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Highaveragepower optical enhancement cavities (OEC), have a wide range of applications including Thomson scattering producing high average flux quasi monochromatic X/𝛾rays, cavityenhanced highorder harmonic generation (HHG), grav itational wave interferometers, steadystate microbunching (SSMB) light sources and fu sion energy experiments etc.

The works of this thesis focus on the theoretical and experimental studies of high averagepower OEC dedicated to Thomson scattering light sources. With the purpose of increasing the average flux of Thomson scattering generated photons, it is demanded for the laser beam inside OEC to have small waist with radius size of few tens of microns, pulse length at the order of picosecond and stable intracavity average power of few hun dreds of kilowatts.

To precisely and effectively describe the highly focused laser field inside OEC to be used in simulations of Thomson scattering, a field expression of nonparaxial corrected highly focused linearly polarized laser field is derived with a generalized Lax series ex pansion method.

To suppress the modal instabilities start to appear apparently on OEC with an intra cavity average power reaching ∼ 100 kW which affect cavity stability and could lead to lose of lock, the modal instabilities are well described with mode degeneracies induced by mirror surface thermoelastic deformation characterized by Winkler model. We brought up the Dshape mirror method for suppressing modal instabilities and proved its effec tiveness with simulation. An hourtimescale stable intracavity average power of 200 kW was realized on the prototype OEC of Thomson scattering light source ThomX with implementation of Dshape mirrors inside.

Analysis is carried out for understanding the fast power drop phenomenon appearing on OEC which affects the cavity stability and hinders the intracavity power reaching the designed goal. Intracavity power drops appeared with magnitude and time scale depend ing on the power level. Increasing further the incident power led to irreversible damage of the cavity coupling mirror surface. The origin of this phenomenon is investigated with post mortem mirror surface imaging and analysis of the signals transmitted and reflected by the OEC. Scattering loss induced by mirror surface deformation due to a hotspot con II

Chapter 1 Introduction

Background and Motivation

Since the first operation of laser demonstrated by Theodore Maiman in 1960 [1] , hu man continues striving for increasing the power of laser which has been hindered by the damage threshold of the laser gain material. A revolutionary step of progress has been made with the invention of chirped pulse amplification (CPA) technique in 1985 [2] . Fur ther on, for applications demanding high average laser power and high repetition rate, optical enhancement cavity (OEC) based on reflective optical elements become one of the most promising solutions. OEC is resonant FabryPerot cavity without gain medium inside. So it does not suffer from the limit rooted in the damage threshold of the gain medium. Besides the feature of power enhancement, laser beam inside OEC can reach high repetition rate which is especially beneficial for enhancing the signals in physical process that has low generation efficiency in single pass. The works in this thesis focus on developing highaveragepower OECs aiming for application in Thomson scattering light sources.

Thomson Scattering Light Source 1.2.1 Principles of Thomson Scattering

Thomson scattering [3] , here in this thesis more specifically designates inverse Comp ton scattering (ICS) between photons and electrons after which photons gain energy. 

From energy conservation and momentum conservation, we have 

𝐸
Inserting Eq. 11 into Eq. 12, combining the energymomentum relation of special relativity 𝐸 2 = ( 𝑝𝑐 ) 

the relation between energy of scattered photon with the energy of incident photon in laboratory frame can be derived as

𝐸 𝛾𝑓 = 𝐸 𝛾𝑖 ( 1 -𝛽𝑐𝑜𝑠 𝜃 𝑖) ( 1 -𝛽𝑐𝑜𝑠 𝜃 𝑓 ) + 𝐸 𝛾𝑖 [ 1 -𝑐𝑜𝑠(𝜃 𝑖 -𝜃 𝑓 ) ] / 𝐸 𝑒𝑖 , (15) 
in which 𝐸 𝑒𝑖 = 𝛾𝑚 0 𝑐 2 is the initial energy of electron in the laboratory frame. For headoncollision backscattered photons, 𝜃 𝑖 = 𝜋, 𝜃 𝑓 = 0, we have

𝐸 𝛾𝑓 ≃ 4𝛾 2 𝐸 𝛾𝑖 . (16) 
Benefited from this efficient mechanism of photon energy boost, it can be estimated that with incident laser wavelength of 1 𝜇m, Xray photons with energy of ∼ 100 keV can be generated through Thomson scattering by electron with energy of few tens of MeV.

For generating Xray photons, the needed energy of electron drops from the GeV scale of synchrotron light source [START_REF] Evans | Observation of parametric instability in Advanced LIGO[END_REF] and free electron laser (FEL) [714] to few tens of MeV needed by Thomson scattering light sources. Proportionally the reduction of needed electron energy leads to reduction of cost and footprint. These make Thomson scattering light sources potentially capable of filling the gap in the current Xray light sources between the low performance Xray tubes and high performance synchrotron radiation light sources and FELs. Besides, this mechanism also enables Thomson scattering to generate photon with energy extending to gammaray range.

In addition to the advantage of compactness and effectiveness of Thomson scattering light sources, quasimonochromatic Xrays can be obtained by using a diaphragm in the scattered photon beam path as the energy of scattered photon is correlated with scattering angle as examplely shown in Fig. 1.2. 

in which cross section of Thomson scattering 𝜎 𝑇 = 8𝜋 3 𝑟 2 𝑒 ≃ 6.65×10 -29 m 2 , classical electron radius 𝑟 𝑒 = ( 𝑒 𝑚𝑐 ) 2 = 2.82 × 10 -13 cm [3] . To increase the average flux of Thom son scattering light source, a scheme combining optical enhancement cavity (OEC) and electron storage ring is proposed by Huang and Ruth in 1998 [START_REF] Huang | Laserelectron storage ring[J][END_REF] as the schematic drawing shown in Fig. 1.3. With this scheme, the average flux is increased in two folds: first the number of incident photon is increased through an optical enhancement cavity, second the repetition rate of Thomson scattering is increased from few Hz to few hundreds of MHz through the combination of optical enhancement cavity with electron storage ring.

Figure 1.3 Schematic drawing of Thomson scattering light source combining optical enhance ment cavity and electron storage ring [START_REF] Huang | Laserelectron storage ring[J][END_REF] .

