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X-ray diffraction and scattering, X-ray spectroscopy, and X-ray crystallography are widely used in the life sciences, material science, and medical diagnosis. High-quality and high-brightness X-rays are a strong requirement to improve applications. Inverse Compton scattering (ICS) X-ray source has attracted great interests worldwide lately. To significantly enhance the average X-ray photon flux, a compact electron storage-ring combined with a high finesse optical enhancement cavity (OEC) can be utilized. In such a system, the collision rate between the electron beam and the laser pulse is greatly increased to the MHz range, enabling a photon flux up to 10 13 ph/s.

In the first chapter, I describe the motivation behind the development of OEC based on ICS X-ray source. The characteristics of this kind of X-ray source are summarized, compared to those of the conventional low-repetition-rate Terawatt laser system based on ICS X-ray source. The latest progress and research status of OEC based on ICS X-ray source are presented. Pulsed-laser injected high-finesse OEC stacking theory and properties are discussed in Chapter 2. Not only does the OEC based on ICS X-ray source require the laser pulse repetition rate to be matched to the free spectral range (FSR) of the cavity, where both also have to match the electron storage-ring circulation frequency.

In addition, we have to match the phase shift of the laser repetition rate to the phase offset introduced by the dispersion of the cavity mirrors, since our cavity finesse design value is quite high. The stacking theory is analyzed in the frequency domain. Cavity properties, including cavity mirror dispersion, finesse, and FSR, are discussed in detail. A laser frequency comb and OEC coupling is analyzed also. The laser source development is presented in Chapter 3. We constructed a mode-locked fiber laser based on nonlinear polarization rotation.

The locking model, locking techniques, and the theory, simulations and experimental tests of tilt locking (TL) in the pulsed laser injected high-finesse OEC are discussed in Chapter 4. We succeeded in locking a pulsed laser to a high-finesse cavity with the TL technique. The experimental results show that the TL and the Pound-Drever-Hall techniques have the same performance: Abstract III stable locking, high sensitivity, and the same power coupling rate for picosecond laser pulse case, while the test results for full spectrum TL locking show that it is uneasy to align the split-photodiode to the beam waist.

Based on the above experimental study and tests, we design the OEC system for Tsinghua University X-ray project in Chapter 5. The expected X-ray flux is 10 10 to 10 13 ph/s. We detail every subsystem requirement.

As a summary, the tests and results above confirmed that the OEC-based ICS X-ray source is a very promising compact X-ray source producing high-quality and high-flux X-rays.
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Chapter 1 Introduction

This chapter presents the motivations for developing optical enhancement cavity (OEC) based on laser-electron Inverse Compton scattering (ICS) X-ray source.

Background and motivation

X-ray diffraction and scattering, X-ray spectroscopy, and X-ray crystallography are widely used in life sciences [1] , material science [2] , and medical diagnosis [3] . High-quality and high-brightness X-rays are a strong requirement to improve their applications. The historical brightness of X-ray sources is summarized in Figure 1.1 [4] . X-ray photons of a few tens of kiloelectronvolts (keV) can be generated by X-ray tubes, bending magnets and insertion devices installed in few-gigaelectronvolt (GeV) electron accelerators, laser-electron ICS, and free electron laser (FEL). We will briefly compare some characteristics of different kinds of X-ray sources in the following part.

Figure 1.1 Historical brightness of X-ray sources [ 4 ] .

1.1.1 X-ray tube X-ray tubes are devices which convert electric power to X-ray radiation with a low efficiency of 0.1-1%. They are cheap, compact, and widely used. Their radiation is nearly isotropic, but the main drawback is that it is not monochromatic and gives poor possibilities for manipulating the spectrum [5] . Owing to low X-ray flux, to achieve the spectral resolution which is needed for a broad class of applications, it often requires the exposure time to be lengthened up to many hours.

Synchrotron Radiation (SR)

SR offers an average X-ray flux in the beam that is at least four orders of magnitude higher than X-ray tube. For example, the spectroscopic analysis of diluted samples requires hours of exposure time for an X-ray tube-based apparatus but can be performed in minutes at a synchrotron. There are 70 synchrotrons in operation or under construction in about 30 countries [ 5 ] . They are usually government-based institutes, such as SPring-8 (Super Photon Ring 8 GeV, Japan) [6] , KEK-PF (Photon Factory in KEK, Japan) [7] , APS (Advanced Photon Source, USA) [START_REF] Chen | Surface-Emission Studies in a High-Field RF Gun based on Measurements of Field Emission and Schottky-Enabled Photoemission[END_REF] , ESRF (European Synchrotron Radiation Facility, Europe) [START_REF] Rawankar | Development of Four Mirror Pulsed Laser Wire System for ATF-KEK Damping Ring[END_REF] , SOLEIL (France) [ 10 ] , BSRF (Beijing Synchrotron Radiation Facility, China) [11] , and SSRF (Shanghai Synchrotron Radiation Facility, China) [12] . Since synchrotrons are tens of GeV electron storage rings, their cost, size, and power supply exceed the corresponding values of advanced X-ray tubes by a factor of 200-500. Table 1.1 gives the parameters of three synchrotrons [ 5 ] . Cost [10 9 US$] >1 >1 ~2

Free Electron Laser (FEL)

FEL today provides X-ray beams with the highest brightness and peak intensity.

The experiments at the first X-ray FEL FLASH (DESY) facility designed for the wavelength range of 50-6.5 nm started in 2005 [13] . Construction of the first user FEL facility, the European XFEL [14] , began in Hamburg in 2008. It will combine extreme peak and very high average brilliance in hard X-rays, whose brilliance is a billion times higher than that of the best conventional X-ray sources [14] . Compared with SR, these facilities present the next step in the technology of accelerators as well as their size and cost (see Table 1.2). FEL-based research infrastructures being developed are XFEL (X-ray Free Electron Laser, Japan) [ 15 ] and LCLS (Light Coherent Light Source, USA) [16] . Much of the fundamental and applied research is routinely carried out now not only at large facilities, but also at universities, medical schools, academic and industrial laboratories, etc [ 5 ] . However, the above mentioned institutions cannot afford an SR. The problem has been recognized by the European Commission, who approved the COST Action MP0601 "Short Wavelength Laboratory Sources", claiming "... Hence there is a need to develop bright but small and (relatively) cheap X-ray sources, not to replace synchrotrons but to complement them" [17] .

ICS X-ray source has a wide variety of fundamental research and science applications. It is expected to produce higher-flux and better-quality X-rays than conventional sources, and to be more compact, more accessible and cheaper than SR or FEL.

Many advantages can be realized in laser-electron ICS X-rays:

 Compact instrumentation, low cost  Wide energy, luminosity, bandwidth tunable  Good beam direction  X-ray with a small energy bandwidth by selecting the scattering angle  Tunable X-ray pulse duration.

There are two operation modes of ICS: low repetition collision rate and high repetition collision rate.

A low repetition collision rate ICS X-ray source contains a Linac and a TW laser system. The high-peak-power laser pulse hits the electron beam at a low repetition rate (typically, tens of hertz), producing low-repetition-rate, high-peak-intensity X-rays.

However, the low repetition rate of the collision and the small cross-section of ICS, have hindered the use of this kind of method as an X-ray source. In addition, there is a physical constraint to TW laser based on ICS, the nonlinear Compton effect, which is unwanted in most cases; also, the intense laser pulses damage to various optical devices.

And for some applications, high-repetition-rate X-rays are preferred.

To significantly enhance the average X-ray photon flux, a compact electron storage-ring combined with a high finesse OEC scheme was proposed by Z. Huang and R.D. Ruth in 1997 [START_REF] Huang | Laser-electron storage ring[END_REF] . This approach solves the above problems. Laser pulses from the mode-locked oscillator are added coherently, resulting in an enhancement of the laser pulse power by several orders of magnitude. This kind of laser pulse interacts with the electron beam in the storage ring at tens of megahertz (MHz), even hundreds of MHz, repetition rate. The increase in flux due to the high collision rate relaxes the requirements of both the energy per pulse of the laser beams as well as the transverse

focusing. An infrared photon scattered by a relativistic, for example ~50 MeV, electron in a head-on collision changes its energy from ~1 eV to 20-30 keV depending on the scattering angle. Up to 10 4 -10 5 photons per collision and average flux of 10 12 -10 13 photons per second (ph/s) can be provided by OEC-based ICS X-ray source.

In summary, by employing an OEC, we can increase the power of the laser greatly, but keep the high-repetition-rate merit of the laser oscillator, and at the same time obtain a small laser beam size at the collision point.

1.2 Overview of OEC-based X-ray source

OEC-based ICS X-ray source applications

Absorption spectrometry [START_REF] Kawai | X-Ray Absorption Spectroscopy Using X-Ray Fluorescence Spectrometer[END_REF] , X-ray diffraction and scattering [START_REF] Harold | X-Ray Diffraction Procedures: For Polycrystalline and Amorphous Materials[END_REF] , tomography [START_REF] Bart-Smith | Chanisms in Cellular Al Alloys Determined Using X-Ray Tomography and Surface Strain Mapping[END_REF] and phase contrast imaging [START_REF] Rizzi | X-ray phase contrast imaging and noise evaluation using a single phase grating interferometer[END_REF] widen of the application range of X-rays. An OEC-based ICS X-ray source is expected to provide a photon flux of 10 12 -10 13 ph/s that is sufficient for applications in the life sciences, material science, and medical diagnosis. However, a high X-ray flux is required for these applications. For example, a standard method to determine material chemical composition and structure is X-ray absorption spectrometry [START_REF] Konningsberger | X-Ray Absorption: Principles, Applications, Techniques of EXAFS, SEXAFS, and XANES[END_REF] . One X-ray absorption spectrometry spectrum typically contains ~600 measurements in narrow spectral intervals 

  

, and for practical reasons must take no longer than 1-2 h [5] . From this, the photon flux before the monochromator can be estimated to be 10 12 ph/s [START_REF] Abo-Bakr | STARS-A Two-Stage High-Gain Harmonic Generator FEL Demonstrator[END_REF] and is available for OEC-based ICS X-ray source. Table 1.3 illustrates the required radiation performance for different analysis techniques [START_REF] Variola | ThomX-Conceptual Design Report[END_REF] .

Table 1. 3 Requirements for the analysis techniques used in heritage studies [START_REF] Variola | ThomX-Conceptual Design Report[END_REF] . Acquisition time 1 s-5 min 1 s-5 min 30 min

OEC-based ICS X-ray source schemes

The standard schematic of the OEC-based ICS X-ray source is shown in Figure 1.2:

an OEC is used as a storage and power enhancer of the laser, and an electron ring is used as a circulator for the electron beam. The laser beam and the electron beam collide with each other at certain times (harmonics of the circulation time), and high-flux X-rays/γ-rays are generated. Besides this scheme, there are other schemes for laser-electron interaction. For a semiconductor photocathode, the emission of the electron beam can be several hundreds of MHz [START_REF] Sakaue | Development of pulse laser super-cavity for compact high flux x-ray sources[END_REF] . An OEC can be installed directly after the Linac, as shown in Figure 1.3. To increase the collision rate of interaction more, a scheme employing multiple OECs is also proposed. The electron ring can also be replaced by an energy recovery Linac (ERL) [START_REF] Urakawa | Proceedings of POSIPOL 2011 workshop[END_REF] , as in Figure 1.4. 

Status

Several OEC-based ICS projects, such as CLS (Compact Light Source, SLAC, USA) [START_REF] Loewen | A Compact Light Source: Design and Technical Feasibility Study of a Laser-Electron Storage Ring X-Ray Source[END_REF] , LUCX (Laser Undulator Compact X-ray source, Japan) [START_REF] Sakaue | Development of Pulsed-Laser Super-Cavity for Compact X-Ray Source Based on Laser-Compton Scattering[END_REF] , ThomX (France) [START_REF] Variola | ThomX-Conceptual Design Report[END_REF] , and KIPT (Kharkov Institute of Physics and Technology, Ukraine) [START_REF] Androsov | Coherent stacking of laser pulses in a high-Q optical cavity for accelerator applications[END_REF] are being or plan to be developed.

The SLAC National Accelerator Laboratory, in collaboration with the Lyncean Technologies company, has set up the first prototype electron storage ring in June 2005

after their development of the OEC-based ICS X-ray source in 2002. The prototype of the OEC was a two-mirror cavity, but the locking was not stable, lasting only 2-3 ms, and coupling was low [START_REF] Loewen | A Compact Light Source: Design and Technical Feasibility Study of a Laser-Electron Storage Ring X-Ray Source[END_REF] . The OEC installed on the electron ring is now a four-mirror system, as shown in Figure 1.5 [START_REF] Abendroth | X-ray structure determination of the glycine cleavage system protein H of Mycobacterium tuberculosis using an inverse Compton synchrotron X-ray source[END_REF] . The OEC system required further development. On February 23, 2006, this prototype achieved its first X-ray beam. A hard X-ray contrast phase image experiment was reported in 2009. Today, the machine provides a tunable X-ray beam of 10 12 ph/s in 2% bandwidth [START_REF] Rifkin | POSIPOL workshop[END_REF] and the first phase contrast imaging has recently been obtained [START_REF] Schleede | Multimodal hard X-ray imaging of a mammography phantom at a compact synchrotron light source[END_REF] . The energy of the X-rays can be tuned from 10 keV to 20

keV. It is important to stress that this machine is the only one in operation that provides a flux comparable to the first-generation synchrotron machines [START_REF] Variola | ThomX-Conceptual Design Report[END_REF] .

Figure 1.5 SLAC project [START_REF] Abendroth | X-ray structure determination of the glycine cleavage system protein H of Mycobacterium tuberculosis using an inverse Compton synchrotron X-ray source[END_REF] .

LUCX

The KEK institute, Japan, is also interested in the development of a compact X-ray source based on OEC [START_REF] Sakaue | Development of pulse laser super-cavity for compact high flux x-ray sources[END_REF] . Their scheme is based on an OEC installed on a Linac, called LUCX (Figure 1.6). The laser repetition rate inside the cavity is 357 MHz. By employing burst-mode amplification of the laser power, an average power of ~2.45 kW and a pulse energy of 112 J at the interaction point are achieved [START_REF] Sakaue | Development of Pulsed-Laser Super-Cavity for Compact X-Ray Source Based on Laser-Compton Scattering[END_REF] . In 2012, the first refraction contrast imaging via OEC-based ICS X-rays at KEK was reported [START_REF] Sakaue | First refraction contrast imaging via Laser-Compton Scattering X-ray at KEK[END_REF] . The total X-ray flux obtained is 10 5 ph/s, with an energy of ~15 keV. 

ThomX

The ThomX project, France, see Figure 1.7, was proposed in 2008 [START_REF] Variola | ThomX-Conceptual Design Report[END_REF] . The ThomX collaboration involves the activities of experts in the accelerators field from SOLEIL [10] and LAL [35] , in laser systems from CELIA [START_REF]CELIA homepage[END_REF] , Bordeaux, in OEC from LAL, and in X-ray line instrumentation from the Neel Institute [START_REF] Neel Homepage | [END_REF] . Laser and OEC parameters are listed in [25].

Table 1.4. To date, LAL has achieved the highest finesse for a picosecond OEC, 28000 in PLIC [START_REF] Börzsönyi | External cavity enhancement of picosecond pulses with 28,000 cavity finesse[END_REF] , and the locking is able to last for several hours. The ThomX project in France [START_REF] Variola | ThomX-Conceptual Design Report[END_REF] . OEC finesse/enhancement factor 3000-30000/1000-10000

OEC waist 70μm

Power inside OEC 0.07-0.7MW

KIPT

A high-finesse OEC to be installed on the NESTOR storage ring is under development at KIPT, Ukraine [START_REF] Androsov | Coherent stacking of laser pulses in a high-Q optical cavity for accelerator applications[END_REF] . Originally, the laser optical system of NESTOR was featured to provide the parameters listed in Table 1.5 for the laser beam at the interaction point (IP). 

HTTX

Our laboratory, the Accelerator Laboratory of Tsinghua University, has begun the R&D of an OEC-based ICS X-ray source [START_REF] Xu | Laser Electron Storage Ring for TTX[END_REF] , called HTTX. The details can be found in Chapter 5.

Summary

The main specifications of X-rays in SLAC, KEK, LAL, KIPT, and Tsinghua University are compared in Table 1.6. 

Inverse Compton scattering (ICS)

This section outlines the theoretical characteristics of laser-electron ICS.

