
quality of data. The use of Mach-Zehnder spectral interferometry setup would be much
simpler, cost effective, easy to design and implement, as it consists of using only fiber.

Another future direction for the parabolic pulse shaping is in high power regime. The current
focus is on parabolic pulse shaping for fiberized CPA laser system at average power output
of about 50 mW. At higher output power setting, the effect of nonlinearity becomes more
apparent, and therefore additional care is required to limit the degradation effects of self-

phase modulation and higher order dispersion.
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CHIRPED FIBER BRAGG GRATING SPECIFICATION
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In this appendix, the characteristics of CFBGs is presented, and the necessity for high
quality CFBGs for pulse shaping as well as X-CPA and lidar ranging applications are discussed.
The dispersion required, or the differential temporal delay between the wavelength components,
required for pulses stretching to the 15 ns period regime, is extremely large. The optical
bandwidth of the laser in question is about 10 nm at FWHM. Consequently, the required
dispersion is in the order of 1.5 ns/ nm, which corresponds to a differential path length of 30

cm/nm in fiber.

A typical dispersion media in communication is the single mode fiber (SMF), which has
~17 ps/inm/km dispersion. With SMF, to achieve the same stretching regime, one would need
tens of km of fiber to reach 15 ns in pulse duration. To date, most CPA as well as X-CPA
applications require availability for complimentary dispersion to that used for the stretching.
Dispersion compensating fiber (DCF), which has approximatelly over 10 times the dispersion of
SMF can be utilized. However, as the group delay spectral profile of DCF does not match SMF
for all wavelength components, matching complimentary stretching and compressing for pulse
compression is very challenging. Consequently, CFBG technology arise as the cutting edge in
providing large dispersions and making essential components for extremely chirped pulse
generation and appplications. One important advantage of using CFBGs over fiber spool is the
inherent small footprint, and less vulnerability to the thermal fluctuation of surrounding

environment.

However, CFBG development faces its own challenges and the performance of many

frequency-to-time mapping applications are limited by the current CFBG technology. It should
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be noted that 1 ns/nm which can translate to a 10 ns differentail group delay for 10 nm of
spectral separation, corresponds to 0.2 m of spatial separation in fiber. The most common
technique to attain broadband reflection combining narrowband gratings individually recorded
using interferometric techniques. Apparently, the detrimental results of this effect are shown in
Figure A.0-1, where typical characteristic of a commercially available CFBG is shown. Both the
insertion loss (reflectance) and the group delay demostrate periodic modulation is the result of

the stitching process performed on many gratings.
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Figure A.0-1: Commercially available CFBG characterization. (a) Insertion loss. (b) Group delay
ripple and round trip residual group delay. The GDR plots are also centered on zero and have been
shifted for viewing purposes. Grating dispersion 991 ps/nm. The GDR has the order of magnitude of
approximately 80 ps. This is the limiting factor of pulse compession in CHAPTER 1:
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As seen in Figure A.0-1 (b), the group delay ripple of a CFBG is defined as the higher
order group delay modulation. Ideally, the dispersion should show linear behavior, or zero-group
delay ripple. In practice, the dispersion is only near linear, and the imperfections on the CFBG
manufacturing result in residual group delay, which is the group delay sum of the two

complimentary grating ports.

In the future, the advance in technique to manufacture CFBG can significantly reduce the
amount of group delay ripples, and consequently, improve on the performance of pulse shaping,

X-CPA oscillators, lidar ranging and many other applications.
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ARBITRARY WAVEFORM GENERATOR
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Table 2. Arbitrary Waveform Generator Specification

Sampling Frequency 10 GSamples/sec
Resolution 8 digits
Accuracy +1 ppm
Rise/Fall Time 50 ps

Amplitude 50 MV, t0 2.0 Vpp
Amplitude Resolution 1mvVv

Bandwidth 10 GHz

Output Impedance 50 Q

Harmonic Distortion <-35dBc
Insertion Loss ~6dB

Timing Jitter 50 ps at 0.5 Gb/s

Trigger Rate

1.0 usto 10.0s

Trigger Resolution

3 digits, 0.1 ps minimum

Connector

SMA

Display

LCD color display with touchscreen

Operating System

Windows XP, USB communication port
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In the RF world, a variety of modern technologies ranging from a wireless computer
keyboard to a satellite image require signal generator equipments that can provide fast sample
rate with high resolution to recreate complex RF behavior. The latest digital RF technologies
often exceed the capabilities of current test equipment to generate wide-bandwidth and fast-
changing signals that are increasingly seen in many wireless applications such as radar, UWB,

and many others.