The works of this thesis are focusing on the theoretical and experimental studies of optical enhancement cavity for Thomson scattering light source. The demand of Thomson scattering for optical enhancement cavity can be inferred with the purpose of optimizing the average flux of scattered photon 𝑁 𝛾 which has the following dependence [16] [17] 𝑁 𝛾𝑓 ∝ 𝑁 𝑒 𝑃 0 𝑑 𝐴𝑐𝐸 𝛾𝑖 𝜎 𝛥𝐸 𝛾𝑓 , (18) in which 𝑁 𝑒 is the number of electrons, 𝑃 0 is the laser pulse peak power, 𝑑 is the interaction length, 𝐴 is the transverse effective interaction area, 𝑐 is speed of light, the cross section 𝜎 𝛥𝐸 for an energy bandwidth 𝛥𝐸 can be calculated from the integration 𝜎 𝛥𝐸 = ∫ 𝛥𝐸 𝑑𝜎 𝑑𝐸 𝛾𝑓 𝑑𝐸 𝛾𝑓 of which the energy dependent cross section derived by Klein and Nishina [START_REF] Klein | Über die streuung von strahlung durch freie elektronen nach der neuen relativistischen quantendynamik von dirac[END_REF] is expressed as 

𝑑𝜎 𝑑𝐸 𝛾𝑓 = 𝜋𝑟
As it can be inferred from Eq. 18 that to increase the average flux of scattered photon it demands for optical enhancement cavity that:

1. the transverse size and longitudinal length of intracavity laser beam matching with that of the electron beam, which usually demands the intracavity laser beam has a waist with radius size around few tens of microns and pulse length at the order of picosecond; 2. to increase the laser pulse energy, which usually demands the OEC to have an hour timescale stable intracavity average power at the level of few hundreds of kilo watts.

All studies in the following part of this thesis are based on the purpose of realizing these two goals on OEC which is targeted for application in Thomson scattering.

Thomson Scattering Light Sources Based on Optical Enhancement Cavity

Currently, there are tens of Thomson scattering light sources which are based on traditional accelerators that are in operation, being under commissioning, or have been designed over the world, in which the key parameters of the ones based on OEC are sum marized in Table 1.1. The two Thomson scattering light sources, ThomX and TTX, on which the works of this thesis are based on will be more detailedly introduced in Sec tion.1.2.3 and Section 1.2.4.

Compact Light Source (CLS) [1920] is the commercial product of Thomson scatter ing Xray light source manufactured by Lyncean Technologies Inc., USA. The photo and layout of CLS are shown in Fig. 1. 4 and Fig. 1.5 respectively. CLS is featured as combin ing OEC with electron storage ring. The OEC of CLS is in a fourmirror planar bowtie structure with a round trip length of 4.6 m. It is working at an intracavity average power of 300 kW, corresponding to a cavity gain of ∼ 10000 for an injection laser average power of 30 W. Flux of Xray is ∼ 3 × 10 10 photons/s with full bandwidth.

New Electron STOrage Ring (NESTOR) [START_REF] Androsov | Commissioning of the storage ring for the Kharkov generator of xray radiation NESTOR[END_REF] is a Thomson scattering light source now under commissioning, located in Ukraine. NESTOR is based on OEC and electron storage ring. The layouts of NESTOR and the OEC are shown in Fig. 1.6 and Fig. 1.7 CLS [1920] Ring 2550 1064 300 25 65 842 10 10

ThomX [21] Ring 5070 1030 700 5 17.84 4690 10 13

TTX [START_REF] Du | Generation of first hard xray pulse at Tsinghua Thomson scattering xray source[END_REF] Ring 50 1064 300 20 52.93 45 10 10

NESTOR [START_REF] Androsov | Commissioning of the storage ring for the Kharkov generator of xray radiation NESTOR[END_REF] Ring cERL [START_REF] Akagi | Narrowband photon beam via laser Compton scattering in an energy recovery linac[END_REF] ERL 20 1064 10 10 162.5 6.95 10 7

BriXS [2930] ERL 100 1030 500 2 100 20180 10 13

Figure 1.4 Photo of Lyncean CLS [START_REF] Hornberger | A compact light source providing highflux, quasi monochromatic, tunable Xrays in the laboratory[END_REF] .

respectively. The OEC of NESTOR is designed to be with twomirror structure with a round trip length of 0.812 m. Each cavity mirror is with reflectivity of 99.9 %. Injection laser average power is 10 W. The average flux of the scattering generated Xray is expected to be 10 13 photons/s with full bandwidth.

MightyLaser [2425] is a Thomson scattering gammaray source demonstrated at KEK, Japan but has been dismantled in 2014 [START_REF] Favier | Etude et conception d'une cavité FabryPerot de haute finesse pour la source compacte de rayons x Thomx[END_REF] . The layouts of MightyLaser and the OEC are shown in Fig. 1.8 and Fig. 1.9 respectively. The OEC of MightyLaser is in a four mirror nonplanar tetrahedron structure with a round trip length of 1.68 m. The nonplanar tetrahedron structure of OEC is chosen for maintaining a circularly polarized laser beam inside thus to generate circularly polarized gammaray beam. The OEC is working at Figure 1.5 Layout of Lyncean CLS [START_REF] Hornberger | A compact light source providing highflux, quasi monochromatic, tunable Xrays in the laboratory[END_REF] .

Figure 1.6 Layout of NESTOR [START_REF] Androsov | Commissioning of the storage ring for the Kharkov generator of xray radiation NESTOR[END_REF] .

an intracavity average power of 30 kW, corresponding to a cavity gain of ∼550 for an injection laser average power of 54 W. The laser pulse inside OEC is interacting with electron beam with energy of 1.28 GeV from damping ring of Accelerator Test Facility (ATF) with a collision rate of 1.08 MHz. Flux of gammaray is up to (3.5 ± 0.3) × 10 8

photons/s with full bandwidth.

Laser Undulator Compact Xray source (LUCX) [2627] is a Thomson scattering Xray light source now in operation at KEK, Japan. The layouts of LUCX facility and the OEC are show in Fig. 1.10 and Fig. 1.11 respectively. The OEC of LUCX is in a fourmirror Figure 1.7 Layout of NESTOR OEC [START_REF] Androsov | Commissioning of the storage ring for the Kharkov generator of xray radiation NESTOR[END_REF] .

Figure 1.8 Layout of MightyLaser [START_REF] Bonis | Nonplanar fourmirror optical cavity for high intensity gamma ray flux production by pulsed laser beam Compton scattering off Gevelectrons[END_REF] .

Figure 1.9 Layout of MightyLaser OEC [START_REF] Bonis | Nonplanar fourmirror optical cavity for high intensity gamma ray flux production by pulsed laser beam Compton scattering off Gevelectrons[END_REF] .

planar bowtie structure. It is working at a burst mode [START_REF] Favier | Optimization of a FabryPerot cavity operated in burst mode for Compton scattering experiments[END_REF] with a peak intracavity power of 250 kW with 357 MHz repetition rate, interacting with electron beam at repetition rate of 12.5 Hz with 1000 bunch spacing with 2.8 ns. Flux of Xray is 3 × 10 6 photons/s with full bandwidth.

Figure 1.10 Layout of LUCX [START_REF] Sakaue | Lasercompton scattering xray source based on normal conducting linac and optical enhancement cavity[END_REF] .

cERL [START_REF] Akagi | Narrowband photon beam via laser Compton scattering in an energy recovery linac[END_REF] is a Thomson scattering light source based on interaction between laser beam in OEC and electron beam from energy recovery linac (ERL) at KEK, Japan. The layout of cERL and structure of OEC are shown in Fig. 1.12 and Fig. 1.13 respectively.