Scattering theory

Laser-electron ICS is the elastic scattering of a photon by an electron. Laser photons collide with high-energy electrons, gain energy, and scatter as X-rays. It is an inverse energy transfer of general Compton scattering between relativistic electrons and low-energy photons. 
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where 𝑚 0 is the electron rest mass.

According to the momentum conservation law, one has 
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From the above equations, one gets the energy of the scattered photon in the initial electron rest frame
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The kinematic variables in the rest frame can be converted to those in the laboratory frame by Lorentz transformation as 
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The scattered photon energy in the laboratory frame, 𝐸 𝛾 , is expressed as
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For the case in which a laser photon collides head-on (θ = 180 deg) with a high-energy electron, the photon of maximum energy is scattered in the forward region
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Figure 1.9 shows the scattered photon energy versus the scattering angle. The photons within a small scattering angle will have a quasi-monochromatic energy. 

Luminosity and flux

Luminosity is determined by the space-time distributions of beam particles, the collision angle, and the collision frequency (a more detailed description is given elsewhere [START_REF] Suzuki | General formulae of luminosity for various types of colliding machines[END_REF] ) Neglecting the variation of the beam size, the luminosity for two round beams reads Equation (1.9) shows that the X-ray emission rate is inversely proportional to the transverse electron and laser beam sizes, and proportional to the numbers of electrons and photons and the collision repetition rate. It also shows that a small collision angle reduces the X-ray flux, especially in the case of long electron bunches and laser pulses. 
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OEC applications

For OEC-based ICS X-ray source, OEC is used as a storage and power enhancer of the laser for the laser-electron interaction. Besides this application, OEC is widely used in other fields. It is used as a mode filter [START_REF] Chen | Generation of low-timing-jitter femtosecond pulse trains with 2 GHz repetition rate via external repetition rate multiplication[END_REF] , interferometer or etalon in telecommunications, lasers, and spectroscopy to control and measure the wavelength of light. OEC is used a reference cavity to stabilize the frequency of continuous or mode-locked lasers [START_REF] Jones | Stabilization of the frequency, phase, and repetition rate of an ultra-short pulse train to a Fabry-Perot reference cavity[END_REF] . During the last decade, the energy and power enhancement benefits have put more and more focus onto the development of high-reflectivity mirror coatings. The laser stacking inside an OEC can be continuous wave (CW) or pulsed laser beam. Today the stacking of CW laser beams in an OEC is a well-established technique, and it is used extensively in various fields of physics: gravitational interferometers [START_REF] Ando | Stable operation of a 300-m laser interferometer with sufficient sensitivity to detect gravitational-wave events within our Galaxy[END_REF] , mode filters, etc. In addition, OEC is used as a laser wire [START_REF] Sakai | Performance studies of a laser wire beam profile monitor[END_REF][START_REF] Honda | Upgraded laser wire beam profile monitor[END_REF] to monitor the low-emittance beam profile of electron beam in KEK, Japan. Currently, to increase the contrast ratio of the measurement, a pulsed laser wire is also under development in KEK [START_REF] Rawankar | Design studies on compact four mirror laser resonator with mode-locked pulsed laser for 5 mm laser wire[END_REF] . Moreover, OEC as a polarimeter is employed to measure and monitor the polarization of the electron beam, in JLAB [START_REF] Diefenbach | Laser Compton polarimetry at JLab and MAMI[END_REF] , USA, and at HERA [START_REF] Barreletv | Electron polarization measurement using a Fabry-Perot cavity at HERA[END_REF] ,

German.

Focus of the dissertation

Achieving high and stable X-ray flux is the main goal of this thesis. We study the key parts (OEC properties, laser source, and locking techniques) of the laser storage system through physical design and technical tests for ICS.

Chapter 2 Pulsed Laser Injected Optical Enhancement Cavity

Today, stacking of CW laser beams in an OEC is a well-established technique.

However, implementation of this technique for pulsed laser beams, output from a mode-locked laser, requires R&D.

In this chapter, we first discuss the properties of the mode-locked laser, and then present the fundamentals of OEC. Finally, factors that relate to laser-OEC coupling are discussed for laser-OEC stacking.

Properties of mode-locked laser

A mode-locked laser generates a series of optical pulses, with picosecond or femtosecond pulse duration, separated in time by the round-trip time of the laser cavity.

A schematic view is shown in Figure 2.1.

Figure 2.1 Schematic view of laser pulse train produced by a mode-locked laser [START_REF] Cundiff | Femtosecond optical frequency combs[END_REF] .

The envelope of the electric field of an unchirped Gaussian pulse of length 𝜏 can be written as [START_REF] Siegman | Lasers[END_REF]   The electric field of the nth laser pulse passing a reference position at time nT after a reference time t = 0, is
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In the following parts of this section, we list the main parameters that describe the properties of a mode-locked laser pulse train.

Pulse-to-pulse phase shift

Due to the dispersion of laser intra-cavity elements, there is a pulse-to-pulse phase shift Δφ ce between the pulse envelope and the electric field oscillations, as shown in instance with the temperature, the pressure, and the pump laser power [START_REF] Helbing | Carrier-envelope offset dynamics of mode-locked lasers[END_REF] .

Repetition rate

As shown in Figure 2.1 and Figure 2.2(a), in the time domain, pulses with the same intensity profile exhibit a regular separation given by the laser cavity's round-trip time 𝑇.

The repetition rate of the pulse train is given by the inverse of the round-trip time

1 rep f T  (2.3)

Frequency comb

A frequency comb is the Fourier transform of the time-domain electric field of a laser pulse train. The Fourier transform of Eqn. (2.2) gives 
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(2.10)

In the frequency domain, a mode-locked laser beam can be considered as a frequency comb consisting of a large number of frequency components with a constant frequency separation frep. A frequency comb provides an ideal bridge among the optical frequencies 𝑓 𝑛 and the radio-frequency (RF) signals frep and fce. Currently, mode-locked laser technology enables the generation of an optical frequency comb with extraordinarily uniform frequency distribution [START_REF] Udem | Measuring the Frequency of Light with Mode-Locked Lasers[END_REF] , up to within three parts in 10 17 and allows independent control of frep and fce.

Pulse duration

The pulse duration of a Fourier-transform-limited Gaussian-shaped pulse is denoted by 𝜏

0.44 ~T N  (2.11)
where N is the number of frequency comb components. For example, for our experimental laser in Chapter 4 with a repetition rate of 76.5 MHz and a pulse duration ~2 ps, the number of frequency comb components in the frequency domain is 2122. , and an extrapolation of the mode frequencies (red dashed lines) [START_REF] Adler | Cavity-Enhanced Direct Frequency Comb Spectroscopy: Technology and Applications[END_REF] .

Gaussian beam

The resonator modes (cavity modes) are Hermite-Gaussian modes, denoted by TEMnm, with n and m specifying various modes.

The wave equation for an electromagnetic field in free space or in a homogeneous dielectric medium is [START_REF] Siegman | Lasers[END_REF]  
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0 n E x y z t ct        
(2.12) The solution form of the wave equation can be written as

      , , , , , z i k z t E x y z t U x y z e    (2.13)
where we assume that the beam is sufficiently collimated along the z axis such that 
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Optical enhancement cavity (OEC)

In this section, we summarize some fundamental properties of an OEC. Then, the stacking theory of pulsed laser injected OEC is discussed.

A typical OEC is a device, consisting of a set of high-reflectivity mirrors facing each other which is used to store laser photons that match the resonance condition. The laser beam circulating inside the cavity can be CW or pulsed. Since a CW laser has only one frequency, it is much easier to stack inside the resonator, compared to a pulsed laser, which exhibits a frequency comb. However, a pulsed laser injected OEC is more suited for our application in ICS, since it can provide a higher peak intensity than the CW one. Therefore, our discussion will focus on the pulsed laser injected OEC.

With no loss of generality, we discuss the fundamentals of OEC based on the two-concave-mirror (2M) Fabry-Pé rot cavity, separated by a length L, as shown in Figure 2.4. We also assume that the paraxial approximation applies, so that the ABCD matrix formalism can be used [START_REF] Siegman | Lasers[END_REF] . 

Fundamentals of OEC

Stable region

The first condition that a cavity must obey is stability. A cavity is stable if the trace of the round-trip matrix obeys the inequality

  1 -1 1 2 AD    (2.20) 
where 𝐴 and 𝐷 are the elements of round-trip matrix

𝑀 AB M CD     (2.21)

Measurement of the cavity waist

The scattered X-ray flux is sensitive to the laser waist size. A small cavity beam waist size is preferred in order to increase the laser density at the interaction point, where, at the same time, an accurate and robust beam waist size measurement method is absolutely necessary for our application.

Beam waist size measurement methods are usually based on charge-coupled device (CCD) or pinhole photodiode scanning laser beam [54,[START_REF] Sakai | Performance Studies of a Laser Wire Beam Profile Monitor[END_REF] . Both of them use linear fitting to calculate the beam waist size based on divergence angle measurement. Therefore the accuracy of these two methods is highly correlated with the fitting. A relatively long scan in both the horizontal and vertical directions has to be performed in order to fit the beam profile precisely at a given distance. It is a quite time-consuming process. For the CCD-based technique, small exposure times and the trigger stability make an accurate measurement even more difficult, because the beam image should be taken at the time when the resonant peak reaches a maximum. When the image is captured at the falling or rising edge of the resonant peak, the measured value of the beam waist size becomes larger.

We propose a new method using longitudinal phase delay, or the so-called Gouy phase [START_REF] You | Measurement of beam waist for an optical cavity based on Gouy phase[END_REF] for OEC beam waist size measurement. Since the Gouy phase can be measured in optical cavities directly and with a high accuracy, the correlation of the Gouy phase and beam waist can be found. Gouy phase based method solves successfully the drawbacks of the CCD trigger and pinhole photodiode methods. In addition, this method is much more convenient, since no equipment other than the OEC itself is needed.

The relation between the n-mirror planar cavity beam waist size and Gouy phase can be obtained using the round-trip matrix. For simplicity, we assume that the cavity has four mirrors, with two of them being concave and having the same radius of curvature, as shown in Figure 2.5. The round-trip matrix begins from the point where the cavity waist is located, and can be written as
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where L = L1 + L2 + L3 + L4 is the round-trip length of the cavity, 1 L is the distance between the two concave mirrors, and i f is the focal length of the mirrors. Theoretically, the waist size can by calculated by the round-trip matrix, which starts from the waist position [START_REF] Kogelnik | Laser beams and resonators[END_REF]  

0 2 2 4 B w DA     (2.23)
where  is the laser wavelength.

The Gouy phase can also be represented by the round-trip matrix elements. In the case of a non-degenerate round-trip matrix, the eigenvalues of M should be complex.

Since the round-trip matrix is a real matrix, the two eigenvalues must be a complex conjugate pair [START_REF] Habraken | Modes of a twisted optical cavity[END_REF] , and can be written as
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where the phase angle  is the round-trip fundamental mode Gouy phase of the resonator, equal to half of the Gouy phase difference between the fundamental and second-order modes [START_REF] Chow | Measurement of Gouy phase evolution by use of spatial mode interference[END_REF] . ) 2 ) 
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here, the focal length is /2 f   , and  is the radius of curvature of the concave mirrors.

For the four-mirror planar cavity, due to the non-normal angle of incidence on the concave mirrors, beam waist sizes in the sagittal and tangential plane are different. The relationships of beam waist size and Gouy phase in both planes are 0 0 ( cos( )) sin( )
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here, the focal lengths in the sagittal and tangential planes are / 2 cos( )

s f   and cos( ) / 2 t f  
, respectively,  is the concave mirrors radius of curvature and  is the angle of incidence of the beam onto the concave mirrors.

The laser beam, usually a Gaussian beam, is aligned and mode-matched to the OEC.

The cavity reflects and decomposes a misaligned or mode-mismatched input Gaussian beam into a set of TEM modes that are approximated by Hermite-Gaussian functions [START_REF] Anderson | Alignment of resonant optical cavities[END_REF] .

Because of misalignment and mode mismatching, the first-order and second-order, even higher-order modes can always be generated. The mth-order modes' Gouy phase, which is the m times fundamental Gouy phase  , can be directly obtained from the OEC's Airy function. The cavity beam waist size in the middle of the two concave mirrors can be derived by applying the Gouy phase notation to Eqns. (2.26) and (2.27).

An experimental test setup is shown in Figure 2.6. In this setup, the laser source is CW, and cavity is four-mirror type. The same confirmation results are obtained in pulsed laser, four-mirror cavity [START_REF] You | Measurement of beam waist for an optical cavity based on Gouy phase[END_REF] . Cavity mirrors were mounted on four separate micro-stages to fine-tune the cavity length. A PZT was mounted on M1 to scan the cavity length, and the diagnostics PD for transmitted light monitoring was placed behind M2. The main parameters of the equipment are listed in Table 2.1. Because of the mode matching errors, two second-order modes TEM02 and TEM20 are generated. Figure 2.8 shows the measurement results based on the second-order modes' Gouy phases versus distance between mirrors M3 and M4. method is based on the ray matrix, the paraxial approximation has to be satisfied, i.e, the angle of incidence on the mirrors should be smaller than 20 degrees.

Though there are some unavoidable measurement errors, as listed above, the Gouy phase base beam waist measurement surely gives very precise results. Besides highly precise results, another advantage of this method is that it is easy to implement.

Measurement process can be much faster than the pinhole photodiode scanning methods, and avoid the CCD triggering problem. The main drawback of this method is that the cavity beam waist measurement results are sensitive to the Gouy phase measurement error, which results from the optical cavity position vibration and the hysteresis of the PZT. Therefore, in order to get high-precision results, the Gouy phase should be precisely measured in a stable measurement condition.

Finesse

A passive OEC is characterized mainly by the quality of its resonance (the finesse, ℱ), which directly relates to the cavity enhancement factor. If there are no other losses present inside the cavity, the finesse is directly related to the reflectivities of the cavity mirrors via

1 eff eff R R    (2.32)
where 𝑅 eff = √𝑅 1 𝑅 2 … 𝑅 𝑛 , with 𝑅 𝑖 (𝑖 = 1,2, … , 𝑛) the power reflectivity of the cavity mirror. Figure 2.9 shows the finesse as a function of the cavity mirror power reflectivity.

High finesse factors require highly reflective mirrors. 

Cavity mirror dispersion

The cavity mirror is always a dielectric mirror with a highly reflective coating. A dielectric mirror is made up of identical alternating layers with low and high refractive indices; for example,   ) for a high-reflectivity coating, where a is air and s is the substrate, as shown in Figure 2.10 [START_REF] Agresti | Optimized multilayer dielectric mirror coatings for gravitational wave interferometers[END_REF] . The optical thickness of each layers are usually chosen to be a quarter wavelength long, i.e,
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at specified wavelength 0  . For normal incidence, the schematic definitions of the electric field and the reflection and transmission coefficients for such a mirror are described in Figure 2.11 [START_REF] Zomer | Fabry-Perot Cavity in Pulsed Model[END_REF] .

The electric fields

in E , r E , 1
E and 2 E of Figure 2.11 are related by a matrix M according to [START_REF] Zomer | Fabry-Perot Cavity in Pulsed Model[END_REF] 
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The reflection and transmission coefficients are wavelength dependent and also direction dependent [START_REF] Zomer | Fabry-Perot Cavity in Pulsed Model[END_REF]   , The reflection coefficient is a complex number
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where    is the single-pass phase shift due to the interaction with the cavity mirror in the cavity, and it can be expanded [START_REF] Petersen | Short pulses in optical resonators[END_REF] as
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where 𝜔 0 is the center frequency,

  00     , 0 ' 0 /      
, and    contains the second-and higher-order variations with ω, and is such that   0 0   .

Thus the dispersion is an important parameter for a femtosecond pulse train, having a broadband frequency comb. However, for a picosecond pulse train, such as, for example, in our experiment, a 2 ps pulse having a spectrum bandwidth of 0.2 nm, we can neglect the dispersion.

The second-order variation of phase shift    with  , 2 2 /   , is called the group delay dispersion (GDD). Currently, the GDD of some commercial quarter-wave coating mirrors can be made equal to zero within a limited bandwidth by optimizing the coatings of the mirror [64,65] . Figure 2.12 shows an example of the mirror GDD from the Eksma Optics company [65] . For example, in our experiment, in which an 800 nm, 2 ps pulse has a spectrum bandwidth of 0.2 nm, we can neglect the GDD for a picosecond laser, such that   0

 . Thus     ' 0 0 0          (2.38)
Figure 2.12 The GDD of the Eksma Optics company mirror.

