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Abstract
Photonic Crystal fibers give us numerous outstanding optical properties, such as endless single mode, high nonlinearity and controllable chromatic dispersion. It is possible to make optical devices based on these different functional fibers. One can make light sources which are compact, portable, widely tunable, ultrashort pulse duration, and which deliver high peak powers. Particularly, our research focus is on fiber based optical parametric oscillators, and we generate tsub-100 fs tunable IR output. The detailed characterization of output pulses by the technology called, Frequency Resolved Optical Gating, shows that the pulse shape of output could be either well behaved or very complex depending on the changes the degree of synchronization. We simulate pulse propagation within fibers as well as model the fiber based optical parametric amplifiers. The theory suggests that it is possible to have a self-similar pulse based on our current fiber based optical parametric oscillators. Furthermore, based on the understanding above, we are working on improving the quality of pulsed output both theoretically and experimentally. An easy approach is to use a fiber based parametric amplifier to let the pulse evolve into self-similar region, and have another optional fiber for pulse compression.
1. Introduction And Motivation
In the work proposed here we aim to have a greater understanding of pulse generation and evolution in photonic crystal fibers. We aim to apply new understanding in building pulsed light sources addressing needs in pulsed-light microscopy and spectroscopy.

1.1 Introduction of Photonic Crystal fibers
Pioneered by Prof. Philip St. J. Russell’s research group in the 1990s, Photonic-crystal fibers (PCFs) are a new class of optical fibers, which give unique confinement characteristics not possible in conventional optical fibers. PCF is now finding applications in fiber-optic communications, fiber lasers, nonlinear devices, high-power transmission, highly sensitive gas sensors, and other areas [1].
This class of fiber is referred to by other names like holey fiber, hole-assisted fiber, microstructure fiber, or microstructured fiber. Control over the geometrical design of the fiber leads to control over its waveguide properties. One can spatially vary an arrangement of very tiny and closely spaced air holes which go through the whole length of fiber. Such air holes can be obtained by using a preform with holes, made by stacking capillary tubes (stacked tube technique). Soft glasses and polymers also allow the fabrication of preforms for photonic crystal fibers by extrusion. There is a great variety of hole arrangements, as shown in Fig. 1 [1], leading to PCFs with very different properties.
[image: image1.emf]
Fig. 1
Images from [1] show an assortment of optical (OM) and scanning electron (SEM) micrographs of PCF structures. (A) SEM of an endlessly single-mode solid core PCF. (B) Far-field optical pattern produced by (A). (C) SEM of a recent birefringent PCF. (D) SEM of a small (800 nm) core PCF. (E) SEM of the first photonic band gap PCF. (F) Near-field OM of the six-leaved blue mode. (G) SEM of a hollow-core photonic band gap fiber. (H) Near-field OM of a red mode in hollow-core PCF. (I) OM of a hollow-core PCF.

Owing to different designs of the hole pattern (concerning the basic geometry of the lattice, the relative size of the holes, and possibly small displacements), one can have interesting optical properties, strongly dependent on the design details: 
· It is possible to obtain a high numerical aperture of 0.7 of multimode fibers [2]. 
· Single-mode guidance over wide wavelength regions (endlessly single-mode fiber) is obtained for small ratios of hole size and hole spacing [3]. 
· Extremely small or extremely large mode areas are possible. These lead to strong or weak optical nonlinearities. PCFs can be made with a low sensitivity to bend losses even for large mode areas [4, 9]. 
· Certain hole arrangements result in a photonic bandgap, where guidance is possible even in a hollow core, as a higher refractive index in the inner part is no longer required. Such air-guiding hollow-core fibers are interesting e.g. for dispersive pulse compression at high pulse energy levels. 
· Particularly for larger holes, there is the possibility to fill gases or liquids into the holes. This can be exploited for fiber-optic sensors, or for variable power attenuators. 
· Asymmetric hole patterns can lead to extremely strong birefringence for polarization-maintaining fibers [8] as well as polarization-dependent fibers [5，6]. 
· Unusual chromatic dispersion properties, especially anomalous dispersion in the visible wavelength region [8]. 
In summary, there are substantial design freedoms, allowing for different combinations of desirable parameters of PCFs.
1.2 Motivation for PCFs based devices
Solid-state laser systems often use 
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 crystals for stable generation of wavelength-agile short pulsed laser radiation [12]. One can have synchronous short pulses trains at different wavelengths, and the wavelength can be widely tunable at certain frequency domain. These pulse trains are useful in pump-probe measurements such as probing the carrier lifetimes in semiconductors and spectroscopically resolving fast chemical and biological reactions [13- 15]. Although commercial solid-state laser systems are quite successful and commonly used, they are still kind of expensive. During these years, facilitated by the development of PCFs there is a trend towards using ultrafast fiber lasers. The major drawbacks of fiber lasers are their limited tunable wavelength and pulse duration. Fiber-based optical parametric oscillators, operating through four-wave mixing (FWM) mediated by the 
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 nonlinearity of glass, promise to address this shortcoming. The advantages comparing to crystals based 
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 are [24]:

· The FWM phase-matching bandwidth can be continuous and hundreds of nanometers wide. 
· The signal gain occurs at wavelengths near to, as well as far from, that of the pump.
· The transverse mode quality of fiber-based oscillators is exceptionally good.
· A fiber-based gain medium lends itself to further integration with fiber components.
· The widespread adoption of ultrafast systems will be greatly facilitated by the development of fiber-integrated wavelength-agile synchronous sources.
So one of our motivations is to satisfy the need for compact tunable pulsed light sources. On the other hand, the comparison in Fig. 2 shows the importance of managing pulse duration and shape, so there is also a need to theoretically understand the pulse evolution as a platform for applied mathematics. Usually this is a job for numerical solutions of the nonlinear Schrödinger equation (NLSE) [10], which will be discussed in later sections. Furthermore, on the experimental side we need to fully characterize ultrashort pulses, which is impossible for any fast detector. So we need to have some other more powerful measurement, such as Frequency Resolved Optical Gating (FROG) which will be discussed in chapter 3.
1.3 Pulse propagation within fibers
Since PCFs have so many unusual optical properties, it is important know the evolution of optical pulses during the propagation within the fibers. Usually pulse propagation problems can be modeled as generalized NLSE [10]: 
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where 
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is the fiber loss (in inverse meters 1/m), 
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is the fiber nonlinearity (in inverse Watt meters (Wm)−1), 
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 is the fiber’s second-order dispersion (in seconds squared per meter (s2/m), 
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 is the fiber’s third-order dispersion (in seconds cubed per meter (s3/m), 
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 provides an approximate way of incorporating the Raman response.

For example, consider the problem of pulse propagation in a fiber amplifier. Two sets of parameters are available for comparison [11]: (a) Normal dispersion, 
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=+25 ps2 km-1, 
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=5 W-1 km-1, 
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=1.92 m-1 and (b) anomalous dispersion, 
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=-25 ps2 km-1, 
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=5 W-1 km-1, 
[image: image16.wmf]g