The OEC of cERL is in a fourmirror planar bowtie structure with a round trip length of 1.845 m. It is working at an intracavity average power of 10.4 kW, corresponding Figure 1.11 Layout of LUCX OEC [START_REF] Fukuda | Development and upgrade plan of an xray source based on laser Compton scattering in laser undulator compact xray source(LUCX)[END_REF] .

to a cavity gain of 430 for an injection laser average power of 24 W. Flux of Xray is

(2.6 ± 0.1) × 10 7 photons/s with full bandwidth.

Figure 1.12 Layout of cERL [START_REF] Akagi | Narrowband photon beam via laser Compton scattering in an energy recovery linac[END_REF] .

Figure 1.13 Layout of cERL OEC [START_REF] Akagi | Narrowband photon beam via laser Compton scattering in an energy recovery linac[END_REF] .

Bright compact Xray source (BriXS) [2930] is a Thomson scattering light source that has been designed to be built in Italy. The layout of BriXS and scheme of optical enhancement cavity are shown in Fig. 1.14. BriXS consists of two symmetric beam lines.

Each line generates Xrays through Thomson scattering between laser beam inside OEC and electron beam from ERL. The OEC of BriXS is designed to be with fourmirror planar bowtie structure with a round trip length of 3 m. It is designed to be working at an average power of 500 kW, corresponding to a cavity gain of 7700 for an injection laser average power of 65 W. The flux of Xray is designed to be 4.7 × 10 12 photons/s for 5% bandwidth and 1 × 10 13 for 10% bandwidth.

(a) (b)

Figure 1.14 (a) Layout of BriXS, (b) scheme of BriXS OEC [START_REF] Serafini | Multidisciplinary advanced research infrastructure for the generation and application of xrays[END_REF] .

ThomX

ThomX [21] is a Thomson scattering light source which is now under commissioning, located inside campus of ParisSaclay University at Orsay, France. The layouts of ThomX and the OEC are shown in Fig. 1. 15 and Fig. 1.16 respectively. Key parameters of ThomX are summarized in Table 1.2. The OEC of ThomX is in a fourmirror planar bowtie structure with a round trip length of 8.4 m. It will be working at an intracavity average power up to 700 kW, corresponding to a cavity gain of 10000 for an injection laser average power of 100 W. Flux of Xray is expected to be 3 × 10 [START_REF] Yu | Generation of intense uv radiation by subharmonically seeded singlepass freeelectron lasers[END_REF] photons/s with full bandwidth.

On the optical enhancement cavity side, before the commissioning of the OEC of ThomX, extensive R&D works have been done on a prototype OEC called SBOX. Studies based on the experimental setup of SBOX will be introduced in Chapter 4 and Chapter 5.

TTX

Tsinghua Thomson scattering Xray source (TTX) [START_REF] Du | Generation of first hard xray pulse at Tsinghua Thomson scattering xray source[END_REF] is a Thomson scattering light source which is currently based on a 45 MeV linac and terawatt laser system and being planned for upgrade to a configuration combining OEC and electron storage ring, located inside campus of Tsinghua University at Beijing, China. The photo and layout of TTX are shown in Fig1.17,1.18 respectively and key parameters are summarized in Table 1.3.

Currently, R&D works have been progressed independently on the sides of optical en Figure 1.15 Layout of ThomX [21] .

Figure 1.16 Layout of ThomX OEC [21] .

hancement cavity [33] [34] and electron storage ring [35] [36] .

Studies on the optical enhancement cavity of TTX will be presented in Chapter 6, including the full design of the experimental setup of the prototype OEC called TBOX and the preliminary experiment carried out on it, design for high power experimental setup of TBOX and the design of OEC which will be combined with TTX electron storage ring.

Figure 1.17 Photo of TTX [START_REF] Du | Generation of first hard xray pulse at Tsinghua Thomson scattering xray source[END_REF] .

Table 1.2 Key parameters of ThomX [21] .

Parameter Total flux of Xray photons 10 11 -10 13 photons/s Figure 1.18 Layout of TTX [START_REF] Du | Generation of first hard xray pulse at Tsinghua Thomson scattering xray source[END_REF] .

Development Status of Optical Enhancement Cavity

The development of OECs can be classified in terms of several dimensions. In terms of geometrical structure, the OECs can be in planar structure to maintain linearly polarized laser beam inside, or nonplanar tetrahedron structure to maintain circularly polarized laser beam inside. In terms of number of cavity mirrors, the OECs can be with two mirrors, three mirrors, four mirrors, six mirrors and more. In terms of laser beam temporal structure inside OECs, it can be in continuous wave, pulsed wave and burst mode. In terms of laser wavelength, most commonly OECs are injected with 1 𝜇mwavelength lasers amplified by Yb:fiber amplifiers possessing the features both of high average power and high repetition Table 1.3 Key parameters of TTX [START_REF] Du | Generation of first hard xray pulse at Tsinghua Thomson scattering xray source[END_REF] .

Parameter 

Development of Optical Enhancement Cavity in Different Fields

Besides Thomson scattering light source, optical enhancement cavity can be applied in wide range of applications in the frontier of scientific research. In this section, develop ments status will be introduced for optical enhancement cavity applied in different fields including pulsed wave OEC for highorder harmonic generation (HHG), continuous wave OEC for gravitational wave detection, steadystate microbunching (SSMB) light source, fusion energy experiment and Compton polarimeter.

Highorder harmonic generation (HHG) can be realized by interaction between laser and noble gas, which demands for a laser power density > 10 14 W/cm 2 [START_REF] Krause | Highorder harmonic generation from atoms and ions in the high intensity regime[END_REF] . To realize this power density, the laser beam inside OEC is typically with a pulse length of ∼100 fs, waist size of few tens microns and an intracavity average power of few kilowatts, as the key parameters of representative cavityenhanced HHG experiments summarized in Table 1.4. An OEC with bowtie structure is commonly adopted by experimental setup for HHG to have a small laser beam waist inside OEC. The single pass efficiency of HHG is limited to ∼ 10 -6 [START_REF] Carstens | Enhancement cavities for the generation of extreme ultraviolet and hard xray radiation[END_REF] . With cavityenhance, HHG can be produced with repetition rate >10 MHz to greatly increase the average flux of the HHG photons. Currently, most com monly used OECs for HHG are with laser wavelength of 1 𝜇m, which is resulted from the available laser possessing properties of both highaveragepower and highrepetition rate now limited to Yb:fiber laser. So the cavityenhanced HHG photon is now limited to energy up to extreme ultraviolet (EUV), since the higher energy of HHG photon favors longer wavelength of incident laser. The obtained HHG radiation can be used for photo electron spectroscopy (PES) [START_REF] Saule | Highflux ultrafast extremeultraviolet photoemission spectroscopy at 18.4 mhz pulse repetition rate[END_REF] to be able to detect electron dynamic in attosecond time scale. Typical OEC for HHG experiment with few kilowatts intracavity average power is maintained for few minute time scale [START_REF] Saule | Highflux ultrafast extremeultraviolet photoemission spectroscopy at 18.4 mhz pulse repetition rate[END_REF] .