Resonance frequency

The resonance frequencies satisfy the condition

  2 2 mL          (2.39)
where    is the single-pass phase shift and  is the laser wavelength.

The mth resonance frequency is
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From a cavity of length L, neglecting the intra-cavity dispersion, the mth resonance frequency is then  changes the optical length (and consequently the longitudinal mode spacing) by the same amount for all frequencies. It is only the second-and higher-order terms contained in the dispersive phase delay    that prevent perfect uniformity of mode spacing.

Free space range

The free spectral range (FSR) of the cavity is defined as the longitudinal mode spacing. It varies with the optical frequency due to intra-cavity dispersion, which leads to a frequency-dependent phase shift φ(ω). Hence, FSR is given by
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where L is the cavity length of a linear cavity. The dispersion term /   causes the cavity modes to "walk off" from the comb lines with increasing distance from 𝜔 0 , limiting the bandwidth that can be coupled into the cavity simultaneously.

Bandwidth

Although the resonance frequencies of the cavity form a series of frequency peaks, each of them has a limited bandwidth, defined by

cav FSR v  (2.43)
For a high-finesse cavity, the bandwidth is very small. This means that laser pulses stacking inside the cavity becomes more difficult.

Pulsed-laser stacking principle 2.3.1 Laser pulse stacking

In the steady-state, an infinite number of pulses have entered the cavity, and are superimposed, as shown in Figure 2.13. The total field inside the cavity can be written as 
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where the term

2 i kL e 
is the phase shift due to a round trip inside the cavity (assuming that the two mirrors have the same transmission and reflection coefficients).

The phase term reads
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From the above equations, one sees that, for all  , the resonance condition reads
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The first equation means that the pulse repetition rate must be matched to the cavity length, but taking into account the group velocity resulting from the mirror coating. The second equation expresses the matching condition between the two phase shifts,

ce   and   ' 0 0 0 2 2 2       .
We define the offset frequency of the cavity as When the cavity and the laser are perfectly matched, one has
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We follow the same definition as with   cav E  to determine the expressions for the fields reflected by and transmitted through the cavity. The reflected field is 
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and the transmitted field is 
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We define the electric field reflection coefficient   r  , transmission coefficient   t  , and the enhancement factor   g  as follows Figure 2.13 Multiple laser pulse stacking (for a resonator, the angle of incidence is zero, and thus all the beams are in line).
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Picosecond pulse stacking

As discussed above, the cavity mirror dispersion can be ignored for picosecond pulse stacking. Thus, the total field inside the cavity can be written as [START_REF] Zomer | Fabry-Perot Cavity in Pulsed Model[END_REF]  
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The resonance condition is

0 or 0 rep ce ce f FSR f           (2.56)
where FSR = c/2L. 

Frequency comb coupling

Only in the case of picosecond regime, the FSR of the OEC is a constant value.

Since, in our application, the laser beam time width is a few picoseconds, we discuss the frequency comb coupling case only in the case of the picosecond regime where the FSR of the OEC is constant.

To reach the maximum power inside the cavity, it is necessary for all the frequency comb components of the laser to be transmitted equally through the OEC, i.e. the two resonance conditions (see Eqn.(2.56)) have to be satisfied. Figure 2.15 shows the matching pattern between the OEC modes and the laser frequency comb, and the normalized power of the pulse train transmitted through the OEC when the length of the laser cavity is changed. The length change results in a change of the frequency comb spacing of the laser cavity and a change of the frequency of each frequency comb. The transmission is shown for a regime where both conditions are met (Figure 2.15(e)) and for a regime where the two conditions could not be realized simultaneously during the scan (Figure 2.15(f)). The best coupling is achieved when the cavity modes and frequency comb modes are exactly lined up, corresponding to the maximum transmission peak in Figure 2.15(e). 

Pulsed laser-OEC coupling

In a real cavity, the coupling of each comb component into the cavity depends on many factors, including impedance matching [66] , beam alignment and mode matching [START_REF] Anderson | Alignment of resonant optical cavities[END_REF][START_REF] Morrison | Automatic alignment of optical interferometers[END_REF] , and intra-cavity dispersion. We assume that all the above factors can be separately optimized, and the fluctuations of 𝑓 rep and 𝑓 ce are suppressed by an active feedback system.

Impedance matching

The cavity is said to be impedance-matched, if no laser beam is reflected from the cavity when it is on resonance. Assuming the losses and transmissions of the cavity mirror are very small, so that the second order and higher order terms of losses can be neglected, the impedance matching condition is: the power transmission of the cavity input mirror must equal to the sum of all the other losses in the cavity, including the sum of transmissions of all of the other cavity mirrors, the scattering and the absorption losses.

Beam alignment and mode matching

When the incident axis of the laser is slightly tilted or offset with respect to the cavity optical axis, or the input laser beam mode is not mode-matched to the cavity mode, higher-order modes are generated. This means that part of the incident power is coupled to higher-order modes, lowering the coupling rate. The coupling coefficients for a slightly misaligned and mode mismatched cavity are listed in Table 2.2. Table 2.2 Coupling coefficients for a slightly misaligned and mode mismatched cavity [START_REF] Anderson | Alignment of resonant optical cavities[END_REF][START_REF] Morrison | Automatic alignment of optical interferometers[END_REF] ( 1 u and 2 u are the first-order and second-order modes, respectively; and s = x or y, depending on the direction of the misalignment) 

Misalignments

Chapter 3 Mode-locked Fiber Laser Development

Choosing a suitable seeding laser is very important for OEC-based Thomson scattering. For Tsinghua University Thomson X-ray (HTTX) OEC system (detailed in Chapter 5), we propose the laser scheme based on a mode-locked fiber laser, and that is the reason for studying the mode-locked fiber laser source. To develop a suitable laser source, we have to take into consideration three items at least: 1) which type of laser is more appropriate: the conventional bulk laser, or the fiber laser; 2) which mode-locking method is more convenient; 3) laser configuration should be simple. We constructed an all-normal dispersion fiber laser mode-locked by nonlinear polarization rotation as the prototype laser. In this chapter I will explain how we design this prototype laser according the three items listed above.

Fiber laser

To increase the seeding laser beam power is a direct way to increase the laser beam power inside the OEC for Thomson scattering. Considering the high power requirement of the laser source for the Tsinghua University Thomson X-ray (HTTX) OEC system, we propose the laser scheme based on a mode-locked fiber laser.

Mode-locked lasers are available for wavelengths within the range 400 nm to 2.2 μm, including dye lasers [START_REF] Duarte | Dye Laser Principles[END_REF] , bulk lasers [START_REF] Siegman | Lasers[END_REF] , and fiber lasers [START_REF] Duarte | Tunable Laser Applications, Second Edition[END_REF] . For practical applications, the laser system needs to satisfy certain requirements, such as performance, reliability, user-friendliness, and reasonable cost [START_REF] Adler | Cavity-Enhanced Direct Frequency Comb Spectroscopy: Technology and Applications[END_REF] . For the seeding laser pulses stability and controllability are two important additional requirements on the laser system. Nearly all experimentally employed seeding pulsed laser are based on a Ti:sapphire crystal, Ytterbium-doped (Yb-doped), or Erbium-doped (Er-doped) fiber. Table 3.1 summarizes the typical properties of such systems.

Table 3.1 Typical parameters of Ti:sapphire, Yb-doped fiber, and Er-doped fiber mode-locked lasers [START_REF] Adler | Cavity-Enhanced Direct Frequency Comb Spectroscopy: Technology and Applications[END_REF] .

Laser type Ti:sapphire Yb-doped fiber Er-doped fiber Wavelength 0.7-0.9 μm 1.0-1. As given in Table 3.1, the mode-locked bulk laser output power is limited to ~10 W for a repetition rate between tens and hundreds of MHz. This is because extracting even a few tens of watts of short pulses in bulk material already requires a high cryogenic cooling capacity to limit spatial beam distortion by efficient heat removal. Although developing a system of a few hundred watts based on this technology may look feasible, it would provide a very complex setup and the beam quality and stability may not be guaranteed. New laser techniques are therefore required.

In fact, fiber lasers are regarded as the next generation of lasers, leading to a number of revolutionary advances in industrial and scientific applications [START_REF] Duarte | Tunable Laser Applications, Second Edition[END_REF] . These applications are rely on fiber lasers' unique power scalability and their compactness. A fiber laser can output much higher power than a bulk laser. The CUOS [71] group has demonstrated a megawatt peak power and up to 200 W average power from a pulsed large-core Yb-doped fiber amplifier (currently the highest power for compact compressors) [70] . Because of the high output power merit, the Yb-doped fiber laser is the best candidate for OEC-based Thomson Scattering laser source. Therefore, our research is focused on the development of the Yb-doped mode-locked laser. Of course, compared with a bulk laser, a fiber laser has its own drawbacks: the peak power of a fiber laser is limited and also the gain and pump absorption per unit length are limited [72] .

Nonlinear polarization rotation

Over the past decades, there have been several mode-locking methods applicable for fiber lasers, such as active mode-locking [START_REF] Peng | Theoretical analysis of actively mode-locked fiber ring laser with semiconductor optical amplifier[END_REF] , and passive mode-locking [START_REF] Kang | Passive mode-locking of fiber ring laser at the 337th harmonic using gigahertz acoustic core resonances[END_REF] , allowing for the generation of very short pulses.

Nonlinear polarization rotation (NLPR) [START_REF] Hideur | Generation of high energy femtosecond pulses from a side-pumped Yb-doped double-clad fiber laser[END_REF] is a kind of passive mode-locking method, and suitable for a fiber gain medium laser. It does not need a saturable absorber, which is always high power limited, and thus a mode-locked laser based on NLPR can endure high power output. Using NLPR as the mode-locking mechanism is very attractive because of its simplicity. Thus we choose NLPR as the mode-locking method for the prototype laser. The principle of NLPR is based on the optical Kerr effect. A pulse propagating in a fiber sees its polarization evolving nonlinearly. Using polarization controllers and a polarizer, it is then possible to create losses that depend on the laser intensity (Figure 3 

All-normal-dispersion fiber laser

Usually, it is necessary to compensate positive group-velocity dispersion (GVD) in femtosecond pulse generation. For an all-fiber configuration, a standard optical fiber that provides anomalous dispersion to compensate the normal dispersion of the gain fiber is available in the Er-doped laser wavelength region [START_REF] Tamura | 77-fs pulse generation from a stretched-pulse mode-locked all-fiber ring laser[END_REF] but not in the Yb-doped one. Photonic crystal fiber [START_REF] Lim | Femtosecond ytterbium fiber laser with photonic crystal fiber for dispersion control[END_REF] , prism [START_REF] Cautaerts | Stretched pulse Yb3+: silica fiber laser[END_REF] , diffraction grating [START_REF] Lim | Generation of 2-nJ pulses from a femtosecond ytterbium fiber laser[END_REF] , and chirped mirrors [START_REF] Szipocs | Chirped multilayer coatings for broadband dispersion control in femtosecond lasers[END_REF] have all been used for dispersion management in the Yb-doped laser wavelength region.

The net cavity dispersion can be normal or anomalous with the dispersion management.

With large anomalous GVD, a soliton pulse (hyperbolic secant) is produced, with energy restricted to ~0.1 nJ by the soliton area theorem [START_REF] Ilday | Generation of 36-femtosecond pulses from a ytterbium fiber laser[END_REF] . As the cavity GVD approaches zero, a stretched pulse (Gaussian) can be produced, which has the broadest spectrum, corresponding to the minimum pulse duration [START_REF] Tamura | 77-fs pulse generation from a stretched-pulse mode-locked all-fiber ring laser[END_REF] . However, its pulse energy is limited to 1 nJ without pulse breaking. When the cavity GVD becomes normal, a highly chirped self-similar pulse (parabolic) can be generated [START_REF] Ilday | Self-Similar Evolution of Parabolic Pulses in a Laser[END_REF] . However, to simplify the configuration and for convenience, as well as to exploit the misalignment irrelevance and compactness of the all-fiber configuration, it is desirable to construct a fiber laser without any dispersion compensation [START_REF] Chong | All-normal-dispersion femtosecond fiber laser[END_REF]. A. Chong et al first demonstrated that a mode-locked Yb-doped fiber laser works in all-normal-dispersion regions without intra-cavity dispersion management, and the pulse-shaping mechanism is based on spectral filtering of a highly chirped pulse in the cavity [START_REF] Chong | All-normal-dispersion femtosecond fiber laser[END_REF] . This has opened a new field of pulsed laser regime. All-normal-dispersion fiber laser pulse energy can be up to tens of nJ without wave breaking. Because of the simple configuration of all-normal dispersion fiber laser, we select this type of laser configuration.

The principle of an all-normal-dispersion fiber laser is: normal dispersion linearizes the chirp produced by self-phase modulation, and generates chirped picosecond pulses.

This kind of pulse is wave-breaking-free, and can be dechirped to several hundreds of femtoseconds. Mode locking depends critically on the spectral filtering effects which is provided by gain bandwidth and filter; and stable pulse trains are not generated without it. By rotating the spectral filter to vary the center wavelength, the sharp spectral features can also be suppressed; thus the pulse quality may be slightly improved. If the spectrum changes, the magnitude of the chirp on the output pulse changes consequently, so as the pulse duration.

The disadvantages of this kind of fiber laser are as follows: 1) for a given gain and spectral bandwidth of the output, the pulse energy of a parabolic pulse is fixed. Larger bandwidth is needed to generate higher energy.

2) The mode-locking process suffers from single-mode fiber (SMF) bending and temperature fluctuation. 3) Further power amplifier may introduce some noises, and distort the laser pulse.

Prototype laser setup and properties

Based on the laser type, mode-locking method, and laser configuration design described above. We construct an all-normal dispersion Yb-doped fiber laser mode-locked by NLPR. The threshold pump power for mode-locking is ~2.5W. The self-starting mode-locked operation is achieved by adjusting the wave-plates when the pump power is higher than the threshold value. When the cavity is mode-locked, we record the output power, directly taken from the NLPR ejection port. The output power's relation with the pump power is shown in Figure 3.4. The maximum output power can reach ~170 mW, which corresponds to a pulse energy of ~9 nJ. The output pulse energy can be tuned by rotating the wave plates and adjusting the pump current. The ratio of pump power to laser output power is lower, and this is because LD isolator and the two PSCs have large loss.

When the pump current is lower than the mode-locking threshold current, no stable mode locking is observed. However, in the case of decreasing pump current from mode-locked status, due to the hysteresis phenomenon, when the pump current is as low as 2750 mA, stable mode locking can also be maintained. As the pump currents exceed the mode-locking threshold current, the oscilloscope record of the pulse train (Figure 3.5(a)) shows that the repetition rate is 18.9 MHz. The pulses are very clear, with no CW background, or sidebands. A typical stable mode-locked spectrum, see Figure The pulse-shaping mechanism of the all-normal dispersion is: the filter provides a substantial strong spectral filtering effect of the phase-modulated pulse, and the NLPR provides amplitude modulation. The behavior of the laser depends critically on the spectral filter. Without it, a stable pulse train cannot be generated. Also, if the filter's bandwidth is too small, mode locking cannot be achieved. Owing to the strong pulse shaping by the spectral filter, all-normal-dispersion laser operation at large normal cavity dispersion is possible in the presence of a large nonlinear phase shift.

High-energy pulses can be generated in all-normal-dispersion cavities, without pulse breaking, because self-phase-modulation gets stronger with the increase of pulse intensity and nonlinear phase shift. Pulse energy is expected theoretically to increase rapidly with the increasing of GVD.

To study how the filter abridges the spectrum, we add one PBS after the filter and measure the spectrum of the PBS output; the result is shown in Figure 3.8. Comparing the spectra before and after the filter (Figure 3.5 (b) and Figure 3.8), we find that the spectrum is highly abridged by the filter. The spectrum directly has a similar shape with the filter spectrum. The bandwidth of the filter should be large enough to have mode-locking region. When the 12 nm filter is replaced by an 8 nm filter, no stable mode locking can be obtained. This kind of Gaussian spectrum is much better than a spectrum with two spikes, because the spikes in the spectrum indicate that there is more than one mode in the pulse, and this kind of pulse cannot be compressed to shortest pulse duration. The reason for generating a Gaussian-shaped spectrum may results from the high pump power and long SMF to produce strong self-phase modulation, which broadens the spectrum heavily.