=1.54 m-1. The input pulse has a hyperbolic secant profile, Temporal FWHM is 300 fs, and 12-pJ energy.
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Fig. 2
Images from [11] simulation of pulse evolution in fiber amplifiers comparing self-similar evolution with soliton fission. Normal (a) and anomalous (b) dispersion using parameters typical of Yb- and Er-doped gain media respectively. The figures are false-colour representations (on a logarithmic scale) of the pulse temporal intensity and power spectrum.
The comparison in Fig. 2 clearly shows the difference between amplification with normal and anomalous dispersion. With normal dispersion we obtain self-similar dynamics. Amplification is associated with the simultaneous increase in both temporal and spectral widths and the absence of any wave breaking or pulse distortion. In contrast, for an amplifier with the same gain yet with anomalous dispersion, as the pulse energy increases with amplification, instabilities become apparent and the pulse breaks up owing to the effect of soliton fission. In this case, both the pulse temporal and spectral structure is complex and the output characteristics would be undesirable for many applications.
2. PCF Based Optical Parametric Amplifiers And Oscillators 
2.1 Experimental setup of fiber optical parametric oscillators
Two configurations are illustrated schematically in Fig. 3. A fiber optical parametric amplifier (FOPA) (Fig. 3 (a)) includes both “pump” and “signal” fields at the input where the system has been designed such that energy is shifted from the strong pump to the weaker signal resulting in amplification of the signal. Energy conservation dictates the generation of a third “conjugate” (often called the idler) field whose frequency is such that 
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 are the angular frequencies of the pump, signal, and conjugate fields, respectively. The generation of the conjugate field means that the parametric amplifier configuration can also be used for wavelength conversion. The second configuration (Fig. 3(b)) is device where a single “pump” field of sufficient power is launched into one end of the fiber, but the presence of a cavity allows for the coherent buildup of the ASE in a manner similar to laser action. Figure 3(c) illustrates the four-photon process and energy conservation within fiber optical parametric amplifier or oscillator.
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Fig. 3 (a) a single-pass parametric amplifier where a pump and signal are input to the system, and (b) a parametric oscillator where only a pump is input, but cavity feedback results in coherent buildup of a signal. (c) Annihilation of two “pump” photons and creation of two photons with different frequency.
Our current setup of FOPO is based on a piece of 4 cm PCF. In Fig. 4 the fiber has been placed within a Fabry-Perot cavity. By obtaining good cleaved ends of the fiber, using a properly chosen aspheric lens in front of the PCF, and choosing appropriate pump mode-matching lenses outside of the cavity, one can obtain low loss coupling through the short fiber. In practice, the value that one can obtain depends on the core size of the PCF that is being used, but 40% to 50% is typical for small core fibers (less than 2 um core diameter) and greater than 60% is typical for larger core fibers (greater than 4 um core diameter). The pump beam waist should be located near the input short-pass dielectric mirror (SPD) because that is also a location of the waist of the oscillating mode. Most PCFs exhibit some amount of birefringence, so the pump polarization should be aligned with the polarization modes of the fiber.
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Fig. 4 A typical fiber-based OPO that utilizes a short PCF within a Fabry-Perot cavity. Pump coupling into the cavity is accomplished by using a short pass dielectric mirror (SPD). Aspheric lenses (AL) focus the beam into the microstructure fiber, and the cavity is folded using broadband metallic mirrors M1-M3. Long wavelengths are reflected by both SPDs and thus oscillate within the cavity.

Parametric amplification is an ultrafast process mediated by the electronic susceptibility of the material. There is no long-lived excited state, so the FOPO cavity must be aligned so that it is synchronous with that of the pump laser cavity. The goal is to amplify the parametric scattering after each round trip through the system, and so a new pump pulse must be passing through the PCF when the photons generated by the previous pulse are passing through. Additionally, the ultrafast pump pulses can experience distortion upon propagation through the PCF. When the cavity is perfectly aligned then the system produces a stable pulse train with a minimum of amplitude fluctuations. Unstable amplitude fluctuations are present if the cavity is not perfectly synchronous.
It is critical to choose a fiber with the correct GVD behavior to obtain wideband parametric amplification [17]. One wants to choose a fiber and pump wavelength so that the system operates in the transition region between anomalous and normal GVD. The system will still operate over a fairly wide bandwidth when the pump laser is tuned slightly into the anomalous GVD, and in practice the system is much easier to align under these conditions. Oscillation is considerably more challenging to obtain for operation even slightly into the region of normal GVD.