Figure 1.19 Typical layout of OEC for HHG experiment [START_REF] Pupeza | Compact highrepetitionrate source of coherent 100 ev radiation[END_REF] . JILA [START_REF] Cingöz | Direct frequency comb spectroscopy in the extreme ultraviolet[END_REF] 1070 8 120 154 30 10 11

Stony Brook Univ. [START_REF] Corder | Ultrafast extreme ultraviolet photoemission without space charge[END_REF] 1035 11 155 88 37 10 11

Univ. British Columbia [START_REF] Mills | Cavityenhanced high harmonic generation for extreme ultraviolet timeand angleresolved photoemission spectroscopy[END_REF] 1045 10 120 60 40 10 11 Univ. Tokyo [START_REF] Ozawa | High average power coherent vuv generation at 10 mhz repetition frequency by intracavity high harmonic generation[END_REF] 1040 1 200 10 41 10 13

Gravitational wave (GW) can be detected through measurement of phase difference of continuous wave laser in the two arms of Michelson interferometer, the signal of which is further enhanced through using longdistance OECs as interferometer arms [START_REF] Willke | The GEO 600 gravitational wave detector[END_REF] . Typical configuration of GW observatory of Advanced LIGO is shown in Fig. 1.20. As it can be seen from Table 1.5 summary of key parameters of currently running GW detection obser vatories, typically an intracavity average power of ∼ 700 kW is designed for the updated advanced LIGO and VIRGO projects, but are not yet realized as they are currently running at an intracavity average power of ∼ 100 kW for GW detection [START_REF] Evans | Observation of parametric instability in Advanced LIGO[END_REF] . Further improvement to the designed intracavity power level is hindered by parametric instability [START_REF] Evans | Observation of parametric instability in Advanced LIGO[END_REF] and tran sient power drop [START_REF] Allocca | Transient power drop in dark fringe lock acquisition during the commissioning before O3[END_REF] . To characterize the sensitivity of the GW observatories, numerically strain sensitivity can be defined as ℎ = 𝛥𝐿 / 𝑙 𝑐 , in which 𝑙 𝑐 is the optical path length of the one interferometer arm and 𝛥𝐿 is the apparent differential change in the optical path length between the two interferometer arms. More elaborately, spectral density of h can be analyzed with frequency dependence [START_REF] Willke | The GEO 600 gravitational wave detector[END_REF] . The Advanced LIGO and VIRGO are aimed for reaching a strain sensitivity of 10 -23 Hz -1/2 at a targeted gravitational wave frequency of 100 Hz. Another standard figure of merit for characterizing the sensitivity of the ob servatory is the distance to which the GW signal emitted by a binary neutron star (BNS) coalescence is detectable [START_REF] Aasi | Advanced LIGO[END_REF] , which is targeted as 210 Mpc and 140 Mpc respectively for Advanced LIGO and Advanced VIRGO.

Figure 1.20 Optical configuration of Advanced LIGO [START_REF] Aasi | Advanced LIGO[END_REF] .

Steadystate microbunching (SSMB) light source is proposed by Ratner and Chao in 2010 [START_REF] Ratner | Steadystate microbunching in a storage ring for generating coherent radiation[END_REF] to fill the vacancy in acceleratorbased coherent radiation light sources possess ing the properties of both high repetition rate and high brightness. By replacing the mi Table 1.5 Summary of key parameters of currently running gravitational wave detection obser vatories, in which 𝜆, 𝑙 𝑐 , Finesse and 𝑃 𝑐 respectively represent the laser wavelength, arm cavity length, cavity Finesse and intracavity average power of the arm OEC of the interferometer; 𝑓 𝐺𝑊 is the gravitational wave detection range, ℎ is the strain sen sitivity, BNS range is the detectable distance of gravitational wave signal emitted by a binary neutron star (BNS) coalescence.

Observatory

Advanced LIGO [START_REF] Aasi | Advanced LIGO[END_REF] Advanced VIRGO [START_REF] Acernese | Advanced virgo: a secondgeneration interfero metric gravitational wave detector[END_REF] 𝜆 crowave in the conventional accelerator with optical wave, the spacing of electron bunch stabilized around the zerocrossing point of the electromagnetic field and the bunched beam length decrease typically five to six orders of magnitude. The high brightness re sults from the coherent radiation from the short bunch. The high repetition rate results from the combination with electron storage ring. Radiation can be generated by SSMB with a wavelength range from IR to EUV, in which a key application is EUV generation for lithography. There are mainly two schemes being under studied for now: longitu dinal strong focusing [START_REF] Chao | High power radiation sources using the steadystate mi crobunching mechanism[END_REF] and reversible [START_REF] Ratner | Reversible seeding in storage rings[END_REF] . In longitudinal strong focusing scheme, a quasiisochronous lattice with low alpha is designed for realizing and maintaining the mi crobunch state inside the electron storage ring. Whereas in reversible scheme, lowalpha lattice is not needed, the electron beam is demicrobunched after radiator to be sent back to the ring. In both schemes, OEC serves for providing modulating electric field in the modulator, which demands for an continuous wave intracavity average power of ∼1 MW and a phase stability characterized by linewidth <10 kHz.

Neutral beam system will provide heating and current drive for the future DEMOstra tion fusion reactor (DEMO) [START_REF] Simonin | Negative ion source development for a photoneutraliza tion based neutral beam system for future fusion reactors[END_REF] . To increase the efficiency of the fusion reactor, it is a major requirement to increase the efficiency of the neutral beam system to be with a wall plugefficiency higher than 60%. A scheme of neutral beam system based on photoneu tralization that utilizes high power continuous wave laser beam to neutralize 𝐷 -1 beam is proposed [START_REF] Simonin | Negative ion source development for a photoneutraliza tion based neutral beam system for future fusion reactors[END_REF] . The implementation of a photoneutralizer in a fusion reactor building is

(a) (b)
Figure 1.21 Schematic layouts of SSMB of (a) longitudinal strong focusing scheme and (b) re versible scheme [START_REF] Deng | Singleparticle dynamics of microbunching[END_REF] .

shown in Fig. 1.22. The layout of a OEC in the photoneutralizer is shown in Fig. 1.23.

The OEC of DEMO is in a fourmirror planar bowtie structure with a round trip length of 100 m minimum. The laser beam size is nearly constant in the interaction region with diameter of 1 cm as with a Rayleigh length of ∼15 m. An intracavity average power of 3 MW is corresponding to realization of 50% of neutralization rate for a 1MeV 𝐷 -1 beam sheet of 1 cm. Duplication with a second and third OEC will lead to a 75% and 87.5% neutralization rate respectively. The OEC is envisaged to be working with a 1 kW continuous wave injection laser and a cavity finesse of 10000.

Figure 1.22 Implementation of a photoneutralizer in a fusion reactor building [START_REF] Simonin | Negative ion source development for a photoneutraliza tion based neutral beam system for future fusion reactors[END_REF] .