The Arbitrary Waveform Generator (AWG) used in the experiment is among the latest
signal generator devices that enable the direct generation of RF signals and their output through
the D /A converter for signals up to a carrier frequency of 5 GHz and a bandwidth of 10 GHz.
The direct generation of IF or RF signals avoids I/Q degradations and lengthy adjustments
associated with traditional generation using 1/Q modulators. The AWG7000 Series with its
maximum sample rate of 20 GS/s is an excellent solution that allows a direct RF signal
generation for up to 5 GHz. In the experiment, the AWG is used to generate the required
electrical (RF) signal to drive the LiNbO3 Intensity modulator. The complexity of the electrical
signal depends on the intensity profile of the input optical signal to the Intensity modulator, and
the shape of the required output signal. In order to produce that complex signal, the AWG needs
to have sufficient RF bandwidth; ideally the broader the inherent bandwidth, the better the
generated RF signal matches the required signal. However, the cost of the AWG devices would
go up exponentially with the available bandwidth. Therefore it’s essentially to balance the
needed quality of the output signal and the available bandwidth of AWG device to achieve a cost

effective solution.
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Table 3. Acousto-Optic Intensity Modulator Specification

Wavelength 1550 nm

Optical Power Density 20 W/mm?

Carrier Frequency 200 MHz

Rise Time 20 ns

Modulation Bandwidth 25 MHz

Max RF Power 1.5W (~31dBm)
Fiber Pigtail PM single mode fiber
Back Reflection 40 dB

Insertion Loss ~6dB

An acousto-optic modulator (AOM) is used to frequency select the repetion rate of the
seed laser from 20 MHz to 1.25 MHz. The AOM is driven by an AOM driver with carrier
frequency of 200 MHz. The AOM is a fiberized modulator, with output coupled into fiber, would
significantly simplify alignment as well as reduce overall footprint of the laser system. It’s
advantagous to use the AOM instead of an Intensity modulator (IM), to improve the signal to
noise ratio, and therefore achieve a higher quality results. An Intensity modulator would have
less than 30 dB signal to noise ration, in contrast to at least 40 dB signal to noise ration of an

AOM.
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APPENDIX D:

FINISAR DESIGN AND SPECIFICATION

127



Table 4. Finisar Waveshaper Specification

Waveshaper

Finisar

Wavelength

1530 — 1562 nm

Frequency Range

191 -196.05 THz

Insertion Loss 4 dB
Return Loss >30dB
Filter Bandwidth 0.1-32nm
Frequency Accuracy +/- 5 GHz
Attenuation Range 0-35dB

Attenuation Resolution

Better than 0.1 dB

Max Input Power

13 dBm

Dispersion x Bandwidth product

40s




Finisar programmable optical processor

LCoS

Fiber Array

Diffraction Grating

Imaging

Optics Imaging Mirror

Figure D.0-1: The programmable optical processor Finisar is connected and controlled by a computer
via USB gate. The Finisar used in the experiment is the Programmable Optical Filtering (Waveshaper
1000E) version, with one input and one output optical port. The waveshaper has a low insertion loss,
typically around 4.5 dB, flat spectral response across the C-band. Additionally, the 4000E version (not

used in the experiment) has low cross talk between ports.

The Finisar spectral processor is a programmable, flexible wavelength selective switch
(WSS) device based on liquid crystal on Silicon (LCoS) technology, which can be programmed,
reconfigured, updated to arbitrary modulate spectral intensity and phase of specified channels.

The LCoS acts as a programmable and reconfigurable 2-D optical phased array reflector.

129



Light enters the Finisar optical wave processor fiber array, and is then sent through
polarization diversity optics to align orthogonal polarization states to maximize efficiency at the
diffraction grating. Beam incidents the diffraction grating at first-order Littrow angle, which is
the angle in which the grating diffracts light back along the incident beam. The diffraction
grating angularly disperses the incoming light, so that each color is sent to different pixel of the
LCoS array across the horizontal axis. The light diverges vertically so that the signal overlaps a
large numbers of pixels. The reflected light is traced back through the system to the output port.
As the wavelengths are separated on the LCoS after dispersion from the grating, each color (or
wavelength) is controlled independently and without interfering, or cross-talking with other

colors. [85]

The phase of the signal is modulated by controlling the voltage dependent retardation of
each pixel. The attenuation control for each pixel is achieved by setting the phase pattern on the
LCoS array such that the light is split into two components. One component is sent to the output
port, while the other component is directed to a power dump within the Finisar wave processor.
By changing the relative power in each of these two beams, the attenuation is precisely

controlled, with better than 0.1 dB attenuation resolution.