The cavity lifetime is also an interesting consideration. The systems described previously have relatively lossless cavity mirrors at the oscillating wavelength, but suffer significant loss due to fiber input coupling. It is reasonable to estimate that the round-trip loss exceeds 70%. In order to identify the optimum oscillating signal feeback condition we must consider the goal of shifting as much energy as possible from the pump into the output conjugate field. Using this system we can independently adjust the feedback of the oscillating signal to obtain the optimum pump depletion.
The system depicted in Fig. 4 will operate at a center wavelength corresponding to the peak of the parametric gain. Wavelength tunability can be introduced by including a dispersive element within the cavity. If sufficient dispersion is added then the optical path length depends on wavelength. As such, the wavelength at which synchronous operation is achieved depends on the position of one of the end mirrors within the cavity.
We will show detailed experimental results of pulsed output based on phase retrieval of FROG measurement in the section 3.2
2.2 Self-similar pulse evolution in fiber optical parametric amplifiers and oscillators.
Since the FOPA is a central part of the FOPO, we will focus our theoretical study on the former. It can be modeled as four-wave mixing process based on the 
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 or Kerr nonlinearity. As illustrated in Fig. 3 (a), in the case of strong pumping such that the pump remains nearly undepleted, i.e. keep pump power 
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 constant. Then the other two pulses, signal wave
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 and idler wave
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, will satisfy the following coupled nonlinear Schrödinger equations (NLSEs) [22]:
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where 
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 is the phase matching parameter, 
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 EMBED Equation.DSMT4  [image: image32.wmf]12
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 are group velocities, 
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 are second order dispersions and 
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 EMBED Equation.DSMT4  [image: image36.wmf]2
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 are losses of each wave. Each NLSE Eq. (2) or Eq. (3) has dispersion term, self-phase modulation (SPM) term, cross-phase modulation (XPM) term and gain term. However, now in parametric amplifiers the gain is from the conjugation of other pulses through wave-mixing process. This is different from the model for Yb-doped fiber amplifiers or EDFA.
To gain some understanding of the dynamic pulse evolution of two pulses in the FOPA, we need to solve or simulate the coupled NLSEs Eq. (2) and (3). However, one can find that if two waves could have the relationship 
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, the conjugated gain terms in Eq. (2) and (3) are related and the problem simplifies. This condition naturally arises when one of two fields 
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 or 
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 are taken to be zero at the input. Mathematically, we arrive at the same form of NLSE in Eq. (1) where Eq. (2) and (3) are independent and can be solved separately. This allows us to think about the easy situation, quasi CW, first. Since the pulsed FOPA usually works synchronously, this approximation is reasonable to simplify the model. 
Suppose the length of the FOPA is 
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, and boundary conditions for the idler wave are 
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 For CW situation, we omit second and third terms in the left of Eq. (2) , and the XPM term as comparing to the strong undepleted pump. When lossless, 
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 [10], the solution for the signal pulse propagation within, 
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Therefore the generalized relation between two waves is:


[image: image47.wmf](

)

(

)

*

2100

tanh()exp(4),

iAzAzPziPzozl

gg

=<<

gg





(5)

Then, for pulsed situation, we use this to replace the last term of the right side of Eq. (2) accompanied with transformations: 
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where the gain coefficient is 
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. Now Eq. (5) represents a single independent equation governing the propagation. Although the gain coefficient and nonlinearity are saturated rather than constants, the solutions for Eq. (6) still have asymptotic or self-similar behavior [25].

We simulate Eq. (6), and observe the self-similar behavior in Fig. 5. The scaling parameter, 
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Fig. 5
The rescaled amplitude
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 based on the simulation of normalized Eq. (5), where the rescaled time in each pulse is
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Two characteristics can be indentified from Fig. 5: The pulse shape is more and more like parabolic shape during propagation. And after enough long distances, the pulse evolutes into a similariton or a self-similar pulse with asymptotic behavior. This result is consistent with pervious work [17-20], indicating that self-similar behavior is probably typical for generalized NLSE [25]. Our FOPA system has a high gain coefficient, and one can make the evolution distance short.

For example, using highly nonlinear fiber [24] for a FOPA set up , it is easy to obtain 
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 which makes the gain and nonlinearity in Eq. (6) saturate within a few millimeters. Therefore it is reasonable to rewrite gain coefficient and nonlinearity as constant-
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. Then the asymptotic solution of Eq. (6) is [18]:
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where Uin is the initial pulse energy of signal pulse, 
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 characterizes the amplitude of the pulse, 
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 characterizes its width and 
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Now one can easily indentify the scaling parameter is
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. More precisely, the dimensionless product gz determines the rate at which parabolic pulses spread in time as well as at peak power. This tells us that a much higher gain will greatly cut down the evolution distance of similaritons.