Optical enhancement cavity can be used for Compton polarimeter to detect polariza tion of electron beam [5556] . Layout of a Compton polarimeter at Jefferson Lab is shown in Fig. 1.24 [START_REF] Rakhman | A highfinesse Fabry-Perot cavity with a frequency doubled green laser for precision Compton polarimetry at Jefferson lab[END_REF] . The OEC is in a twomirror symmetry structure with a round trip length Figure 1.23 Layout of a OEC in the photoneutralizer [START_REF] Simonin | Negative ion source development for a photoneutraliza tion based neutral beam system for future fusion reactors[END_REF] .

of 1.7 m. It is injected with continuous wave laser with central frequency of 532 nm and average power of 1.74 W. The intracavity average power is enhanced to 3.7 kW with a cavity gain of 3800. A precision of 1.0 % can be achieved for polarization measurement for electron beam with energy of 1.06 GeV and current of 50 𝜇A.

Figure 1.24 Layout of Compton polarimeter at Jefferson Lab [START_REF] Rakhman | A highfinesse Fabry-Perot cavity with a frequency doubled green laser for precision Compton polarimetry at Jefferson lab[END_REF] .

Development of Optical Enhancement Cavity with Specialized Fea tures

Besides the OECs with a targeted application, experiments have been done on OECs to explore the specialized features of OEC itself. Representative works are introduced in this Section including realizing high intracavity average power to megawatt scale, locking with incident laser wavelength other than the commonly used 1 𝜇m but of 355 nm, 800 nm and 10 𝜇m, and with simultaneous locking to two different wavelength incident lasers.

Megawattscale intracavity average power was realized at MaxPlanckInstitute for Quantum Optics (MPQ) on experimental setup as schematically shown in Fig. 1.25 [START_REF] Carstens | Megawattscale averagepower ultrashort pulses in an enhancement cavity[END_REF] .

The OEC is in a fourmirror planar bowtie structure. Injection laser is with central wave length of 1040 nm and average power up to 420 W. An intracavity average power of 400 kW was realized with 250 fs pulses at an input power of 315 W, corresponding to a cavity gain of 1270. And average power of 670 kW was realized with 10 ps pulses.

At high power state, the cavity fundamental mode is distorted with resonant coupling to high order modes. Further increase of the intracavity average power was prevented by damage threshold of the input coupling mirror.

Figure 1.25 Schematic drawing of experimental setup of the OEC realizing megawattscale intracavity average power at MPQ [START_REF] Carstens | Megawattscale averagepower ultrashort pulses in an enhancement cavity[END_REF] .

Experiment of OEC to enhance laser with central wavelength of 800 nm is done at JILA on experimental setup schematically shown in Fig. 1.26 [START_REF] Potma | Picosecondpulse amplification with an external passive optical cavity[END_REF] . The OEC is in a six mirror planar bowtie structure with a round trip length of 3.95 m. An intracavity average power of 50 W is realized, corresponding to a cavity gain of 100 with an incident laser average power of 500 mW. Intracavity laser pulse length is measured to be 3.4 ps with FWHM of Gaussian fit.

Experiment of OEC to enhance laser wavelength of 10 𝜇m was done at Waseda Uni versity, Japan [START_REF] Sakaue | Demonstration of an optical enhancement cavity with 10 micron wavelength[C]// HighPower, HighEnergy, and HighIntensity Laser Technology II[END_REF] . A structure of OEC with threemirror as shown in Fig. 1.27 is selected.

GaAs mirror is used as input coupling mirror which realizes small loss and large trans mission. Cavity is diagnosed with the transmission of ZnSe mirror. As the reflection of Si substrate mirror varies with laser incident angle, it is optimized with slightly changing the incident angle. An intracavity average power of 2.3 kW is realized, corresponding to a cavity gain of 200 with an incident laser average power of 11 W.

Experiment of OEC to simultaneously enhance two laser beams with different wave Figure 1.26 Schematic drawing of experimental setup of the OEC to enhance laser with central wavelength of 800 nm at JILA [START_REF] Potma | Picosecondpulse amplification with an external passive optical cavity[END_REF] .

Figure 1.27 Schematic drawing of OEC for enhancing laser with central wavelength of 10 𝜇m [START_REF] Sakaue | Demonstration of an optical enhancement cavity with 10 micron wavelength[C]// HighPower, HighEnergy, and HighIntensity Laser Technology II[END_REF] .

lengths is done at Oak Ridge National Laboratory, USA [START_REF] Rakhman | Power enhancement of burstmode ultraviolet pulses using a doubly resonant optical cavity[END_REF] . The OEC is in twomirror structure with a round trip length of 0.75 m. The demonstrated experiment is done with cavity mirrors coated with dualwavelength HR coating at 1064 nm and 355 nm. Error signal for the PDH feedback [6263] is generated from the cavity reflection signal of IR beam. And the frequency of the IR beam is tuned through an acoustooptic frequency shifter to realize the lock. Enhancement factor of 110 is realized for 533 nm laser. The demonstrated technique can be applied to multiple incident laser beams with different wavelengths and different temporal structures.

Figure 1.28 Experimental setup of the OEC to simultaneously enhance two laser beams with different wavelengths [START_REF] Rakhman | Power enhancement of burstmode ultraviolet pulses using a doubly resonant optical cavity[END_REF] .

Development of Optical Enhancement Cavity in China

Developments of OECs have been carried out in several institutions in China. Two representative experimental works are presented in this section.

Experimental work of OEC has been done in Institute of Physics, Chinese Academy of Science (CAS) in 2015 [START_REF] Zhang | Frequency doubled femtosecond ti: sapphire laser with an assisted enhancement cavity[END_REF] . The experimental setup of this OEC is shown in [START_REF] Zhang | Frequency doubled femtosecond ti: sapphire laser with an assisted enhancement cavity[END_REF] .

Experimental work of OEC has also been done done in Wuhan Institute of Physics and Mathematics, CAS in 2019 [START_REF] Zhang | Femtosecond enhancement cavity with kilowatt average power[END_REF] . The experimental setup of this OEC is shown in A cavity gain of 225 is realized with intracavity average power of 6.08 kW. Noble gas of Xe is introduced in the focus region, and HHG signal is observed.

As we can see from the above introduced works on optical enhancement cavity, it is still challenging to realize an intracavity average power of few hundreds of kilowatts stably stored inside OEC for hour time scale. Realizing this goal and solving the related issues of thermal instabilities will be the focus of the works in this thesis. [START_REF] Zhang | Femtosecond enhancement cavity with kilowatt average power[END_REF] .

1.4 Focus of Dissertation 

Properties of FabryPerot Cavity

Stability Condition

Modes are electromagnetic fields with certain spatiotemporal distributions which can stably exist inside FPC. The field distributions depend on the properties of FPC and injection optical wave [6667] .