The substantial reason for a Gaussian-shaped spectrum needs to be studied in future work.

A fiber laser that generates a femtosecond pulse directly from an all-normal-dispersive cavity has been demonstrated. The Gaussian-shaped spectrum has a 20 dB bandwidth ~20 nm. Maximum pulse energy is ~9 nJ, with a repetition rate of 18.9 MHz. Pulse-shaping mechanism relies on the strong spectral filtering of pulses in the cavity.

From the study, we know the fiber laser can be a possible scheme for HTTX. The details of this scheme will be described in Chapter 5.

Chapter 4 Laser-Optical Enhancement Cavity Locking

To maintain an OEC in resonance, phase locking is needed to compensate all kinds of noise (mechanical, acoustic, electronic, temperature drift). In this chapter, I will first discuss the laser-cavity locking theory, and related locking techniques. Tilt locking (TL)

technique theory, error signal simulations, and experimental tests in a pulsed-laser injection cavity (PLIC) setup are detailed.

Locking model

A free-running laser and an OEC actually exhibit some noises. The main source of frequency jitter comes from the laser oscillator. This is because the oscillator cavity consists of a multitude of mirrors and other components, many of which are merely placed on the temperature-stabilized plate without a cavity guide or fixed structure. In contrast, the OEC can be used as a frequency reference because of its simple structure (only several well-fixed mirrors). The pulsed laser-OEC locking model and locking precision are detailed in this section.

Laser-OEC locking model

The accuracy required for locking is extremely high in a high-finesse OEC. Thus, low overall noise is clearly required for OEC, mode-locking oscillator, and feedback electronics. The purpose of feedback is to make the output insensitive to plant parameter variations and disturbances.

As presented in Chapter 2, in order to couple all the frequency comb modes of the laser to the OEC, two conditions have to be satisfied: Laser parameters are considered as fluctuating around the OEC parameters
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The measured error signal of the n th harmonic of the laser for the open-loop system is
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We use the error measured in the center of the spectrum, at n0th harmonic, to tune frep and fce
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From the above equation, we see that the frequency error for the closed-loop system, for the n0 th harmonic, is the frequency error for the open-loop system, which is divided by a gain function of G1 and G2. Here, G1 is the gain applied to the PZT actuator: this gain is an integrative gain and most of it is applied essentially below 10 kHz. Above this frequency, the gain G2 is applied to the AOM-FS and is limited to 200 kHz approximately.

A schematic of a frequency control loop for pulsed laser-OEC locking with noise is shown in Figure 4.2. From the laser plant P(s), the free-running frequency is Xs(s) + Xd(s), where Xd(s) represents the noise terms, while XCL(s) is the controlled output under closed-loop conditions (XC(s) = 0). The sensor (photodiode) B(s) converts a frequency measurement to volts, ES(s), with noise NS(s), which is then summed with a reference 
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For our application case, the open loop always has a high gain, 1 L , and so Eqn. 
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This equation shows that, for large open-loop gain, the error signal suppresses the free-running noise by the magnitude of the loop gain L, and that the noise terms from the photodiode (sensor), optical cavity (reference), and PI/PID controller (compensator) stages add with a weighting given by the sensor gain B. For these reasons, the performance of the closed-loop system, defined here as the residual frequency noise, is directly related to high open-loop gain and low noise, especially at the actuators PZT/AOM. However, the high open-loop gain that can be practically implemented is restricted by the bandwidth of the feedback loop. The relation of gain and phase that must be met to ensure closed-loop stability is defined by the Nyquist criterion, which places limits on the slope of the open-loop gain curve near the unity-gain frequency [START_REF] Abromovici | Feedback Control Systems: A Fast-Track Guide for Scientists and Engineers[END_REF][START_REF] Lurie | Classical feedback control with matlab[END_REF] . For instance, the unity-gain frequency is limited to ∼10 kHz for piezo-mirror actuators like the one used in the experiments (to avoid mechanical resonances in the PZT mounted on the mirror).

Locking precision

As we see in Chapter We define the matching efficiency η to evaluate the locking performance of the feedback system. To obtain the matching efficiency η, it is necessary that the width of a harmonic of the laser is less than the line width of the cavity width by a factor
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is the cavity bandwidth. Here we assume that the noise is flat over the band B, and this assumption can be true when 𝐵 ⩽ 10 kHz for standard PZT. 

Locking techniques

Obtaining an error signal that is proportional to the difference between the laser frequency and the cavity resonance [START_REF] Shaddock | Frequency locking a laser to an optical cavity by use of spatial mode interference[END_REF] is the prior step of feedback. This error signal is usually utilized in a closed-loop feedback system to actuate the laser frequency to the cavity FSR.

Several techniques have been used to generate this error signal, including transmission locking [88] , Hansch-Couillaud locking [START_REF] Hä | Laser frequency stabilization by polarization spectroscopy of a reflecting reference cavity[END_REF] , and Pound-Drever-Hall (PDH) locking [START_REF] Black | An introduction to Pound-Drever-Hall laser frequency stabilization[END_REF] over the last decades. Transmission locking is the easiest way to produce an error signal; however its feedback point cannot be positioned on the crest of the resonance [88] . Hansch-Couillaud locking usually needs a Brewster or a polarizer inside the cavity to change the polarization status of the laser beam, thus extra loss is introduced, limiting the feasibility of its application in high-finesse cavities. The other drawback of this technique is that it is also very sensitive to the polarization stability [START_REF] Hä | Laser frequency stabilization by polarization spectroscopy of a reflecting reference cavity[END_REF] .

The PDH locking is the most widely used method, but it requires to modulate the injected beam, usually with an electro-optic modulator (EOM), and to demodulate the reflected beam [START_REF] Black | An introduction to Pound-Drever-Hall laser frequency stabilization[END_REF] . Compared to PDH, tilt-locking (TL) does not require such a complex modulation-demodulation process. It just uses optical encoding and decoding of spatial modes [START_REF] Shaddock | Modulation-free control of a continuous-wave second-harmonic generator[END_REF][START_REF] Ottaway | Stabilization of Injection-Locked Lasers Using Spatial Mode Interference[END_REF][START_REF] Slagmolen | Frequency Stability of Spatial Mode Interference (Tilt) Locking[END_REF] and needs only a split photodiode (SPD). It has the same frequency response as the PDH technique, and a similar sensitivity. This technique was first demonstrated with a gravitational wave detector for stabilizing a CW OEC interference [91, 92, 93] : the cavity type was plane-concave and the waist was located on the plane mirror. The SPD was installed near the OEC waist position and, consequently, the TL error signal was obtained near the cavity waist position.

Pound-Drever-Hall (PDH) locking

In this section, we briefly describe the PDH locking principle, the details of which can be found in other references [START_REF] Hansch | Laser frequency stabilization by polarization spectroscopy of a reflecting reference cavity[END_REF][START_REF] Drever | Laser Phase and Frequency Stabilization Using an Optical Resonator[END_REF] .

The PDH technique is a traditional method of using the phase information of the reflected light to generate an accurate frequency error signal. A schematic of the PDH setup is shown in The incident beam is phase modulated by an EOM, with modulation frequency 𝛺.

The modulation depth β is set such that the majority of the power is in the carrier wave.

Under these conditions, the electric field incident on the OEC can be very closely approximated by
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where 𝜔 is the carrier frequency.

The incident beam may be regarded as the superposition of three components, since the power of other higher-order terms is quite small compared to the carrier and first-order components. The first one is an electric field of angular frequency ω, known as the carrier wave, and the second and third components are the sidebands with angular frequency 𝜔 + 𝛺 and 𝜔 -𝛺, respectively.

If 𝑃 0 is the total power in the beam, then the power in the carrier wave is The reflected field is then the incident field, multiplied by the complex reflection coefficient,
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For an OEC, the general expression for the reflection coefficient is 
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When the modulation frequency 𝛺 is large enough thus that the sidebands of the incoming light are completely reflected, and therefore
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is purely imaginary. In this case, the cosine term in Eqn.(4.20) is 0. The term we are interested in is the carrier-sideband mixing, proportional to sin (𝛺𝑡), which is extracted by demodulating the signal with sin (𝛺𝑡 using a mixer. Thus, the error signal is Note that the error signal crosses zero if any of the beams (the carrier or either of the sidebands) resonates in the cavity. However, the sign of the error signal's slope is opposite for the carrier and the sidebands. When the carrier is near resonance, the reflected power of carrier vanishes, since therefore   2 0 cav r   , the reflected power can be approximated as where  is the laser detuning frequency from resonance.
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If the cavity has a high finesse, the reflection coefficient can be approximated by This PDH technique has been used by many setups successfully, for example, PLIC, LUCX and LCS.

Tilt locking (TL)

In this section, we first present the principle of TL. Then, we derive the analytical expressions for the locking error signal for different kinds of misalignments in both the near-field case and the far-field case. At the end, simulations of error signals corresponding to various misalignments are given.

Tilt locking principle

Instead of electro-optic encoding and electronic decoding of the frequency sidebands on the PDH, TL uses optical encoding and decoding of spatial modes. The phase of an off-resonant mode such as TEM10 or TEM01 mode is used as a stable phase reference in TL. The phase changes of the resonance mode (usually TEM00 mode, which is the mode we would like to store inside the cavity) are compared to this reference.

Small part of the TEM00 mode beam is reflected by the cavity when the cavity is near resonance. The phase of near-resonant mode is extremely sensitive to the cavity length. The phase changes sign when the near-resonant mode crosses the resonance frequency of the cavity. Therefore the phase of the reflected TEM00 mode can be used as an error signal. If we lock the cavity by the error signal, the cavity can be kept on resonance with the TEM00 mode of the injected laser.

To get the TL error signal, a SPD, which is simply a photodiode with two halves, left and right, is used to measure the interference of the TEM00 mode and TEM10 (TEM01) mode on two halves. An electronical differential circuit is employed to get the intensity difference of the left half and the right half of the SPD.

If the beam that is reflected from the cavity is focused onto such a SPD, the situation is as follows: TEM10 has a positive phase on the left and a negative phase on the right half of the SPD. TEM00, on the other hand, is completely symmetric and has approximately the same phase in the whole detection area. If TEM00 is exactly on resonance, its phase is zero, so that the combined contributions of TEM00 and TEM10 yield the same intensities on both halves, hence the difference is zero (see Figure 4.6(b)).

The TEM00 mode of the reflected laser beam focused onto a SPD, has a symmetric and approximately the same phase on the SPD, while the TEM10 mode has an opposite phase on the two halves of the SPD. When TEM00 is perfectly on resonance, its phase is 0. The difference of the TEM00 and TEM01 mode interference on the two halves of SPD is 0 (see Figure 4.6(b)). If TEM00 mode is slightly off-resonance, its phase is no longer 0. Assume the phase is positive, and then the fields of TEM00 and TEM01 mode interfere constructively on the left half and destructively on the right half. The intensity difference of the two halves of the SPD is positive, and a positive output voltage is produced (see Figure 4.6(c)). On the other hand, if the laser frequency fluctuates in the other direction, the TEM00 mode will acquire a negative phase. In this case, constructive interference happens on the right half and destructive interference on the left half of the SPD. In this case, the SPD will produce a negative output voltage (see 

TEM10 mode

To use TL, the priority is to generate a TEM10 mode. A small misalignment or lateral shift of the input laser beam with respect to the OEC optical axis could generate a TEM10 mode (or TEM01 depending on the direction of the misalignment). We discuss here the lateral shift and tilt in only one dimension, the x dimension, because the y dimension will have identical expressions.

The optical axis of a two-mirror cavity is the line that intersects the centers of curvature of the two spherical mirrors of radius R as in Figure 4.7. Associated with every stable OEC is a set of spatial eigenmodes, which form a complete set, the Hermite-Gaussians modes. Physically, these eigenmodes describe electric field distributions that can propagate back and forth between the mirrors along the cavity axis with minimum diffraction losses and without the distribution changing shape. A general input beam can be expanded and expressed as a linear combination of these eigenmodes [START_REF] Oughstun | On the Completeness of the Stationary Transverse Modes in an Optical Cavity[END_REF] . w is the waist size, when z = 0, z R is the radius of curvature of the beam wave fronts, and z  is the Gouy phase shift, an extra contribution to the phase that is seen in Gaussian beams.
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Beam shift

We begin with the assumption that the input beam () in Ex is Gaussian and aligned, so that
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, and then if we translate the input beam by a small amount 𝑎 in the x direction, as shown in Figure 4.8(a), ()
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The exponential can be expanded, and if
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, terms of second order and higher in that fraction can be dropped, to give
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where a k is the coefficient of lateral shift. Thus we see that a lateral shift of the input beam gives rise to a coupling of the first off-axis mode of the cavity, the TEM10 mode, which is in phase with the TEM00 mode.

Beam tilt

If the input laser beam is tilted by a small angle 𝜃 with respect to the cavity axis, as shown in . Physically, this limit says that the tilt angle is smaller than the far-field divergence angle of the beam. Expanding, ()
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It can be seen that tilting a beam causes a coupling into the first off-axis mode that is 90° out of phase with the TEM00 mode. 

Tilt locking error signal

The error signal is the interference difference of the TEM10 and TEM00 modes on the two parts of the SPD. In the case of both tilt and lateral misalignments, the reflected field of the cavity is 
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The reflected power incident on the SPD as a function of the x coordinate is thus 
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To get the error signal, Eqn. 
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Error signal versus beam tilt

To understand the contribution of 𝜃, first we consider the perfect case: there is only tilt misalignment, which gives rise to the TEM10 mode. Figure 4.9 shows that, with the increase of the tilt angle, the amplitude of the error signal shape increases. The signal shape is symmetrical, passing through the zero point when the TEM00 mode is perfectly on resonance. 

Error signal versus beam shift

When there is a lateral shift effect added on to the tilt misalignment, the error signal shape will be deformed, as shown in 

Error signal versus SPD angle

The TEM10 or TEM01 mode lobe angle may not be parallel to the SPD gap line, as shown in Figure 4.13. The angle between the TEM10 mode and the SPD is 𝜙. The error signal shape corresponding to different 𝜙 is numerically plotted in Figure 4.14. 

Error signal versus SPD longitudinal position

TL error signal shapes corresponding to SPD at different longitudinal positions are shown in Figure 4.15. From this figure, we find that with the increase of z, the error signal shape deforms. This is because the Gouy phase between the TEM00 mode and the TEM10 mode is no longer zero as in the beam waist position z = 0 case. However, the SPD offset can compensate the error signal deformation introduced by longitudinal position (see Figure 4.16; when Δ = 0.15 wz, a symmetrical error signal can be obtained).

By carefully aligning the SPD position, a symmetrical error signal can be obtained. 

Tilt locking experimental study

We install the TL and PDH locking in the same setup to test TL, with PDH locking as a comparison.

Experimental setup

The TL experiment is implemented in a pulsed-laser injection cavity (PLIC) setup at LAL, France. The schematic layout of the experiment is represented in Figure 4.17, and a picture of the PLIC is shown in Figure 4.18. The laser source is a Mira 900 oscillator (Coherent company) and pumped by a 6 W Verdi laser (Coherent company).

The repetition rate of the laser pulses is ~76 MHz. The two-mirror OEC is of confocal type and with ~2 m length. The output pulses of Mira 900 oscillator first pass through a Faraday optical isolator and then through an EOM, and double-pass through an AOM, which is used as a frequency shifter (FS). The EOM modulates the injected beam at 5 MHz, and the FS provides high-bandwidth phase modulation for precise carrier-envelope phase control. A pair of 45° rotating mirrors is used as fine beam angle-position adjusters for alignment. The mode-matching requirement is achieved by the lens doublet. A PD measures the cavity transmitted light to monitor the cavity power build-up. Table 4.3 lists the main parameters of the setup. The electronic system for feedback board is the same as reference [START_REF] Bonis | Non-planar four-mirror optical cavity for high intensity gamma ray flux production by pulsed laser beam Compton scattering off GeV-electrons[END_REF] . The SPD that we used for the TL experiment is actually a quadrant photodiode, (Si PIN S4349, Hamamatsu [98] ). We modified it to a SPD by electronics design. The photo sensitivity as a function of wavelength is shown in 3. Master and slave generators are phase-loop-locked (PLL) at 10 MHz, which means that the master and slave generators have the same frequency but different phases (this phase difference is constant and can be adjusted to 2π).