Moreover, the phase of the signal on the LCoS can also be varied along the horizontal (or
spectral) axis. A linear change in spectral phase corresponds to a temporal shift in the time
domain. For example parabolically varying spectral phase will correspond to a linearly varying
group delay, which translates to a change in group dispersion or temporal delay. Therefore

dispersion and temporal delay generation and compensation is also possible. [85]
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MATLAB ALGORITHMS AND LABVIEW INTERFACES
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Appendix E 1. Matlab algorithms

In CHAPTER 5: the spectral phase retrieval was performed by analyzing the optical
spectral interferogram. The Matlab algorithm to generate FROG spectrogram is shown in the
following section. The spectral phase retrieval code is also presented in the following paragraph.
An input data file is required to run the algorithm, which contains two columns, one for

wavelength, and one for interference spectrogram in linear scale.
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% FROG spectrogram generation using a parabolic input pulse
%This program will calculate the Wigner OR Ambiguity Distribution;
%Note the time reversal of the waveform a2 for calculating the Wigner.
clear; close all;

N=064; Ntot= 4*770;

i=1:Nj;

j=1:N;

k=1:3*N;

a2(k)=0;

al(k)=0;

%Parabolic Pulse

%T=30;

%al(N+1:2*¥N)=1.0*sech((i-N/2)./T);
%a2(N+1:2*N)=1.0*sech((i-N/2)./T);
al(N+1:2*N)= (1.0%(-(i-N/2).”2)+ Ntot)./Ntot;
a2(N+1:2*N)= (1.0%(-(i-N/2).”2)+ Ntot)./Ntot;
%oplot(i,e(i));

%Gaussian Pulses w/ quadratic / or cubic phase (change exponent)
%al(N+1:2*N)=(1.0%exp(sqrt(-1)*(2*pi*32.0*%/N+0.002*(1-N/2).73))) *(1.0*exp(-(i-
N/2).72/10.72));
%a2(N+1:2*N)=(1.0%exp(sqrt(-1)*(2*pi*32.0%1/N+0.002*(1-N /2).73))) *(1.0*exp (- (-
N/2).72/10.72));
%a2(2*N:-1:N+1)=(1.0%exp(sqrt(-1)*(2*pi*32.0%i/N+0.002*(1-N /2).73))) *(1.0%*exp(-(i-
N/2).72/10.72));

%Gaussian Pulses w/ intensity dependant SPM
%al(N+1:2*N)=(1.0%exp(sqrt(-1)*(2*pi*16.0%/N+ (1.0%exp(-(-
N/2).72/10.72)))).”2).*(1.0*exp(-(i-N/2)."2/10.72));
%a2(N+1:2*N)=(1.0%exp(sqrt(-1)*(2*pi*16.0%1/N+ (1.0%*exp(-(-
N/2).72/10.72)))).72).*(1.0%exp(-(1-N/2).”2/10.72));
%a2(2*N:-1:N+1)=(1.0*exp(sqrt(-1)*(2*pi*16.0*1/N+ (1.0*exp(-(i-
N/2).72/10.72)))).”2).*¥(1.0*exp(-(-N/2)."2/10.72));

for j=1:N,
for i=1:N,
% a3(1,j)=al(3*N/2+i-j).*(conj(a2(N /2+i+j))).*(-1). (j+i);
%Use this for rect pulses
a3(i,j)=al (N+j+i).*(conj(@2(N+i-j))).*(-1)" (+i);
ad4=a3.;
%  a4(j,i)=a3(i,));
end
end
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1=1:N;
figure;
plot(i,real(al IN+i)),i,real(@2(N+1)));

sound(real(al));
A3=((tft(a4)));
A3M=sum(A3.");

Y%A4=((tft2(A3)));
Yoplot (1,A3M(i));
%mesh(A3);
Y%contour(A3);
figure;
Yosurfl(25-abs(A3));
pcolor(-abs(A3"));
% surtl(a4);
shading interp;
%colormap(hot);
colormap(jet)
Yowaterfall((A3));
Y%contour((A3));
%colormap(hsv);
Yoview(0,90);
rotate3d on;
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%ZFast Fourier transform algorithms to retrieve optical spectral phase using spectral
%interferometry approach

clear all

cle;

c = 3*%10"§;