First we represent the geometrical properties of FPC to have mode inside. Generally, FPC consists of N mirrors with round trip length 𝐿. From a view of geometrical optic and analyzing with ABCD matrix, optical beam can be denoted by two variables: 𝑟 the off axis distance and 𝜃 the angle between beam and the axis. The process of the beam going through one round trip inside the cavity can be denoted by a transfer matrix 𝑇 [6667] . For example for a FPC consists of two reflective mirrors with radius of curvature 𝑅 1 and 𝑅 2 spaced at a distance of 𝐿 / 2 as shown in Fig. [

𝑟 ′ 𝜃 ′ ] = 𝑇 [ 𝑟 𝜃 ] = [ 𝐴 𝐵 𝐶 𝐷 ] [ 𝑟 𝜃 ] = ⎡ ⎢ ⎢ ⎣ 1 0 -2 𝑅 1 1 ⎤ ⎥ ⎥ ⎦ [ 1 𝐿 2 0 1 ] ⎡ ⎢ ⎢ ⎣ 1 0 -2 𝑅 2 1 ⎤ ⎥ ⎥ ⎦ [ 1 𝐿 2 0 1 ] [ 𝑟 𝜃 ] , (21) 
in which

𝐴 = 1 - 𝐿 𝑅 2 , 𝐵 = 𝐿(1 - 𝐿 2𝑅 2 ), 𝐶 = -[ 2 𝑅 1 + 2 𝑅 2 (1 - 𝐿 𝑅 1 ) ] , 𝐷 = -[ 𝐿 𝑅 1 -( 1 - 𝐿 𝑅 1 ) ( 1 - 𝐿 𝑅 2 )] . (22) 
The transferring matrix is calculated with leftside multiplying, that is the matrix multiplication in Eq. 21 is calculated from right to left side. Suppose there could be stable modes exist in this cavity and the eigenvalue 𝛽 makes the equation

[ 𝐴 𝐵 𝐶 𝐷 ] [ 𝑟 𝜃 ] = 𝛽 [ 𝑟 𝜃 ]
stand, then it demands for 𝑑𝑒𝑡 [ 𝐴 -𝛽 𝐵 𝐶 𝐷 -𝛽 ] = 0, combining the unitarity of the transferring matrix that is 𝐴𝐷 -𝐵𝐶 = 1, it arrives at the stability condition of the cavity [67] :

[ 1 2 (𝐴 + 𝐷) ] 2 < 1. (23) 

Cavity Mode

For the property of the mode, from a view of wave optic, to have stable mode inside FPC, longitudinally the phase delay after one cavity round trip needs to be integer of 2𝜋, besides the transverse distribution of cavity mode needs to satisfy the integral equation [START_REF] Kogelnik | Laser beams and resonators[END_REF] :

𝛾 (2) 𝐸 (2) (𝑠 2 ) = ∫ 𝑠 1
𝐾 (1) (𝑠 2 , 𝑠 1 )𝐸 (1) (𝑠 1 )𝑑𝑠 1 , 𝛾 (1) 𝐸 ′(1) (𝑠 1 ) = ∫ 𝑠 2 𝐾 (2) (𝑠 2 , 𝑠 1 )𝐸 (2) (𝑠 2 )𝑑𝑠 2 , 𝐸 ′(1) (𝑠 1 ) = 𝐸 (1) (𝑠 1 ), (24) in which 𝑠 1 , 𝑠 2 correspondingly represents the transverse coordinates of the surfaces of the two mirrors M 1 ,M 2 , the integrals are taken over the mirror surfaces, 𝛾 describes the field attenuation and phase shift during the passage from one mirror to another, 𝐾 the integral kernel depends on the distance from a point on one mirror to a point on another mirror.

Analyzing in Cartesian coordinate and using paraxialapproximation, cavity mode can be expressed by HermiteGaussian mode [6667] : 

𝐸 𝑚𝑛 (𝑥, 𝑦, 𝑧) =𝐸 0 𝐻 𝑚 [ √2𝑥 𝑤(𝑧) ] 𝐻 𝑛 [ √2𝑦 𝑤(𝑧)] 𝑤 0 𝑤(𝑧) 𝑒𝑥𝑝 [ - 𝑟 2 𝑤 2 (𝑧) ] ⋅ 𝑒𝑥𝑝 [ -𝑖𝑘𝑧 -𝑖𝑘 𝑟 2 2𝑅(𝑧) + 𝑖(1 + 𝑚 + 𝑛)𝜁(𝑧) ] , (25) 
and follows the transformation rule of

𝑞 ′ = 𝐴𝑞 + 𝐵 𝐶𝑞 + 𝐷 . (27) 
Especially, the commonly used fundamental mode TEM 00 is expressed as

𝐸 00 (𝑥, 𝑦, 𝑧) = 𝐸 0 𝑤 0 𝑤(𝑧) 𝑒𝑥𝑝 [ - 𝑟 2 𝑤 2 (𝑧) ] 𝑒𝑥𝑝 [ -𝑖𝑘𝑧 -𝑖𝑘 𝑟 2 2𝑅(𝑧) + 𝑖𝜁(𝑧) ] . (28) 
In the following content, FPC is defaultly considered to be ideally work at TEM 00 mode.

Cavity Frequency Comb

Define cavity round trip time 𝑇 𝑐 = 𝐿 / 𝑐, free spectral range FSR= 1 / 𝑇 𝑐 , set the ith mirror's field reflection and transmission coefficient as 𝑟 𝑖 , 𝑡 𝑖 , whose square modulus are intensity reflection and transmission coefficient 𝑇 𝑖 , 𝑅 𝑖 , and assume for now there's no other loss, that is 𝑇 𝑖 + 𝑅 𝑖 = 1. Define 𝜌 = 𝑟 1 ⋅ 𝑟 2 ⋅ ... ⋅ 𝑟 𝑚 .

For a monochromatic injection laser wave 𝐸 𝐿 (𝑥, 𝑦, 𝑧, 𝑡) = 𝐸 0 (𝑥, 𝑦, 𝑧)𝑒 𝑖(𝜔𝑡-𝑘𝑧) which could be perfectly coupled inside cavity, observing right after injection coupling mirror, the stacked laser field after 𝑁 round trip time 𝑇 𝑐 can be written as [START_REF] Romanini | Introduction to cavity enhanced absorption spec troscopy[M]// CavityEnhanced Spectroscopy and Sensing[END_REF] :

𝐸 𝑁 𝑐 (𝑥, 𝑦, 𝑧, 𝑡) = 𝑖𝑡 1 ( 1 + 𝜌𝑒 -𝑖𝜔𝑇 𝑐 + 𝜌 2 𝑒 -𝑖2𝜔𝑇 𝑐 + ... + 𝜌 𝑁-1 𝑒 -𝑖(𝑁-1)𝜔𝑇 𝑐 ) 𝐸 𝐿 (𝑥, 𝑦, 𝑧, 𝑡)