In order to compare the performance of FOPA with former EDFA or Yb-doped fiber amplifier methods [17,18], we suppose the gain coefficients, g, are 200m-1 and 2m-1 separately. Our comparison is based on a 10cm length FOPA and a 10m length usual fiber amplifier. One can find from the asymptotic solution Eqs. (6)- (8), g is in the denominator of the expression for Tp. This tells us that the large gain will not only cut down the evolution distance to reach self-similar propagation, but also efficiently make the pulse width shorter. Although the nonlinearity is in the numerator of the expression for Tp, the FOPA scheme only makes it three times bigger owing to XPM from the idler.
One can find the amplitude 
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. Therefore, if the gain is a factor of 100 times larger, the output of peak power of the pulse will be 15 times higher while the pulse width will also be 15 times shorter. Thus, similar to gain-guided fiber scheme [20], this FOPA scheme will let the similariton generation have a much higher peak power output with shorter pulse duration. These features may have further applications in mode-locked normal dispersion fiber lasers [26] and similariton based optical communications [27]. 
3. Characterization Of Short Pulses: Frequency Resolved Optical Gating (FROG)

3.1 Principles of FROG

Full characterization of an optical pulse involves measurement of the complex envelope, i.e., the magnitude and phase of the wave function 
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, or equivalently the magnitude and phase of its Fourier transform 
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The spectrogram of an optical pulse 
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 is a time-frequency representation equal to the squared magnitude of the Fourier transform of the pulse as seen through a moving window or gating function 
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It can be measured by transmitting the pulse 
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 through an optical gate controlled by a time-delayed gating function 
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with a spectrum analyzer at each time delay 
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, as depicted schematically in Fig. 6. An optical implementation relies on a moving mirror to introduce the time delay, an optical spectrum analyzer such as that shown in Fig. 7, and an appropriate optical gate. The technique is known as frequency-resolved optical gating (FROG) [28].
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Fig. 6
Measurement of the spectrogram 
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 by frequency-resolved optical gating (FROG) [38].
In the absence of a sufficiently short gating function 
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 depends on the nature of the used optical gate, as illustrated by the following examples:
For a second-harmonic generation (SHG) gate with input waves 
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 at the fundamental frequency, the wave at the second-harmonic frequency is proportional to the product 
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This time-frequency function is known as the Wigner Distribution Function. The overall optical system that implements the block diagram in Fig. 6 is depicted in Fig. 7 and the system is known as the SHG-FROG. This system is suitable for single-shot measurement.
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Fig. 7
The implementation of frequency-resolved optical gating (FROG): SHG-FROG [38].
However, experimentally, we usually need to do phase retrieval from the spectrogram we obtain. So the analysis is the opposite way. But then the initial phase of pulse is unknown. We need to guess this first and gradually change the phase. The problem of estimating 
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 is a “missing-phase problem.” One iterative approach follows the steps illustrated by the diagram:
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 is determined. Using some initial guess for the missing phase 
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, the previous procedure [inverse Fourier transform 
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 is computed and a new estimate of the unknown phase 
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And the process is repeated until it converges to a pulse wave function 
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 that is consistent with the measured spectrogram.
3.2 FROG Measurement results of FOPO
We built the SHG-FROG in our lab during last summer and fall semester and purchased pulse retrieval software from Femtosoft Technologies Ltd. We can use this powerful tool to characterize any short pulsed laser output- Ti: Sapphire, mode-locked fiber laser, or FOPO.

Two figures below are FROG screen shots showing the output from a FOPO based on the setup described in Fig. 4 in section 2.2. The wavelength can be “dispersion tuned” by adjusting the cavity length. Fig. 8 is the measurement of a perfectly synchronized cavity and Fig. 9 is the measurement of a slightly un-synchronized cavity.

In each figure, the top left panel is the measured spectrogram, where time delay is the horizontal axis and spectrum is in the vertical; the top middle panel shows the amplitude and phase of the retrieved electric field in time domain. The bottom middle panel is the spectral amplitude and spectral phase of the reconstructed field. The bottom left panel shows the reconstructed spectrogram. Two panels on the right side show the error based on this guess. The "Results" window in the near the bottom shows the parameters for the best fit (smallest error) of pulse.
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Fig. 8
Output pulse of Fiber OPO: Temporal FWHM: 86.35 fs, Center wavelength: 1212 nm
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Fig. 9
Output pulse of Fiber OPO: Temporal FWHM: 182.3 fs, Center wavelength: 1262 nm