L — S -
%lInput interference spectrum
load OSAinput.txt
wavelength= OSAinput(:,1)
interference= OSAinput(:,2)
figure(1)
plot(wavelength,interference);
Ftransform= fft(interference);
pft= abs(Ftransform);

subplot(2,2,1); plot(abs(Ftransform));
%manually create the window, set All but the window to zero
iR=200
iL.=35
for i = iR:1001
Ftransform(ii) = 0;

end
for i = 1:iL
Ftransform(ii) = 0;
end
subplot(2,2,2); plot(abs(Ftransform));
- S -

Y%oshift peak to zero
SFtransform = zeros(1001,1);
[Max Pos| = max(Ftransform);
for i = 1:iR-iL

SFtransform(1i+499-Pos+il) = Ftransform(ii+il-1);
end
L S -
%Retrieve spectral phase by inverse Fourier transforming Ftransform
subplot(2,2,3); plot(abs(SFtransform));
Sphase = (unwrap(angle(ifft(fftshift(SFtransform)))));
Sphase= Sphase/2/pi;
subplot(2,2,4); plot(wavelength,Sphase)
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%PFinisar mask generation

clc; clear all; Y%close all; clf;

% loading optical spectrum in dB scale
load OSAinput.txt

lambdas = OSAinput(;,1);

Spectrum= OSAinput(;,2);

c= 299792458; % speed of light

min_intensity= -69; % in dB

pmin= 10" (min_intensity/10); %oextend parabola tails low dB.
Ispect= 10.”(Spectrum/10); %change intensity to linear

%parabola parameters can be changed to match specific input spectrum
a= 0.0155; x0= 1552.65; b= 0.0135;

x1= x0-sqrt(b)/a;

x2= x0+sqrt(b)/a;

parabola= (-(a*(lambdas-x0)).”2+b);

parabola= 0.027*(-(a*(lambdas-x0)).”2+b).*(lambdas>x1).*(lambdas<x2);
parabola= parabola-(lambdas<x1)*pmin-(lambdas>x2)*pmin;

paradB= 10*log10(parabola); %%change intensity to dB

paradB= real(paradB);

%IMPORTANT

%OSA needs to be calibrated to match central frequency of Finisar
freq=c./lambdas/1000; % frequency in THz

%freq0= ¢/1552/1000;

treq0= 193.117 % specify central frequency
freq_detune=(freq-freq0);

tigure(1); clf,

subplot(2,2,1);
plot(lambdas,lspect,Jambdas,parabola,'k', linewidth',1.5);
xlim([1542.5,1562.5]); ylim([-(1e-6),1.5e-3]); grid on
set(gea, fontweight','demi');

xlabel("Wavelength (nm)"); ylabel('Power (au)')
title('Linear spectrum’)
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subplot(2,2,2);
plot(lambdas,Spectrum,Jambdas,paradB,'k, linewidth',2); grid on
xlim([1542.5,1562.5]); ylim([-70,-25]);

grid on

set(gea,' fontweight','demi');

xlabel("Wavelength (nm)"); ylabel('Power (dB)")

title('Spectrum in dB');

% mask in linear scale

subplot(2,2,3);

Imask=lspect-parabola;

Imask= Ilmask;
plot(lambdas,lmask,'k','linewidth',1.5);
xlim([1542.5,1562.5]); ylim([-(1e-6),1.5¢-3]); gtid on
set(gea,'fontweight','demi');

xlabel("Wavelength (nm)"); ylabel('Power (au)')
title('Required attenuation');

% mask in dB scale

subplot(2,2,4);
mask= (Spectrum-paradB).*(lambdas>x1).*(lambdas<x2);
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Appendix E 2. Finisar Interface

Finisar programmable optical processor

Figure E.O-1: The programmable optical processor Finisar is connected and controlled by a computer
via USB gate. The Finisar used in the experiment is the Programmable Optical Filtering (Waveshaper
1000E) version, with one input and one output optical port. The waveshaper has a low insertion loss,
typically around 4.5 dB, flat spectral response across the C-band. Additionally, the 4000E version (not

used in the experiment) has low cross talk between ports.
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Figure E.0-2: Commercially available Finisar software to control the optical Finisar spectral wave

processor. The interface is controlled with a desktop computer, and communicates with the Finisar

spectral processor via USB gate. An intensity mask and a spectral phase mask are designed and

applied to the input optical pulses, as can be seen in the picture. An input center wavelength frequency

is calculated to properly align spectral masks to optical spectrum of the pulses.
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