= 𝑖𝑡 1 𝑁-1 ∑ 𝑛=0 ( 𝜌𝑒 -𝑖𝜔𝑇 𝑐 ) 𝑛 𝐸 𝐿 (𝑥, 𝑦, 𝑧, 𝑡) = 𝑖𝑡 1 1 -( 𝜌𝑒 -𝑖𝜔𝑇 𝑐 ) 𝑁 1 -𝜌𝑒 -𝑖𝜔𝑇 𝑐 𝐸 𝐿 (𝑥, 𝑦, 𝑧, 𝑡). (29) 
For 𝑁 → ∞, the steadystate cavity gain with perfectly coupled injection can be written as

𝐺 𝑐 = 𝐼 ∞ 𝑐 𝐼 𝑖𝑛 = |𝐸 ∞ 𝑐 | 2 |𝐸 𝐿 | 2 = 𝑇 1 | 1 -𝜌𝑒 -𝑖𝜔𝑇 𝑐 | 2 = 𝑇 1 (1 -𝜌) 2 1 1 + ( 2 √ 𝜌 1-𝜌 ) 2 𝑠𝑖𝑛 2 ( 𝜔𝑇 𝑐 / 2 ) . (210) 
Later on for convenience, the analysis are done with frequency 𝜈 rather than angu lar frequency 𝜔 and they are related as 𝜔 = 2𝜋𝜈. The maximums of Eq. 210 show at positions 𝑠𝑖𝑛(𝜔𝑇 𝑐 / 2) = 0, where we define 𝜈 𝑐 = 𝑝 / 𝑇 𝑐 = 𝑝FSR, in which 𝑝 is positive integer. Besides, linewidth of cavity resonance peak 𝛥𝜈 𝑐 defined as the full width at half maximum (FWHM) of each resonance peak, and the cavity finesse ℱ are as following:

𝛥𝜈 𝑐 = 1 𝜋𝑇 𝑐 1 -𝜌 √ 𝜌 , ℱ = 𝐹 𝑆𝑅 𝛥𝜈 𝑐 = 𝜋 √ 𝜌 1 -𝜌 . (211) 
Then Eq. 210 can be rewritten in a form of Lorentzian function,

𝐺 𝑐 (𝜈) = 𝑇 1 (1 -𝜌) 2 ( 1 2 𝛥𝜈 𝑐 ) 2 (𝜈 -𝜈 𝑐 ) 2 + ( 1 2 𝛥𝜈 𝑐 ) 2 , ( 212 
)
which we call the cavity resonance frequency comb, as illustratively shown in means that if we control the laser frequency to be resonate with cavity, it demands laser frequency stability to be 𝛥𝜈 𝑐 / 𝜈 𝐿 = 𝛥𝜈 𝑐 ⋅ 𝜆 / 𝑐 < 1.34 × 10 -11 . From another side, if we control the cavity length thus the injection laser to be resonate with cavity, it demands for the cavity length control precision to be 𝛥𝐿 = 𝐿 ⋅ 𝛥𝜈 𝑐 / 𝜈 𝐿 <30 pm. From these characteristic values we can tell the demands of FPC for high precision control system and highly stable environment including low temperature fluctuation and vibration etc.

Enhancement of FabryPerot Cavity

For Thomson Scattering experiment, the intracavity laser beam will scatter with electron beam to generate X/𝛾ray beam. So it's important to know the properties of the intracavity laser field, which depend on both the properties of FabryPerot cavity and injection laser. In this section, the cavity enhancements of continuous wave (CW) and pulsed wave (PW) injection are analyzed separately.

Cavity Enhancement with Continuous Wave Injection

For CW injection, first we analyze in time domain, for a monochromatic CW in jection laser 𝐸 𝐿 (𝑥, 𝑦, 𝑧, 𝑡) = 𝐸 0 (𝑥, 𝑦, 𝑧)𝑒 𝑖(2𝜋𝜈 𝐿 𝑡-𝑘𝑧) , following the similar calculation as Eq. 29 we can get that at steady state the intracavity laser beam intensity can be written as:

𝐼 𝑐 (𝑡) = | 𝐸 𝑐 (𝑡) | 2 = 𝑇 1 (1 -𝜌) 2 𝐼 0 1 + ( 2 √ 𝜌 1-𝜌 ) 2 𝑠𝑖𝑛 2 ( 𝜋𝜈 𝐿 𝑇 𝑐 ) , (213) 
in which 𝐼 0 (𝑥, 𝑦, 𝑧) = |𝐸 0 (𝑥, 𝑦, 𝑧)| 2 .

Then we analyze in frequency domain, for general case of injection laser wave with a frequency comb Î𝐿 (𝜈), which is technically the spectrum of the injection laser, that is

Î𝐿 (𝜈) = | | | | | +∞ ∫ -∞ 𝐸 𝐿 (𝑥, 𝑦, 𝑧, 𝑡)𝑒 -𝑖2𝜋𝜈𝑡 𝑑𝑡 | | | | | 2 , (214) 
Intracavity field intensity can be expressed in frequency domain as

Î𝑐 (𝜈) = 𝐺 𝑐 (𝜈) ⋅ Î𝐿 (𝜈). (215) 
For monochromatic CW injection Î𝐿 (𝜈) = 𝐼 0 𝛿(𝜈 -𝜈 𝐿 ), then the intracavity field intensity in frequency domain is 

Î𝑐 (𝜈) = 𝐼 0 𝐺 𝑐 (𝜈)𝛿(𝜈 -𝜈 𝐿 ), (216) 

Cavity Enhancement with Pulsed Wave Injection

For pulsed wave, a monochromatic pulsed wave is impossible to exist as a re sult of the finite pulse length complying with uncertainty principle, but a time domain analysis of cavity gain with injection of pulsed wave taking a single frequency part will lead to useful result for understanding the dynamic process of cavity filling. So, in time domain, taking a single frequency part of the pulsed wave laser field written as 𝐸 𝐿 (𝑥, 𝑦, 𝑧, 𝑡) = 𝐸 0 (𝑥, 𝑦, 𝑧) ∑ 𝑚=+∞ 𝑚=-∞ 𝑒(𝑡 -𝑚𝑇 𝐿 )𝑒 𝑖 [ (2𝜋𝜈 𝐿 𝑡-𝑚𝑇 𝐿 )+𝑚𝛥𝛷 𝑐𝑒 +𝑘𝑧 ] , in which 𝑒(𝑡) is the pulse envelope, 𝛷 𝑐𝑒 is the carrierenvelope phase, each pulse is in the form of 𝐸 𝑚 (𝑥, 𝑦, 𝑧, 𝑡) = 𝐸 0 (𝑥, 𝑦, 𝑧)𝑒(𝑡 -𝑚𝑇 𝐿 )𝑒 𝑖 [ (2𝜋𝜈 𝐿 𝑡-𝑚𝑇 𝐿 )+𝑚𝛥𝛷 𝑐𝑒 +𝑘𝑧 ] . Observe at the cavity inner side of injection coupling mirror, the stacked laser field after 𝑁 round trip time 𝑇 𝑐 can be written as [START_REF] Favier | Etude et conception d'une cavité FabryPerot de haute finesse pour la source compacte de rayons x Thomx[END_REF][START_REF] Liu | R&D of a highaveragepower FabryPérot resonator for Thomson scattering experi ments[END_REF] 𝐸 𝑁 𝑐 (𝑥, 𝑦, 𝑧, 𝑡) = 𝑖𝑡 1