4. The outputs of the slave generator, LO, and PD-PDH are connected to one mixer.

The output of the mixer is an intermediate-frequency (IF) signal, which contains DC and high frequency 2𝛺.

5.

The IF signal is fed to a low-pass filter; only the DC signal, which is a base-band error signal, is kept.

6. To get a good error signal, with high signal-to-noise (S/N) ratio, we first adjust the phase of the slave generator, to make the error signal amplitude ~0 V. Then we apply 90° or -90° on the slave generator. In this case, the error signal has the maximum amplitude. 

TL configuration

To reduce the amplitude the beam pointing induced error signal DC drift (this will be shown later), the SPD is installed near the cavity input mirror and with try to avoid additional optical elements between the cavity input mirror and SPD. Thus SPD is installed at ~0.44 m from the cavity input mirror. In order to get a good error signal, we followed the procedure described below. Step 1: Electronic circuit calibration

Before the experiment, we calibrate the offset of the circuit as shown in Figure 4.20 to make sure that the offset level in the two parts of the differential board has the same, and that the output of the differential board is 0 V.

Step 2: Generate TEM10 mode First, the laser beam is carefully aligned with respect to the cavity in the standard way by scanning the cavity length and minimizing the TEM10 mode power. Then, the input beam is slightly tilted in the horizontal direction to generate a small TEM10 mode.

Step 3: Measure beam size of reflected light

According to the simulation, when the SPD size is more than three times of that of laser beam size, it has small effect on the SPD. In this view, we prefer the SPD size be three times of the beam size. Since the SPD active size is fixed, 3x3mm, a small beam size would be good. However, the beam pointing effect is more serious for small beam size compared to a bigger beam size. Consider all above, we have to choose a position where beam size is comparable with the SPD size. We measure the cavity reflected TEM00 mode beam profile and beam size at the SPD position, see Figure 4.24 and given in Table 4.4. We find that the laser beam size and the SPD size are comparable so that there is no need to increase or reduce the beam size by adding a lens. Step 4: Measure TEM10 mode lobe angle

If the SPD slit gap angle does not follow the lobe angle of the TEM10 mode (see Figure 4.25 TEM10 mode beam lobe angle ɸ with respect to SPD slit gap.), the error signal amplitude is reduced strongly, as discussed before. Thus, before the alignment, it is necessary to measure the lobe angle of TEM10 mode. The TL uses the reflected beam which is dominated by the TME00 mode and a small TEM10 mode. It is impossible for the beam profiler or a CCD to separate theTEM10 mode from the TEM00 mode, since the two modes are always combined together. However the beam profile of the TEM00 mode and the TEM10 mode can be separated in the transmitted light. Since the lobe angle of the reflected TEM00 mode is the same as the reflected TEM10 mode (we have confirmed this point by artificial made TEM10 mode). Therefore, we can measure the cavity TEM10 mode beam using a beam profiler located in the beam transmitted by the cavity. ).

Step 5: Align the SPD

The purpose of SPD alignment is to have a symmetrical error signal. First, we roughly align the beam in the center of the SPD with the infrared card. For that, we tune the tilt of (1), as shown in Figure 4.27. Then, we apply the rotation angle of (2) corresponding to the TEM10 mode lobe angle measured before with the beam profiler.

With the oscilloscope, we measure A and B, and we make A = B with the fine X and Y tuning of (2). Finally, we obtain A -B centered at 0 V. Any offset present in the final alignment is revealed by the asymmetry of the resulting error signal and can be readily removed. 

Experimental results and discussion

The PDH error signal is compared with the TL signal. Each of these two signals is successively fed to the feedback system, and we compare the locking performances of both techniques.

As TL measures the interference of the TEM00 and TEM10 modes in two separate Once a stable error signal has been obtained, it is fed to a feedback system to lock the laser to the cavity [START_REF] You | High finesse pulsed optical cavity locking by tilt-locking technique[END_REF] . Stable locking and high coupling are obtained, as shown in and is therefore more robust. The main drawback of TL is its high sensitivity to the beam pointing on the SPD. All optical components before the SPD may cause significant beam wander, therefore the SPD mounting design should be carefully considered and SPD should be fixed well. It is a suitable way to suppress most of the beam pointing noises by installing some housing on the most sensitive optical elements.

It can be further suppressed but the system would be much more complicated.

Frequency Offset Effect on Coupling

As discussed in Chapter 2, to couple all the laser frequency comb to the cavity, besides to match the laser repetition rate frep to cavity FSR, the frequency offset of laser frequency comb fce also has to be matched to the offset frequency of the cavity. What will the coupling be if only the frep is matched to FSR, while the fce is free-running? We lock the cavity by TL in order to study the fce effect on coupling. The fce of our experiment laser cannot be directly tuned; however, we tune it by changing the pump power of the laser oscillator [START_REF] Börzsönyi | External cavity enhancement of picosecond pulses with 28,000 cavity finesse[END_REF] . The tunable range of pump power is 5.8W to 6.5W.

Below 5.8W, laser output is no more mode-locked. First, we lock the cavity by TL.

Then, we change the pump power to tune the fce. An example of the fce tuned locking is shown in 

TL Full Spectrum Locking Test

For the case of the one TL error signal, the error signal measures the averaged wavelength (frequency) between the cavity resonance modes and the laser frequency comb. One error signal is enough to achieve high and stable coupling rate for picosecond laser pulse injected OEC. However, for the case of the femtosecond laser pulse, the separation between the cavity resonance modes is not constant. The laser frequency comb cannot be perfectly matched to the cavity modes, as shown in Figure 4.32. The broader the spectrum, the worse the match is. Therefore, for femtosecond laser pulse injected OEC, to obtain a higher coupling rate and more stable locking, full-spectrum locking with dynamic carrier-envelop phase-compensation is of necessity [START_REF] Jones | Stabilization of Femtosecond Lasers for Optical Frequency Metrology and Direct Optical to Radio Frequency Synthesis[END_REF] . This condition means that at least two error signals with different wavelengths should be used to lock the cavity. For example, one error signal measures the average spectrum, whereas the other SPD is used to measure the spectrum edge by employing a grating to spatially broaden the beam. By using a lens to focus the beam, the wavelength is a monotone function of spatial position at the waist position. The experimental test setup for the two TL error signals is the same as the one-error-signal case, as shown in Figure 4.33. An Echelle grating (Thorlabs GE2550-0875 [101] ) is installed in the reflected light path to broaden the beam in horizontal-direction. SPD-1 is installed near the cavity input mirror to measure the averaged error signal as the one-error-signal setup. SPD-2 is installed ~3 m away from the input cavity mirror, because there is no enough free space to install the grating, the lens and SPD-2 near the cavity input mirror. The illustrative diagram for a grating, which broadens the pulsed laser beam in space, is shown in Figure 4.34. We use two lines P1 and P2 to describe the Gaussian beam. The beam line P1, which contains all the wavelengths, will be diffracted by the grating. As a consequence, different wavelengths have different diffraction angles [102] .

The diffraction angles for λ1 to λn are ß1 to ßn, respectively. The same effects happen to beam line P2. All the λ1(Pi) lines are parallel to each other, so do the lines λn(Pi). Being concentrated by the lens, different wavelengths are focused at different transverse position (horizontal-axis). In order to separate different wavelengths in space, the SPD-2 can only be installed at the vertical waist position. However, from the results of beam profile measurements, as shown in To test if TL can be used for full spectrum locking, first we would like to confirm if SPD can measure the frequency difference δf information. There are two ways to check whether SPD works well: the first method is to scan the waist beam by a SPD; the second is to fix the SPD position at different position of the waist, and tune the fce when the cavity is locked.

Scan the beam

From Figure 4.32, we can see that with the increase of the distance of the frequency from center frequency, the frequency difference δf between the laser frequency comb and cavity modes becomes larger. When the cavity is locked, we can use SPD-2 to scan the beam after grating. Since the cavity is locked by the averaged error signal, some of the laser frequency comb may not be matched perfectly well to the cavity modes. Thus, when we scan the horizontal broadened beam, we can get the δf information as illustrated in Figure 4.36. We can see that the grating only broadens the beam in horizontal direction, while the two-lobe characteristics of TEM01 mode still exist. This is because the grating only broadens the pulsed laser in spatial according to its spectrum. However, the TEM01 mode lobe is not parallel to the optical table. We have to make the TEM01 mode parallel to the TEM01 mode for scanning convenience. This can be achieved by using a dove prism, as shown in Although the signal is similar to the expected shape, we can't claim that we get the correct error signal shape, since the power difference in two halves of the SPD-2 may cause a very similar shape. When the breadboard is moved from the transmitted light to the reflected light, we cannot guarantee that the relative positions of the injected light to dove prism, grating and lens are kept, thus the TEM01 lobe may not be parallel to the optical table. As a conclusion, it is difficult to use TL to lock the cavity via full spectrum locking.

The first difficulty appears from the small vertical beam size because the SPD has to be installed in the vertical waist position. The second one is that, after the grating, the angle of TEM10 mode remains unknown. Both of these complications lead to a higher alignment precision for the second SPD. Therefore it is not easy to implement TL in full-spectrum locking for femtosecond laser pulse injected OEC. Currently the breadboard doesn't work as well as anticipated. Improved alignment is required for the further study of TL in the full spectrum locking.

Chapter 5 HTTX OEC System Design

The HTTX project is a compact X-ray source based on an OEC and an electron storage ring. The X-ray flux design value is higher than 10 10 ph/s to meet the requirement of X-ray applications. The rest of this chapter highlights the conceptual design of the optical storage system and identifies some of the major issues.

HTTX OEC system preliminary design

The optical storage system consists of a high-stability pulsed laser oscillator, a stable transport and mode-matching optical scheme, and a high-finesse OEC. This system is controlled by two feedback loops, the first for locking the laser oscillator to the OEC, and the second for locking the OEC to the reference ring clock. I will detail later the above parts of this optical storage system: the high power laser, the optical transportation setup, the high finesse cavity and the feedback loops.

Laser requirements

In this project, the initial laser source must meet several requirements.

Resonance requirements

In order to stack the laser pulses inside the cavity, and keep the cavity on resonance, we need to track the central frequency of the cavity by maintaining overall frequency stability within the cavity bandwidth. The repetition rate of the input pulses must exactly match the round-trip duration of the OEC, and both also must match the electron storage ring circulation frequency. Furthermore, since we are using a high-finesse cavity, we have to match the carrier-envelope phase of the laser pulses to the phase offset introduced by the cavity (mirror dispersion essentially). For the high-finesse and/or femtosecond regime, the cavity dispersion becomes significant. Similarly, in the frequency domain, all the frequency components that make up the pulse train must be tuned to resonance with the corresponding cavity longitudinal mode.

Beam quality requirements

Achieving good coupling of the laser pulses to the high-finesse cavity and stable locking requires precise compliance with the following laser beam parameters:

beam spatial profile as close as possible to the TEM00 mode of the cavity; -stable pointing; -low phase noise.

Actuator requirements

In order to tune the repetition rate and have feedback control, at least two actuators are required for the laser driver: a motorized stage for large tuning range, and a high-speed PZT to lock the laser to the cavity. We need to measure the PZT transfer function and the laser phase noise.

Installation requirements

In addition, the laser system together with the cavity must be installed on the electron storage ring, so it should be as compact as possible. Power stability and heat control requests should also be provided.

Laser schemes

In order to achieve the designed X-ray flux, a high-power output laser source is required. From the study in Chapter 2, we know with the available technologies, the thermal load in the amplification media of bulk lasers severely limits the average power to a few tens of watts at tens of MHz repetition rate [103,104] . As a result, in such a system, the laser pulse repetition rate is ~10 Hz, which is clearly incompatible with the

The resonance requirements imposed on the OEC are the same as for the laser oscillator. In our case, a cavity is used as a reference, and we tune the laser repetition rate and carrier-envelope phase shift to match the FSR and phase shift of the cavity.

Structure requirement

In order to stack the laser pulse trains effectively, the OEC has to be quite stable, because the stacking condition is very sensitive to environmental noise and fluctuations.

There are several candidates for the OEC applied for laser-electron scattering, such as a two-mirror (2M) cavity [START_REF] Loewen | A Compact Light Source: Design and Technical Feasibility Study of a Laser-Electron Storage Ring X-Ray Source[END_REF] , a two-dimensional four-mirror (2D 4M) cavity [START_REF] Shimizu | Development of a 4-mirror optical cavity for an inverse Compton scattering experiment in the STF[END_REF] , and a three-dimensional four-mirror (3D 4M) cavity [START_REF] Bonis | Non-planar four-mirror optical cavity for high intensity gamma ray flux production by pulsed laser beam Compton scattering off GeV-electrons[END_REF] .

The mechanical stability of the different types of OEC can be studied by the ABCDEF matrix method [START_REF] Siegman | Lasers[END_REF] and the Fermat principle [START_REF] Zomer | Polarization induced instabilities in external four-mirror Fabry-Perot cavities[END_REF] . Here we use the size of the stable region to compare the optical stabilities of 2M and 4M cavities. We find that the stable region size of the 2D 4M cavity is ~3.5 times that of the 2M cavity. The geometries and the cavity waist size relationships as a function of spherical mirror curvature radius ρ for 2M and 4M cavities are shown in Figure 5.3 and Figure 5.4, respectively. Fixing the cavity FSR to 41.7 MHz, for a 2M and 4M cavity, to have a waist size from 0 to 100 μm, the stable region size of the spherical mirror curvature ρ becomes 0.48 mm and 1.7 mm, respectively. The desired ρ region size of the 4M cavity is ~3.5 times that of the 2M cavity. The cavity becomes unstable when ρ < 1800 mm for the 2M cavity and ρ < 1598.12 mm for the 4M cavity.

The 2M cavity imposes a stringent condition on the precision of ρ: if ρ is larger than the design value, the cavity waist can be much larger; while if ρ is smaller than the design value, the cavity tends to be unstable. In practice, once the cavity is built, ρ is fixed, but the cavity round-trip distance Lcav has to be tuned to match the circumference of the electron storage ring. It is possible to reach an unstable region.

The 2M geometry is simpler but known to be mechanically unstable when small laser waists are foreseen (i.e. concentric geometry). The 4M resonators are mechanically stable and widely used in laser oscillator technology, but the round-trip power loss is higher than in the 2M case. The 2D 4M OEC is most suitable for Thomson X-rays with an electron storage ring of several meters or tens of meters. Compared to the 2M OEC, it is more stable, and can have a smaller waist, although losses are larger than for a 2M cavity. Also, compared to the 3D 4M OEC, it is more compact and needs less space for integration into the electron storage ring. Meanwhile, it has less unstable elements than the 6M or 8M cavity, which have more mirrors, therefore more parameters, and are more difficult to control.

In addition to higher mechanical stability, the 4M cavity also provides more flexibility than the 2M cavity for the adjustment of the cavity round-trip frequency and the laser beam waist.

There are two types of 2D 4M cavity. They have the same level of mechanical stability. However, a 2D crossed cavity, compared to a 2D bow-tie, can be installed in a smaller vacuum chamber, as shown in Figure 5.5. 

Installation requirements

The design of the cavity must also include an electron beam pipe, whose diameter is usually of the order of a few centimeters. The distance between the spherical mirrors must be long enough to reduce the scattering angle. Therefore, the design of the cavity should be such that it has minimum sensitivity to the vibrations induced by the noisy environment of an electron accelerator.

A schematic drawing of a compact OEC-electron storage ring X-ray source is The beam in the north and south straight sections of the storage ring contains quadruple magnet, and RF cavity is located in the east straight section. So the only suitable location for the OEC installation is the west straight section, in which the electron beam is transversely focused to a small spot, with rms ~1.8 mm in the x direction and ~0.18 mm in the y direction. The electron bunch and the laser pulse collide at the interaction point, which is located inside the RF chamber, producing a burst of X-rays.

In order to match the repetition rate of the electron beam, the OEC round-trip length has to be a multiple of the ring perimeter (4.8 m). If the OEC round-trip length is a harmonic of 4.8 m, this means that the cavity has to be installed within the storage ring.

But space is limited, and it is not convenient to install the OEC there. Therefore, the OEC round-trip length has to be integer times 4.8 m. Because the electron ring side length is ~1.3 m, then the side length of the cavity has to be larger than 1.3 m.

Considering the compactness of the setup and the convenience of installation, the integer number N is chosen to be 2. This means that the OEC round-trip length is 9.6 m.