A comparison of the two figures clearly shows the change in pulse shape as the cavity length is changed. This is probably because the change of cavity length also changes the degree of synchronization leading to the asymmetric amplifier of signal pulses. And this asymmetric amplifier eventually makes the signal pulse having two peaks.
4. Proposed Work
Much of the proposed work is geared towards understanding and improving the performance of FOPOs. Our preliminary FROG measurements show that the pulse shape of signal becomes complex as we vary the cavity length. There are at least two methods to solve this. Firstly one can attempt to separate the wavelength tunability from the cavity length, perhaps by using a tunable spectral filter. This will require a change to the design of the FOPO. Secondly, one can let the complicated pulse propagate within a FOPA such that it evolves into a similariton- parabolic pulse with linear chirp. The second approach is straightforward as we simply need another piece of PCF at the output of the FOPO.
4.1 Soliton and similariton propagation of the FOPO output
One of the advantages of the FOPO as a light source is the ability to tune the wavelength of the output into either the normal or anomalous dispersion ranges for commercially available PCFs. It is possible to obtain near-transform-limited pulses at the output of the FOPO for the perfectly synchronized cavity. These pulses can then be launched into an identical PCF configured as a parametric amplifier. Full characterization of the output as a function of power and amplifier length should display the expected self-similar pulse evolution. We can compare our simplified model for pulse propagation with experimental results to see how well it predicts behavior

The feasibility of this FOPA based similariton generation is studied in section 2.2. Figure 10 shows the experimental setup which we are currently working on. We use shorter wavelength pulse as signal output because 850 nm is in the normal dispersion for PCF (1300nm is anomalous dispersion for PCF.).
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Fig. 10 Experimental setup for self-similar pulses evolution in FOPA
If the theoretical model developed is correct, our FROG measurement should show that both the input and output of FOFA is parabolic shape with quadratic phase (linear chirp). Furthermore, we can use the linear chirp to compress the pulse duration.
4.2 Improvement of pulse propagation model

As we made numerous assumptions, it will probably degrade the model for FOPA and FOPO. It will be better including pump depletion, dispersion, and a rapidly varying envelope in a coupled field situation. And the biggest assumption is that we worked in an amplifier rather than an oscillator configuration. The model describing pulses within a cavity, including spectrally-dependent round trip losses and phase changes is no longer well described by the independent NLSE. It is important to explicitly include the time-dependent gain, which varies over the pulse envelope and the walk-off between the pump and signal pulses. A model which might be suitable for our situation is given as [34]:


[image: image112.wmf](

)

(

)

(

)

2

1

22

1

0

c

dd

GtLtTt

dtdt

dx

w

éù

-++=

êú

ëû







(9)

Eq. (9) describes the intensity profile of the repetitive signal pulses in the steady state. G(t) and L(t) are, respectively, the total round-trip electric field gain and loss. The cavity-detuning time, or walk-off between pulses, 
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, is defined as the difference between the repetition time period of the pump pulses, T, and the round-trip propagation time, 
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, of the signal pulses. The cavity bandwidth, 
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, is determined by the frequency-selective elements in the cavity.

The use of this model might be able to predict the complex pulse envelopes observed in our preliminary data and will give us a tool to use in making design choices to obtain output optimized for power, short pulses, or narrow spectrum.
4.3 Improvement and application of FOPOs
Armed with an improved understanding from the projects outlined above, we can consider new FOPO designs. First we will simply modify the accessible parameters in the existing configuration. We can optimize for power and short pulses by varying the amount of signal feedback, fiber length and dispersive properties of the optics currently being used. We can then modify the cavity so that the spectral tuning is independed from the cavity length. This way we can obtain “uncomplicated pulses” regardless of wavelength.
One application of FOPOs is to do optical manipulation. Our plan is use diffraction gratings to separate beams according to the wavelength, lens to focus each beam, a groove to serve as the room for manipulation in one dimension. So the goal is to use our FOPO as a tunable light source combining other optical components available in the lab, we can trap particles in one dimension. A similar idea based on Arrayed Waveguide Gratings was demonstrated by NTT in 2005 [39].

4.4 Other opportunities

Our primary goal is to optimize the performance of FOPOs for subsequent applications. There are, however, numerous problems of fundamental interest that involve pulse propagation in optical fibers. 

· Improvement of pulse propagation tools [10, 11, 34].
· Observation of rogue waves in optical fibers [35, 36]

· Gain guided optical fibers & Novel designs of PCF [20, 29- 33]
· PCF based light source for CARS [37]
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