In this case, we can install the optical resonant cavity outside the electron ring.

Actuators requirement

To lock the cavity frep to the electron storage ring fe, at least one PZT and one micro-stage are needed. The PZT and micro-stage should be put on the plane mirror. If they are installed on the concave mirror, the position changes of the concave mirror will strongly affect the waist position and size. The cavity PZT is used for locking the cavity FSR to the accelerator frequency. At least two of the mirror mounts should be equipped with tilt tuners, but this is only for small misalignments. It is better for every mirror to have angle tuners and a micro-stage positioning system.

Cavity mirror

The high-finesse property of the optical mirror enforces tight quality control on the following aspects of the cavity:

-high reflectivity R;

-low loss for low internal losses;

-small dispersion; -large spectrum bandwidth;

-high precision on the radius of curvature of the spherical mirror;

-laser damage threshold value as high as possible;

-small surface flatness;

-small surface roughness.

Progress in coating technologies over the past decade has enabled the routine manufacture of extremely low-loss (~ ppm) optics. Cavity finesse can be 150000, corresponding to a total cavity loss of 40 ppm, which includes the input transmission loss. Scattering and absorption losses are typically under 10 ppm per mirror for commercially available optics, while research efforts have recently produced optics with losses under 1 ppm [107] . The reflectivities of the mirrors are listed in Table 5.2. 

Cavity scheme

Considering the constraints mentioned above, the 2D 4M crossed cavity is the most suitable for ICS X-ray production in the specific case of the HTTX electron storage ring. From the above analysis we get Lcav = 9.6 m for HTTX. It is better to select a standard value for the spherical mirror curvature, and thus we choose ρ = 2.5 m for the spherical radius of curvature. The distance d is chosen to be the minimum value we can get for a 1 inch mirror. The cavity becomes unstable when L2 is smaller than 2500 mm (see Figure 5.9).

Installation into the ring requires L4 and L2 to be larger than 1.3 m.

Also, Figure 5.9 indicates that, with the increase of L2, beam waist sizes increase, but the scattering angle decreases. According to the X-ray flux formula, the X-ray flux is proportional to the scattering angle but inversely proportional to the beam size. To get the optimum value of L2 for the maximum X-ray flux, we optimize the value of L2 from Figure 5.10 indicates that, the smaller L2 is, the larger the X-ray flux is. We set L2 = 2503 mm to keep 3 mm of tunability margin inside the stable limit. Table 5.3

summarizes the parameters of the OEC.

The variation of the beam size along the optical axis in the cavity is shown in 

Optical transportation setup requirements

The optical transportation setup is to provide the alignment and mode matching to the cavity. The optical setup should be installed on a mechanically stable optical table in order to reduce the mechanical noise. There should be at least two mirrors for alignment.

As discussed in Chapter 2, when the laser beam optical axis is misaligned with the cavity optical axis, higher-order modes will be generated. Lenses are also needed for mode matching of the laser beam to the cavity. Also, mode mismatching leads to high-order modes. Both misalignment and mode mismatching will lead to low power coupling, and may even break the resonance condition.

Feedback requirements

To provide stable laser beam-electron scattering, two feedback loops are needed: 1) the repetition rate of the laser is locked to the cavity FSR, and 2) the FSR is locked to the electron storage ring circulation frequency.

Feedback schemes

The general feedback timing system is depicted in Figure 5.12. Two feedback loops are represented. For the second loop, as we cannot measure the FSR directly, we use the frep of the laser, which is equal to the FSR when the first loop is working. control. An optical table 2D positioning system is needed to align the optical axis on the electron trajectory.

Expected laser and X-ray characteristics

Table 5.4 lists the expected laser and X-ray characteristics. The new TTX setup will be based on the PLIC (we discussed this setup in Chapter 2) and Mightylaser project [108] . The PLIC setup uses a 2M OEC located in LAL.

Originally, it was used to study the OEC and digital feedback. It is a laboratory test setup, outside of the accelerator, but it uses high-vacuum-compatible devices. The cavity pressure is 10 -8 Pa. The Mightylaser setup uses a 3D 4M cavity and is installed in the ATF accelerator at KEK, Japan.

The HTTX prototype cavity setup is similar to the PLIC experiment except that it will use an air-pressure 4M cavity. After validation, the prototype cavity setup will be upgraded in order to be installed in the HTTX accelerator. The HTTX prototype cavity will be available for testing and validation around 2015. The HTTX final Compton setup should be ready in 2018.

HTTX prototype optical storage system design

Considering that we already have a Mira 900F laser oscillator (from Coherent) and that the aim of the HTTX "prototype" cavity setup is to study OEC resonance theory and to test the feedback system, we therefore decided to use the Mira 900F laser in the HTTX prototype setup and try to make the minimum modifications to the laser. In this case, the HTTX final "Compton" setup feedback system can be based on the HTTX "prototype" setup.

The HTTX prototype cavity setup is designed as a test setup for the final version.

Thus, with that in mind, it should have studied and tested all of the following subjects related to the final version:

-laser source, and phase noise measurement;

-OEC resonance condition, optical stability, mechanical stability, cavity enhancement factor, and factors that affect cavity coupling rate (impedance matching, alignment, mode matching, dispersion matching, axial mode matching);

-how to optimize the OEC geometry for high-flux X-rays;

-optical system for alignment, mode matching of laser and cavity mode, and how the electro-optical system works;

-how to improve the mechanics of the OEC and the stability of the cavity, and locking performance; -the feedback system, feedback precision requirement, feedback technique (PDH and tilt locking), and PLL;

-preparation of the diagnostics to help check the OEC status.

As a reference for the HTTX final cavity, HTTX prototype setup can be kept for future research, such as technical updates and improvement validations.

The general layout of the HTTX prototype cavity is shown in Figure 5.14. It was used successfully recently in the PLIC with a finesse of 28000. 

Laser

As discussed before, we plan to use the Mira 900F laser oscillator for the prototype setup. But it needs some modifications to meet our locking requirement. The main specification of the Mira 900F and the requirements of the Mira 900 HTTX prototype are summarized in .

Table 5.5.We need to add only two actuators: a PZT and a motorized micrometer (frep) for feedback control (see Figure 5.15), the specifications of which are given in Table 5.6. In addition, an etalon is added to change the pulse duration from 100 fs to 1.6 ps, with spectrum bandwidth 0.8 nm for easier pulse stacking (a picosecond pulse has a much smaller dispersion than a femtosecond pulse, and is easier to stack inside the cavity). 

Cavity and optics

Since the repetition rate of the Mira 900 laser is 79.33 MHz, the FSR of the cavity is set to be 79.33 MHz, with a round-trip length Lcav = 3.892 m.

For the test setup, we use the same type of cavity as the final version, as shown in The optics from the laser source to the OEC contains the mode-matching lens doublet F2 and F3, and aligned mirrors M3 and M4, as shown in Figure 5.14.

Electro-optics and Feedback

A PDH is installed for feedback control. Therefore, an EOM is installed in the 

Mechanics and diagnostics

Since the prototype is tested in air pressure, no UHV mechanics are needed.

However, in order to improve the mechanical stability of the cavity, it is better to place the cavity on a heavy metallic board, and a dumped optical table.

Diagnostic tools need to be installed on the transmitted path and reflected paths to assist in aligning optics and checking the resonance conditions. The list of the main diagnostic tools and their functions is shown in Table 5.8. 

Chapter 6 Concluding Remarks

An OEC-based ICS X-ray source is expected to produce higher flux and better quality X-rays than conventional sources, and to be more compact, more accessible, and cheaper than SRs or FELs. The OEC and electron storage ring are the two key components of the OEC-based ICS X-ray source. This thesis has described the study of OEC system for ICS X-ray source. By employing an OEC, we can greatly increase the power of the laser, while keeping the high-repetition merit of the laser oscillator, and at Since the cavity should be installed into the accelerator, all the mirror holders of the cavity mirror should be UHV compatible and be convenient for positional and angular control. An 2D positioning system is needed to align the optical axis on the electron trajectory. All of above is still a challenge on mechanics.

Figure 1 . 2 Figure 1 . 3

 1213 Figure 1.2 Laser-electron interaction based on an OEC and an electron storage ring

Figure 1 . 4

 14 Figure 1.4 Laser-electron interaction based on multiple OECs and an electron-ERL.

Figure 1 . 6

 16 Figure 1.6 Schematic of LUCX experimental setup in KEK.

Figure 1 . 7

 17 Figure 1.7 The ThomX project in France[START_REF] Variola | ThomX-Conceptual Design Report[END_REF] .

Figure 1 .

 1 photons, respectively, 𝜙 is the scattering angle, and 𝜃 is the collision angle. Quantities in the electron rest frame are denoted by an asterisk (*). The direction of the electron beam is chosen along the X-axis, and the laser is colliding on the X-Y plane.

Figure 1 . 8

 18 Figure 1.8 Schematic of laser-electron ICS in the laboratory and the electron rest frame.

Figure 1 . 9

 19 Figure 1.9 The energy of scattered photons as a function of scattering angle at different collision angles (electron energy 50 MeV, laser wavelength 1050 nm).

Figure 1 .

 1 Figure 1.10 shows the maximum energy of the scattered photons as a function of the collision angle.

Figure 1 .

 1 Figure 1.10 The energy of scattered photons as a function of collision angle (electron energy 50 MeV, laser wavelength 1050 nm, 𝜙 = 0°).

  indicate, respectively, the number of electron and photons per bunch, the repetition frequency, the three-dimensional bunch root-mean-square sizes for the electron (index e) and laser photon (index l) bunches, and the collision angle. Once the luminosity of the process is defined, the flux of X-

Figure 1 . 11 ,

 111 Figure 1.11, Figure 1.12, Figure 1.13 and Figure 1.14 shows the flux dependences of the collision angle, laser power inside the enhancement cavity, laser beam size, and electron beam size, respectively.

Figure 1 .

 1 Figure 1.11 X-ray flux dependence on collision angle. (Electrons: 50 MeV, 1 nC, 𝜎 xe = 0.74 mm, 𝜎 ye = 0.16 mm, 𝜎 ze = 3.5 mm. Laser beam: wavelength 1050 nm, cavity power P = 500 kW, 𝜎 xl = 0.05 mm, 𝜎 yl = 0.05 mm, 𝜎 zl = 3 mm, 𝑓 rep = 41.7MHz).

Figure 1 .

 1 Figure 1.12 X-ray flux dependence on laser power inside the OEC. (Electrons: 50 MeV, 1 nC, 𝜎 xe = 0.74 m , 𝜎 ye = 0.16 mm , 𝜎 ze = 3.5 mm . Laser beam: wavelength 1050 nm, 𝜎 xl = 0.05 mm, 𝜎 yl = 0.05 mm, 𝜎 zl = 3 mm; 𝑓 rep = 41.7 MHz, 𝜃 = 181.7°).

Figure 1 .

 1 Figure 1.13 X-ray flux dependence on laser beam size at the collision point. (Electrons: 50 MeV, 1 nC, 𝜎 xe = 0.74 m, 𝜎 ye = 0.16 mm, 𝜎 ze = 3.5 mm. Laser beam: wavelength 1050 nm, cavity power P = 500 kW, 𝜎 zl = 3 mm; 𝑓 rep = 41.7 MHz, 𝜃 = 181.7°).

Figure 1 .

 1 Figure 1.14 X-ray flux dependence on electron beam size at the collision point. (Electrons: 50 MeV, 1 nC, 𝜎 ze = 3.5 mm. Laser beam: wavelength 1050 nm, 𝜎 xl = 0.05 mm, 𝜎 yl = 0.05 mm, 𝜎 zl = 3 mm; 𝑓 rep = 41.7 MHz, 𝜃 = 181.7°).

Figure 2 .

 2 Figure 2.2(a). A change of the refraction properties leads to a change of the optical path inside the dispersive elements and therefore to a variation of Δφ ce . It can vary for

Figure 2 .

 2 Figure 2.2 (a) Time-domain representation of a mode-locked laser pulse train and (b) the corresponding frequency-domain picture illustrating the laser frequency comb structure (black lines), and an extrapolation of the mode frequencies (red dashed lines)[START_REF] Adler | Cavity-Enhanced Direct Frequency Comb Spectroscopy: Technology and Applications[END_REF] .

  size. () Rz is the radius of curvature of the beam's wave front, () z  is the Gouy phase shift (an extra contribution to the phase related to Gaussian beams), and R z is the Rayleigh range. Transverse profiles of the Gaussian TEM00, TEM10, TEM01, and TEM11 modes are shown in Figure 2.3.

Figure 2 . 3

 23 Figure 2.3 Transverse profiles of the four lowest TEM modes in an OEC.

Figure 2 . 4

 24 Figure 2.4 Laser pulse stacking in a 2M cavity.

Figure 2 . 5

 25 Figure 2.5 Planar 4M cavity.

Figure 2 . 6

 26 Figure 2.6 The 4M planar cavity experimental layout (HWP, half-wave plate; PBS, polarizing beam splitter; QWP, quarter-wave plate; PD, photodiode; PZT, Piezo-electronic Transducer; F1, concave lens; F2, convex lens; M1 and M2, two plane mirrors; M3 and M4, two concave mirrors)Table 2.1 The main parameters of the equipment for the CW laser 4M cavity experiment. CW laser wavelength [nm] 1064 Lens F1 focal length [mm] -150 Lens F2 focal length [mm] 200 Mirrors M3, M4 curvature [mm] 422.5 ± 0.1 L1 [mm] 435 L2 [mm] 423 L3 [mm] 435 L4 [mm] 395Because of the non-normal angle of incidence in the 4-mirror planar cavity, different beam waists may occur in the sagittal and tangential planes, which result in the formation of two different Gouy phases. A typical example of the monitor output is shown in Figure2.7, with the horizontal axis representing the cavity round-trip length.

Figure 2 . 7

 27 Figure 2.7 The monitor photodiode signal showing the Airy function with scanning of the cavity length of the CW laser 4M planar cavity (The cavity is in the fundamental mode).

Figure 2 . 8

 28 Figure 2.8 The theoretically calculated beam waist and experimentally measured beam waist of the CW laser 4-mirror planar cavity (d is half of the distance increment between M3 and M4, ws and wt are the beam waist size in sagittal and tangential plan).

Figure 2 . 9

 29 Figure 2.9 Finesse as a function of reflectivity for a two-mirror cavity.

Figure 2 .

 2 Figure 2.10 An N-layer dielectric mirror

Figure 2 .

 2 Figure 2.11 (a) Schematic of electric field; (b) definition of electric field reflection coefficients; and (c) definition of electric field transmission coefficients.

  (2.40) and(2.41), we see that the constant phase delay, 0  , has the effect of shifting each resonance frequency by a constant offset. The first-order frequency dependent phase delay ' 0

  2.50) means that it is necessary to satisfy the two conditions to provide a perfect resonance.

Figure 2 .

 2 Figure 2.14 shows the reflection coefficient R(), transmission coefficient T(), and enhancement factor G() as functions of laser frequency deviation from the FSR for

Figure 2 .

 2 Figure 2.14 (a) Power enhancement factor (b) power reflection coefficient, and (c) power transmission coefficient as functions of laser repetition rate deviation from FSR.

Figure 2 .

 2 Figure 2.15 (a-d) Schematic of OEC modes and laser frequency comb matching pattern. Adjustment of the repetition rate, frep, to match the cavity central free spectral range (FSR), (a-c) when fce = 0, and (d) when fce ≠ 0. (e,f) Cavity transmission signal when frep is scanned. The peaks labeled n -1, n, and n + 1 correspond to the situations described in panels (a), (b), and (c), respectively. Panel (f) shows the incorrect choice of the comb offset fce ≠ 0, and panel (e) shows the correct choice of fce = 0. The peak of the dashed envelope illustrates the optimum frep, and when fce = 0

  alignment and mode matching can be obtained by recording the transmitted light and the reflected light of the cavity by an oscilloscope and CCD when the OEC length or the laser cavity length is scanned by a Piezo-Electric transducer (PZT). The typical transmitted and reflected signals recorded by an oscilloscope are shown in Figure 2.16.

Figure 2 .

 2 Figure 2.16 Typical transmitted/reflected light signals recorded by the oscilloscope in the case of beam misalignment and mode mismatching when the cavity length is scanned by a PZT.

  .1). After the polarizer, all parts of the pulse are linearly polarized. The wave plates change the linear polarization state to elliptic polarization state. The polarization state then evolves in a nonlinear way during the propagation all along the fiber because of the combined effects of self-phase modulation and cross-phase modulation, induced on the two polarization components. The most intense center of the pulse on the time axis is more rotated than the wings. The pulse center crosses the analyzer with reduced losses with respect to the wings, narrowing the pulse duration. In a word, the optical Kerr effect along the fiber and associated with a polarizer, acts like a fast saturable absorber that ensures passive mode-locking.

Figure 3 . 1

 31 Figure 3.1 Principle of mode-locked regime by NLPR

Figure 3 .

 3 2 shows the schematic setup layout of the laser, an Yb-doped all-normal-dispersion fiber laser, mode-locked by NLPR[START_REF] You | Gaussian spectrum fiber laser pulses generated in an all-normal-dispersion cavity[END_REF]. A picture of the setup is shown in Figure3.3. The fiber section consists of ∼6 m of SMF and ~1.0 m of highly doped Yb gain fiber, followed by another ∼1.5 m of SMF, with ~1.3 m free space distance. The gain fiber has a double cladding of 6 μm core diameter (which is the same as the 6 μm core of SMF to decrease the splicing loss). One pump signal combiner (PSC) combines the multimode high-power laser diode (LD) (3 W) with the gain fiber.The other pump signal combiner is used to combine the ytterbium-doped fiber with SMF. An interference filter centered at 1040 nm, with 12 nm FWHM (full width at half-maximum) bandwidth, is employed. The filter was placed after the beam splitter.NLPR is implemented with two quarter-wave plates, a half-wave plate, and a polarizing beam splitter. The isolator is to ensure uni-direction propagation inside the laser. The total cavity dispersion is ~0.196 ps 2 .

Figure 3 . 2

 32 Figure 3.2 Schematic diagram of 18.9 MHz all-normal-dispersion ytterbium-doped fiber laser (PSC, pump signal combiner; PBS, polarizing beam splitter; SMF, single-mode fiber; Yb-fiber, ytterbium-doped fiber; HWP, half-wave plate; QWP, quarter-wave plate).

Figure 3 . 3

 33 Figure 3.3 Picture of the laser prototype Table 3.2 Parameters of the experimental setup Ytterbium-doped fiber length ~1 [m] SMF after ytterbium-doped fiber ~1.5 [m] SMF before ytterbium-doped fiber ~6 [m]Free space length ~1.33 [m] 

3. 5

 5 (b), having a Gaussian shape, covers from 1028 nm to 1055 nm, with a 19.5 nm 20 dB bandwidth. Intensity autocorrelation shows that the pulse duration is as short as sub-315 fs (Figure 3.7) by a Gaussian fitting. The time-bandwidth product of the pulse is ~2.16, which is five times higher than the 0.441 for transform limited Gaussian pulses. This high chirp is due to the pulse chirped in normal-dispersion SMF. The spectra properties are carefully monitored for different pump currents, the center wavelength increases and the 10 dB bandwidth decreases slightly with the increase of pump currents as shown in Figure 3.8.

Figure 3 . 4

 34 Figure 3.4 The output power increases linearly with the pump power.

Figure 3 .Figure 3 . 6

 336 Figure 3.5 (a) Oscilloscope record of the pulse train and (b) typical output spectrum

Figure 3 . 7

 37 Figure 3.7 Stable mode-locked spectra center wavelength and 10 dB bandwidth corresponding to pump currents from 2900 mA to 3500 mA.

Figure 3 . 8

 38 Figure 3.8 Output laser spectrum measured directly after the filter

  (a) the mode spacing of the laser frep must be matched to the FSR of the OEC; and (b) the frequency shift fce (phase shift Δφ ce ) of the laser and the cavity mirror dispersion-induced frequency offset 𝜈 0 (phase offset 𝜑(𝜔)) have to be matched exactly. To reach such a regime, both the length and the dispersion of the laser have to be adjusted to match the OEC parameters, and therefore two feedback control loops are required. In our experiment, a PZT is used for frep feedback (G1-loop), and an acousto-optic modulator (AOM) is used as a frequency shifter (FS) for fce feedback (G2-loop). A schematic of the dual-feedback system is shown in Figure4.1.

Figure 4 . 1

 41 Figure 4.1 Dual-loop-feedback schematic. G1 and G2 are the gains of the G1-loop and G2-loop for fce and frep control, respectively.

  Er(s) (optical cavity resonance frequency) and noise Nr(s), to produce an error signal ε.A compensator (PI/PID controller) G(s) amplifies and filters the error signal and applies it to an actuator A(s) (PZT inside the laser oscillator, or AOM outside the laser oscillator), which converts the voltage signal EG(s) back to a frequency. The result is a correction signal XC(s) in Hz back to the laser plant P(s).

Figure 4 . 2

 42 Figure 4.2 Frequency control loop for laser-OEC locking with noise. Components are represented by their transfer functions and signals by their Laplace transforms.
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 4 5) reduces to
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 243 locking the laser to an OEC means that the laser central carrier frequency must track the cavity resonance frequency by reducing the free-running frequency noise of the laser to some fraction of the OEC bandwidth. To maintain an OEC in resonance, the frequency locking needs to suppress the fluctuation of the laser frequency, fn, within the bandwidth of the cavity, It is possible to provide a representation of the matching in the cavity by zooming around a harmonic of the incident laser.

Figure 4 . 3

 43 Figure 4.3 Matching efficiency of laser optical frequency and cavity bandwidth. The reflection response of the cavity is shown as a red line, the laser comb as black, and the amount of reflected beam as yellow.

Figure 4 . 4 .

 44 The phase modulated laser beam, consisting of a carrier wave and two sidebands, and injects into the cavity. A high-speed photodiode (PD) is used to measure the reflected laser beam which consists of two unchanged sidebands (the sidebands is well outside of the cavity bandwidth, and be directly reflected by the cavity) and a phase-shifted carrier component. An error signal, which measure the phase difference between injection laser carrier wave and the intra-cavity laser field is got by mixing down the PD signal with a local oscillator and low-pass filtered.

Figure 4 . 4

 44 Figure 4.4 Schematic of the PDH setup

  , and FSR is the free spectral range. The PD responsible for measuring the error signal measures the power, 2 ref ref PE  , of the field reflected by the cavity, and thus contains several terms with frequencies at DC, 𝛺, and 2𝛺

Figure 4 . 5

 45 Figure 4.5 The PDH error signal, 𝜀/2√𝑃 𝑠 𝑃 𝑐 , versus frequency detuning. Here, the modulation frequency is 10% of FSR, and the cavity finesse is ~ 100.

Figure 4 .

 4 Figure 4.5 illustrates the dependence of the error signal amplitude on frequency.

  of the cavity. The error signal can now be cast as a linear function of  , as long as cav

Figure 4 .

 4 Figure 4.6(a)).

Figure 4 . 6

 46 Figure 4.6 Intensity distribution of TEM00 (yellow circle) and TEM10 (pink ellipses) on the SPD and vector summation of electric fields on both diode halves with TEM00 (a) slightly off resonance, Diff. < 0, (b) on resonance, Diff. = 0, and (c) slightly off resonance, Diff. > 0

Figure 4 . 7

 47 Figure 4.7 The optical axis of a two-mirror cavity is the line that intersects the centers of curvature of the two mirrors

Figure 4 .

 4 8(b), what will happen? In general, the wave front curvature along the axis of travel is spherical, so that the off-axis phase is different from the on-axis phase phase of the wave now varies along x be expanded, and only the lowest-order terms are kept when

Figure 4 . 8

 48 Figure 4.8 Possible misalignments of the input axis with respect to the cavity axis: (a) lateral shift in the x direction; (b) beam tilted by an angle.

r

  reflection coefficient of the cavity, defined by Eqn.(4.19)is the ratio of the angular frequency detuning of the laser over the cavity bandwidth cav   . In Eqn. (4.38), 0  is the impedance matching factor of the cavity: the amplitude reflectivity of the mirror, and p the loss in the cavity. For an optical cavity, limited bandwidth of the cavity, the frequency of TEM10 is always outside of the cavity bandwidth, and then the cavity reflectivity for the TEM10 mode is Then Eqn. (4.40) can be simplified to

  (4.44) must be spatially integrated on the two halves of the SPD. Assuming, the SPD has a finite active area, with radius of ws, and the laser beam is slightly off the center of the SPD by Δ. The error signal at an arbitrary position is a function of the longitudinal position z

Figure 4 . 9

 49 Figure 4.9 Error signal at different tilt angles (a = 0, z = 0, ws = w0, Δ = 0).

Figure 4 . 10 .

 410 It is clear that the error signal shapes are deformed by the lateral shift effect. In this case, is it possible to obtain a symmetrical error signal? We will prove that the SPD offset can have the opposite effect to the lateral shift in the following subsection. It is easy to understand, since the latter shift leads to a beam position offset.

Figure 4 .

 4 Figure 4.10 Lateral shift effect on the error signal shapes (𝜃 = 10 -4 rad, z = 0, ws = w0, Δ = 0).

Figure 4 .

 4 Figure 4.13 SPD rotation angle with respect to TEM10 mode

Figure 4 .

 4 Figure 4.14 The error signal shape corresponding to different 𝜙 (𝜃 = 10 -4 rad, z = 0, Δ = 0, a = 0).

Figure 4 .

 4 Figure 4.15 TL error signal shapes corresponding to SPD at different longitudinal positions (𝜃 = 10 -4 rad, Δ = 0, a = 0).

Figure 4 .

 4 Figure 4.16 The error signal shapes at z = 1 m, corresponding to different SPD offsets (θ = 10 -4 rad, a = 0, z = 1 m).

Figure 4 .

 4 Figure 4.17 TL experimental layout. The beam propagates from the laser oscillator to the Fabry-Perot cavity (FI, Faraday isolator; M, mirror; F, lens; EOM, electro-optic modulator; λ/2, half-wave plate; PBS, polarizing beam splitter; FS, frequency shifter; λ/4, quarter-wave plate; Mc1, cavity mirror 1; Mc2, cavity mirror 2; SPD, split photodiode; PD, photodiode).

Figure 4 .

 4 Figure 4.18 Picture of the PLIC setup (The 2M cavity is on the right and the Mira laser is in the black box).

Figure 4 . 19 .

 419 At wavelength 800nm it has a sensitivity ~4.2 A/W. The whole feedback circuit is shown in Figure 4.20. The outputs of the two parts of the SPD are connected to two input ports of the electronic board. Two followers are used to isolate impedance. The output of the differential amplifier is TL error signal.

Figure 4 .

 4 Figure 4.19 Hamamatsu S4349 photo sensitivity as a function of wavelength.

Figure 4 .

 4 Figure 4.20 Circuit diagram and picture of the electronic board for TL (The outputs of the two parts of the SPD are connected to two input ports of the electronic board. Two followers are used to isolate impedance. The output of the Differential Amplifier is TL error signal).

Figure 4 . 1 .

 41 Figure 4.21 TL experimental setup; locking functional diagram (EOM, electro-optic modulator; LO, local oscillator; RF, radio-frequency; IF, intermediate frequency; LPF, low-pass filter; PI, proportional-integral controller; PII, proportional-integral-integral controller; FS, frequency shifter; PBS, polarizing beam splitter; BS, beam splitter; Coupling-PD, photodiode used to detect coupling rate of cavity; PDH, Pound-Drever-Hall technique; PD-PDH, photodiode used to detect PDH error signal; TL, tilt locking technique; SPD, split photodiode; A, part A of the SPD; B, part B of the SPD; Diff., Differential board)

Figure 4 .

 4 Figure 4.22 PDH configuration

Figure 4 .

 4 Figure 4.23 TL configuration.

Figure 4 .

 4 Figure 4.24 Cavity reflected TEM00 mode beam profile at SPD position.Table 4.4 Cavity reflected TEM00 mode size at SPD position. Mode TEM00 D4σM/mm 2.70 ± 0.28 mm D4σm/mm 2.67 ± 0.29 mm

Figure 4 .

 4 Figure 4.25 TEM10 mode beam lobe angle ɸ with respect to SPD slit gap.

Figure 4 .

 4 Figure 4.26 The TEM10 mode beam profile (the Spiricon image has a 90-degree rotation with respect to the optical table).

Figure 4 .

 4 Figure 4.27 SPD alignment mechanism.

  parts of the SPD, TL is very sensitive to the beam pointing noise: a small position change of the laser beam generates a DC drift, added to the error signal. A typical of this kind of error signal is shown in Figure 4.28. TL error signal with DC drift is unsymmetrical and unusable. The beam pointing vibrations induced by air flow lead to serious error signal DC drift. By installing housings over all the sensitive optical elements and turning off the air conditioner, pointing noise is attenuated drastically. With this housing and turning off the air conditioner, a typical example of the TL error signal is shown in Figure 4.29, where TL and PDH exhibit similar error signal shapes. PDH is used as a comparison. The two resonances on the PDH signal are due to the modulation: one doesn't see these resonances on the TL signal.

Figure 4 .

 4 Figure 4.28 A typical TL error signal with DC drifts and the transmitted signal.

Figure 4 .

 4 Figure 4.29 TL, PDH error signals and the transmitted signal.

Figure 4 .

 4 Figure 4.30 (a), with PDH locking result as a comparison, see Figure 4.30 (b). In order to measure the coupling rate, locking status is broken on purpose. It is shows that TL locking has the same locking ability as PDH, coupling rate ~80%, and stable locking exceeding 1 hour.

Figure 4 .

 4 Figure 4.30 Examples of (a) TL locking, average coupling ~80%; (b) PDH locking average coupling ~73%.

Figure 4 . 31 .

 431 Pump power changed from 6.35W to 5.81W, and the cavity stays locked (Of course, when we change the fce, the locking maybe be broken). The transmitted light signal first increases and then decreases. The coupling rate has the opposite behavior as transmitted signal. This shows that the fce has an optimal value corresponding to 0, where the transmitted light and coupling rate reach maximum. Stable and high coupling rate locking requires the fce carefully tuning.

Figure 4 .

 4 Figure 4.31 An example of fcep tuned locking.

Figure 4 .

 4 Figure 4.32 Matching pattern of femtosecond laser frequency comb and cavity longitudinal modes (the frequency difference δf increases with the distance from the center frequency).

Figure 4 .

 4 Figure 4.33 TL full spectrum locking test setup.

Figure 4 .

 4 35, the waist size in vertical direction is only ~0.25 mm, much smaller than the SPD-2 size (3 mm × 3 mm). It is very difficult to align the SPD-2 to the center of the beam. In addition, such small beam size is very sensitive to beam pointing fluctuation.

Figure 4 .

 4 Figure 4.34 Illustrative diagram of a grating broadening the pulsed laser beam in space.

Figure 4 .

 4 Figure 4.35 Cavity reflected beam profiles after grating and lens at the waist position

Figure 4 .

 4 Figure 4.36 SPD-2 scanning signal of the broadened beam

Figure 4 .

 4 37(b). The parallel TEM01 mode we obtained is in the transmitted light, while what we want is a parallel TEM01 in the reflected beam. Since the lobe angle of the TEM01 is very sensitive to the relative injection position of laser beam and dove prism, grating position and lens, we have to fix the relative position of dove prism, grating and lens.We install them on a breadboard. After obtaining a parallel TEM01 mode, we move the breadboard from transmitted light to reflected light. The experimental setup with dove prism is shown in Figure4.38.The typical SPD-2 scanning the beam signal we use is shown in Figure4.39.

Figure 4 .

 4 Figure 4.37 The TEM01 mode beam profile in the transmitted light.

Figure 4 .

 4 Figure 4.38 TL full spectrum locking test setup with Dove prism. The same breadboard is moved from the Transmitted beam location to the Reflected beam location, thus keeping its alignment.

Figure 4 .

 4 Figure 4.39 Typical SPD-2 scanning the beam signal.

4. 5 . 2 Figure 4 . 39 .

 52439 Figure 4.39.We change the pump power slowly to tune fce, and trace the signal of SPD-2 as shown in Figure4.40. The pump power is tuned from 6.36W to 5.59W. With the decrease of the pump power, the transmitted light power and coupling rate first increase to their maximum and then decrease, SPD-2 signal, which corresponds to the position C has the same trend as the transmitted light signal. This means that fce is optimized when transmitted signal is maximized. Compared to the fce effect, the change of the pump power has ignorable effects on the transmitted light power and coupling rate. Therefore the change of the transmitted light power is mainly due to the fce. The SPD-2 signal detects the fce information. If SPD-2 works as a normal PD, it only detects the reflected light, and we should obtain the signal, which has the same shape as the coupling rate signal. However, SPD-2 signal is different from the coupling rate signal. It means that SPD-2 can detect the fce information, and can be used as a monitor of the fce information. Therefore TL can be used in the full-spectrum locking because it can detect the fce information. But we have to align the SPD to the TEM01 mode lobe angle exactly at the waist position. In our current setup, it is difficult to achieve, since the waist size of the beam is too small compared to the SPD size. The results of position A and B of Figure4.40 are similar to position C's.

Figure 4 .

 4 Figure 4.40 SPD-2 signal as a function of fce at the position C.

Figure 5 . 1 presents

 51 the general layout of the global optical storage system.

Figure 5 . 1

 51 Figure 5.1 Block diagram of the optical storage system.

Figure 5 .

 5 Figure 5.3 (a) 2M cavity geometry; and (b) stable range of 2M cavity.

Figure 5 .

 5 Figure 5.4 (a) 4M cavity geometry; and (b) stable range of 4M cavity.

Figure 5 . 5

 55 Figure 5.5 The 2D 4M cavity types: (a) bow-tie cavity; (b) crossed cavity

shown in Figure 5 . 6 .

 56 An RF photocathode gun produces an electron beam, which is accelerated to ~50 MeV energy by a 3 m linear accelerator. Then the electron beam is injected periodically into the storage ring. The designed storage electron ring perimeter is 4.8 m. The beam is kept tightly bunched by the RF cavity.

Figure 5 . 6

 56 Figure 5.6 Electron storage ring layout (IP = Interaction point, B = Bending magnet, Q1/Q2 = Quadruple magnets).

Figure 5 .

 5 Figure 5.7 depicts a schematic drawing of the 2D 4M crossed cavity. Mirrors M1 and M4 are plane mirrors; M2 and M3 are spherical mirrors with curvature ρ; L2 and L4 are the distances between the two spherical mirrors and the two plane mirrors, respectively; L1 and L3 are the longitudinal distances between the plane and spherical mirrors; and d is the distance between the two parallel lines connecting the centers of mirrors, M1-M2 and M3-M4. The round-trip cavity length is Lcav, Lcav = L1 + L2 + L3 + L4. The angle of incidence is α on the spherical mirrors and β on the plane mirrors. To have symmetrical geometry we set L1 = L3, and reducing the scattering angle, ϕ = 2α, we slightly increase L2 such that L2 > L4.

Figure 5 . 7

 57 Figure 5.7 Schematic drawing of the 2D crossed 4M cavity From the geometric structure of the cavity, we know that the smaller the distance d between the two parallel lines connecting the centers of mirrors, M1-M2 and M3-M4, the smaller the scattering angle, ϕ = 2α. But d has to be large enough to install the cavity mirrors. Thus we choose d = 60 mm for the common 1 inch size cavity mirror.

Figure 5 . 8

 58 Figure 5.8 Electron storage ring and OEC The installation layout of the OEC on the ring is shown in Figure 5.8. For the above analysis, we fix Lcav, ρ = 2500 mm, d = 60 mm, L1 = L3, and L2 > L4. To define the geometry (L1, L2, L3, L4, α, β), we calculate the optimum L2 for the maximum X-ray flux. The relationship of geometric properties with L2 are shown in Figure 5.9.

Figure 5 . 9

 59 Figure 5.9 Relationship of geometric properties as a function of L2: (a) length L1; (b) length L4; (c) cavity waist size (tangential plane waist size in red, full line; sagittal plane waist size in blue, dashed); and (d) scattering angle.

Figure 5 .

 5 Figure 5.10 X-ray flux as a function of L2 (Electrons: 50 MeV, 1 nC, 𝜎 xe = 1.8 mm, 𝜎 ye = 0.18 mm, 𝜎 ze = 3.5 mm. Laser beam: wavelength 1050 nm, cavity power P = 500 kW, 𝜎 xl = 0.05 mm, 𝜎 yl = 0.05 mm, 𝜎 zl = 3 mm, 𝑓 rep = 31.25MHz).

Figure 5 . 11 .

 511 Figure 5.11. The reference point starts from the beam waist position.

Figure 5 .

 5 Figure 5.11 The variation of the beam size along the cavity optical axis, for a mirror of curvature ρ = 2500 mm, L2 = 2503 mm, Lcav = 9.6 m (tangential plane beam spot size in red, full line; sagittal plane beam spot size in blue, dashed)

Figure 5 .

 5 Figure 5.12 Block diagram of the OEC timing systems

5. 2

 2 Figure 5.13.

Figure 5 .

 5 Figure 5.13 HTTX final cavity design flow diagram

Figure 5 .

 5 Figure 5.14 The HTTX prototype cavity system layout

Figure 5 .

 5 Figure 5.15 Mira 900 laser layout.

Figure 5 . 7 .

 57 Figure 5.7. Since we do not use it in the scattering experiment, for convenience we specify L2 = 1100 mm and an enhancement factor of 1000. The designed OEC parameters for the HTTX prototype cavity are listed in Table 5.7.

  optical line. In order to have dual feedback, as discussed in Section 5.1, a frequency shifter (AOM-FS) is also needed. As shown in Chapter 4, TL shows comparable locking stability, coupling rate for picosecond laser pulse injected OEC. Since the prototype setup laser is 1.6 ps, and the finesse of this cavity is 3000. We plan to install the TL and PDH together to further study TL, such as to improve the pointing sensitive properties of it. The functional diagram of the feedback scheme is shown in Figure5.16.

Figure 5 .

 5 Figure 5.16 Feedback functional diagram for HTTX-prototype cavity system.

  the same time obtain a small laser beam size at the collision point. Increasing number of projects related to accelerator start to use them. OEC coupled with high average power laser is an alternative to high energy laser but undergo different problems. Although average powers of hundreds of kW are almost achieved, there are still technical limitations: (a) Mirror coatings damage due to peak-intensity, (b) Thermal issue due to average power, (c) Dispersion control of the mirrors coatings.

  

  

  

  

  

  

  

Table 1 .

 1 1 Parameters of synchrotrons.

	Facility	SRing-8	ESRF	SSRF
	Electron energy [GeV]	8	6.4	3.5
	Circumference [m]	1436	844	432
	Current [mA]	99.8	200	200-300

Table 1 .

 1 2 Examples of FEL Parameters.

	Facility	FLASH	European XFEL
	Electron energy	730 MeV	17.5 GeV
	Overall length	0.33 km	3 km
	Beam pulse current	5 mA/2.5 kA in a bunch	5 mA/10 kA in a bunch
	Cost	-	1 billion euros
	1.1.4 ICS X-ray source		

Table 1 .

 1 4 Designed laser and OEC parameters of ThomX

	Laser wavelength	1030nm
	Laser and OEC frep	35.69MHz
	Laser power	50-100W
	Laser pulse energy	1.4-2.8μJ

Table 1

 1 

	.5 KIPT laser beam design parameters
	Number of photons per pulse	510 15
	Laser pulse energy [mJ]	1
	Pulse duration [ps]	≤10
	Pulse repetition rate [MHz]	58
	Transverse size [mm]	0.1

Table 1 .

 1 

			6 X-ray specification		
	Facility	SLAC	KEK	LAL	KIPT	Tsinghua
						Univ.
	Electron energy	20-45	30	50	40-225	50
	[MeV]					
	X-ray energy [keV] Expected: 7-35	Present:	50-90	6-900	20-30
		Present: 10-20	10			
	Flux [ph/s] Expected: 10 13	Present:	10 11 -10 13	10 13	10 11 -10 13
		Present: 10 11	10 5			
	Size 1 m × 2 m ring	~10 m	10 m × 7 m total	-	-
		size	Linac	size		
	Cost, 10 6 euros	-	-	12	12	10

  It is obvious that  is determined by A and D.

	Combining Eqns. (2.22), (2.23), (2.24) and (2.25), the cavity beam waist in the
	middle of the two concave mirrors can be written through the phase angle  as	
	0 w	       	| (| | cos( )) , cos( ) | , sin( ) k k      sin( ) 	AB<0 AB>0	(2.26)
	where				
	22 1 1 1 1 1 4 ( 1 ) ( )	
			2		

Table 4

 4 

	.1 Matching efficiency relation with the bandwidth ratio of cavity bandwidth and laser
	frequency vibration.				
			R(η)	1				2	3	4	5
			η (%)	65				84	91	95	96
	Table 4.1 gives the relation of matching efficiency with the ratio of cavity
	bandwidth to laser frequency vibration bandwidth. According to this table, a matching
	efficiency above 90% requires that the noise of the laser frequency satisfies
					f   n	cav v  66 FSR 	(4.10)
	Since	f	nf  , the variation of the n th harmonic frequency satisfies f
		n	rep	ce			
						f      n f f
						n		rep	ce
							nf 	rep	(4.11)
	The feedback noise for the repetition rate must satisfy
				rep   f	() f n  n		FSR FSR  66 n c	2		(4.12)
	where c is the light velocity, and	2/ nL  .
	The repetition rate feedback loop is implemented by a PZT (with gain GPZT in the
	unit of Hz/V). The noise of the PZT can be calculated as

Table 4 .

 4 2 gives some examples of cavities and the feedback requirements. It clearly shows that a high-finesse cavity requires high stabilization precision and PZT with low noise.

	Table 4.2 Laser feedback noise and required frequency stabilization precision calculation of a
	FSR=76.5MHz OEC.					
	FSR cavity		Finesse F	FWHM	Feedback noise FSR 2 /6Fc	Noise (PZT)	Spectral Noise density Gpzt = 10Hz/V B=10kHz	Required Precision of stabilization
	76.5MHz 800nm	3000 30000	25.5 kHz 2.55 Hz	0.87mHz 87µ Hz	87 µV 8.7 µV	0.87 µV/√Hz 0.087µV/√Hz	1.110 -11 1.1 10 -12

Table 4 .

 4 3 Main parameters of experiment setup

	Laser wavelength [nm]	800
	Laser repetition rate frep [MHz]	76.5
	Pulse duration [ps]	2
	Cavity mirror Mc1, Mc2 curvature [m]	2
	Cavity length Lcav [m]	~2
	Cavity finesse	28000

Table 5 .

 5 

		2 Reflectivities of the cavity mirror	
	Enhancement factor	Plane mirrors	Spherical mirrors
	1000	99.90%	99.97%	99.97%
	10000	99.9900%	99.9967%	99.9967%

Table 5 .

 5 3 Designed OEC parameters

	L1 [mm]	2399.62
	L2 [mm]	2503
	L3 [mm]	2399.62
	L4 [mm]	2297.75
	d [mm]	60
	ρ [mm]	2500
	Beam waist in sagittal plane [µm]	105.45
	Beam waist in tangential plane [µm]	102.35
	Collison angle [deg]	1.4
	FSR [MHz]	31.25
	Enhancement factor	1000-10000

Table 5 .

 5 4 Nominal values of parameters affecting X-ray luminosity

	Parameter	Value	Limits
		Laser Pulse	
	Laser pulse energy	0.1-1 mJ	OEC mirror, injector,
			coupling rate
	Laser beam size 𝜎 xγ	~0.05 mm	cavity geometry
	Laser beam size 𝜎 yγ	~0.05 mm	cavity geometry
	Laser beam size 𝜎 zγ	~3 mm	laser oscillator
	Power	10-1000 kW	cavity Enhancement factor, laser
			oscillator
			power, coupling rate
		Electron Beam	
	Ring energy	50 MeV	
	Charge	1 nC	
	Emittance	3.5 × 10 -6 mm mrad	
	Electron beam size 𝜎 ex	1.8 mm	
	Electron beam size 𝜎 ey	0.18 mm	
	Electron beam size 𝜎 ez	3.5 mm	
	Scattering rate frep	31.25 MHz	ring and OEC geometry, size
	Scattering angle	1.4 deg	ring and OEC geometry

Table 5 .

 5 5 Mira 900F modifications for the HTTX prototype

Table 5 .

 5 6 Mira 900 HTTX prototype actuator specification

	Laser actuators	Bandwidth	L	frep	Resolution
	1 DC motor (mirror M1)	low, 1 Hz	25 µm	0.4 MHz	medium, 0.2 nm
	1 piezo (PZT mirror M2)	medium, 10 kHz	8 µm	 250 Hz	high, 50 mHz

Table 5 .

 5 7 Designed OEC parameters for the HTTX prototype cavity

	L1 [mm]	943.786
	L2 [mm]	1100
	L3 [mm]	943.786
	L4 [mm]	746.429
	d [mm]	100
	ρ [mm]	1000
	Enhancement factor	

Table 5 .

 5 8 Main diagnostic tools and their functions for the HTTX prototype cavity

	Devices	Nature
	PD coupling	Measures the cavity coupling rate
	PD-T	Measures the transmitted light for locking trigger
	SPD-TL	TL error signal
	PD-PDH	For PDH locking
	CCD	Monitors the beam profile, and assists in aligning the cavity
	Beam profiler	Measures the laser profile and size
	Scope	Signals display and data acquisition
	RF spectrum analyzer	Laser phase noise, spectrum measurement

Acknowledgement I am deeply appreciative to Pr. Chuanxiang TANG, Pr. Wenhui HUANG, Pr. Lixin YAN and to all Tsinghua University teachers and classmates who helped me generously. I am very thankful to Pr. Junji URAKAWA, Dr. Nobuhiro TERUNUMA, Dr. Yosuke HONDA and to Dr. Hirotaka SHIMIZU, Dr. Alexander ARYSHEV, PhD student Arpit RAWANKAR from KEK for their fruitful help and advices. I am very grateful to Pr. Fabian ZOMER, Dr. Nicolas DELERUE, Dr. Viktor SOSKOV and to engineers Ronic CHICHE and Didier JEHANNO from LAL for their constant motivation to help me.

Lastly, I would like to thank my husband, as well as my mother and brother, for their love, understanding, and continuous support.

Error signal versus SPD offset

As shown in Figure 4.11, similar to a beam lateral shift, the SPD offset with respect to the beam center deforms the error signal shape also. 

Error signal versus SPD size

The effect of SPD size on the error signal is shown in Figure 4.12. The SPD size only affects the amplitude of the error signal. When the SPD size is at least twice as large as the beam size, the effect can be ignored. repetition rate of the electron storage ring, which is tens of MHz. The requirements on the X-ray flux of the final application set a minimum output power around 100 W.

Table 5.1 abstracts the main target parameters for the pulsed laser source to be injected in the OEC for the HTTX project. Considering all the above requirements on the laser source, we propose the laser scheme shown in Figure 5.2 based on a fiber laser, and that is the reason we study the mode-locked laser source in Chapter 3. 

OEC requirements

The OEC is one of the key parts of the optical storage system. The constraints imposed on the OEC design by the required X-ray flux are the following:

-mirror actuators to match the cavity FSR to the laser frep and to the electron ring repetition rate fe;

-low-loss cavity mirror;

-high level of optical and mechanical stability;

-small transverse waist at the interaction point (IP);

-two-dimensional optical table (vertical and transverse)the third dimension is obtained along the axis of the electrons by the phase of the PLL locking the fe to FSR;

-easy to integrate into an accelerator environment;

-weak impact on the electron beam dynamics;

-Compton scattering angle as small as possible.

Resonance requirements
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Appendix A Single-Input Single-Output (SISO) System

Figure A.1 Single-loop feedback system [START_REF] Lurie | Classical feedback control with matlab[END_REF] .

The feedback path contains some sort of sensor for the output variable and has the transfer function B. Ideally, the measured output value BU2 equals the commanded value U2, and the error E = U1 -BU2 at the output of the summer is zero. In practice, most of the time, the error is nonzero but small.

The error amplified by the compensator C is applied to the actuator A, in this case a motor regulator (driver) and a motor. The motor rotates the plant P, the antenna itself, which is the object of the control. The compensator, actuator, and plant make up the forward path with the transfer function CAP. If the feedback path were not present, the system would be referred to as open-loop, and the output U2 would simply equal the 121 product CAPU1.

The return signal that goes into the summer from the feedback path is TE, where the product T = CAPB is called the hop transfer function, or the return ratio.

Appendix B Matrix Optics

Light propagation in an optical system can use a matrix M, whose elements are A, B, C, and D, which characterizes the optical system completely (known as the ray-transfer matrix), to describe ray transmission in the optical components. is linear and can generally be written as