𝑁-1 ∑ 𝑛=0 𝑟 𝑛-1 𝐸 𝑁-𝑛-1 (𝑡 -𝑛𝑇 𝑐 ), (217) 
here it is implicitly assumed that the laser pulse period 𝑇 𝐿 ideally to be matched with single cavity round trip time 𝑇 𝑐 , the difference between those two is 𝛥𝑇 = 𝑇 𝑐 -𝑇 𝐿 , and define 𝛷 𝐷 = 𝜔 0 𝛥𝑇 + 𝛥𝛷 𝐶𝐸 . The cavity gain of intensity with pulsed wave injection can be written as [START_REF] Favier | Etude et conception d'une cavité FabryPerot de haute finesse pour la source compacte de rayons x Thomx[END_REF][START_REF] Liu | R&D of a highaveragepower FabryPérot resonator for Thomson scattering experi ments[END_REF] 𝐼 is [START_REF] Favier | Etude et conception d'une cavité FabryPerot de haute finesse pour la source compacte de rayons x Thomx[END_REF][START_REF] Liu | R&D of a highaveragepower FabryPérot resonator for Thomson scattering experi ments[END_REF] Î𝑐 (𝜈 which is consistent with time domain analysis since Î𝑐 (𝜈) = 𝐹 𝑇 {𝐼 𝑐 (𝑡)}.

𝑁 𝑐 = = 𝑇 1 1 -𝑟 2 ⎡ ⎢ ⎢ ⎣ (1 -𝑟 2𝑁 )𝐴(0) + 2 𝑁-1 ∑ 𝑛=1 (𝑟 𝑛 -𝑟 2𝑁-𝑛 )𝑐𝑜𝑠(𝑛𝛷 𝐷 )𝐴(𝑛𝛥𝑇 ) ⎤ ⎥ ⎥ ⎦ , (218) 
) = 𝐼 0 𝐺 𝑐 (𝜈) | ê (𝜈 -𝜈 𝐿 ) | 2 𝑚=+∞ ∑ 𝑚=-∞ 𝛿 ( 𝛥𝛷 𝑐𝑒 2𝜋 -𝜈 𝐿 𝑇 𝐿 -𝑚 ) , (220) 
More generally for PW laser injection, each peak of the spectrum should be with finite linewidth 𝛥𝜈 𝐿 . For example for PW injection laser with Lorentzian shaped teeth of comb expressed as 2 , with central wavelength 𝜆 = 1030 nm, linewidth 𝛥𝜈 𝐿 = 3 kHz, repetition rate 𝑓 𝐿 = 133.33 MHz, being injected into the example cavity SBOX, graphically the intracavity field spectrum, as illustratively shown in Fig. 2.5, is the product of cavity frequency comb with laser frequency comb.

Î𝐿 (𝜈) = | ê (𝜈)| 2 𝜋 1 2 𝛥𝜈 𝐿 (𝜈-𝜈 𝐿 ) 2 +( 1 2 𝛥𝜈 𝐿 )

Coupling of Injection Laser into FabryPerot Cavity

In this section, methods of coupling injection laser to external FabryPerot cavity are analyzed transversely and longitudinally.

Transverse Mode Matching with Telescope

Transversely, from a view of geometrical optic, the injection laser beam size and angle should match with that of the cavity mode at the position of injection coupling mirror, which can be achieved by telescope composed of one to multiple lenses and can be designed with calculation of ABCD matrix. In experiment, the beam size 𝑤 0 and divergence angle 𝜃 0 of the output of laser can be measured at position 𝑧 0 , then the injection laser beam size 𝑟 𝑖𝑛 and angle 𝜃 𝑖𝑛 can be calculated with the transferring matrix 𝑇 𝑡 of the optical path from position 𝑧 0 to injection coupling mirror position 𝑧 𝑀 1 as

[ 𝑟 𝑖𝑛 𝜃 𝑖𝑛 ] = 𝑇 𝑡 [ 𝑟 0 𝜃 0 ] . (221) 
The design of telescope can be achieved by optimization of the difference between

[ 𝑟 𝑖𝑛 𝜃 𝑖𝑛 ] and [ 𝑟 𝑐 𝜃 𝑐 ]
, where variables with subscript "c" represent the quantities of the cavity mode which can be calculated with ABCD matrix depending on cavity structure.

From a view of wave optic, telescope design can also be done with calculation of ABCD matrix, but using Gaussian laser beam and following the rule of 𝑞 parameter changing with transferring ABCD matrix as expressed in Eq. 27. The field of output of laser 𝐸 𝐿 (𝑥, 𝑦, 𝑧) at position 𝑧 0 can be expressed as Eq. 28, of which the corresponding parameters can be measured experimentally. The injection laser field 𝐸 𝑖𝑛 (𝑥, 𝑦, 𝑧) at in jection coupling mirror position 𝑧 𝑀 1 can be calculated following the rule of 𝑞 parameter of 𝐸 𝐿 (𝑥, 𝑦, 𝑧) changing with transferring matrix. Field of cavity mode 𝐸 𝑐 (𝑥, 𝑦, 𝑧) | 𝑧=𝑧 𝑀 1 can be calculated according to cavity structure. Then telescope design can be achieved by optimization of coupling which is expressed as [START_REF] Favier | Etude et conception d'une cavité FabryPerot de haute finesse pour la source compacte de rayons x Thomx[END_REF] 𝐶

= ∫ ∫ +∞ -∞ | 𝐸 𝑖𝑛 (𝑥, 𝑦, 𝑧)𝐸 * 𝑐 (𝑥, 𝑦, 𝑧) | 2 𝑑𝑥𝑑𝑦 ∫ ∫ +∞ -∞ |𝐸 𝑖𝑛 (𝑥, 𝑦, 𝑧)| 2 𝑑𝑥𝑑𝑦 ∫ ∫ +∞ -∞ |𝐸 𝑐 (𝑥, 𝑦, 𝑧)| 2 𝑑𝑥𝑑𝑦 | 𝑧=𝑧 𝑀 1 . ( 222 
)
For cavity with asymmetric transferring matrix on tangential and sagittal axes, the cavity mode sizes are asymmetric. And the asymmetry will evolve with the mirror surface thermoelastic deformation alongside the increasing intracavity power. So to do mode matching for asymmetry cavity mode, more elaborate design of telescope should be im plemented which could tune mode size on tangential and sagittal axes independently.

Longitudinal Phase Locking with PDH Technique

A high precision feedback is needed to keep the injection laser being resonated with the external FabryPerot cavity. The most commonly used feedback method is Pound DreverHall (PDH) [6263] technique. If it is the optical frequency of injection laser to be tuned to resonate with the FabryPerot Cavity, then the key is to find an error signal that can tell which side of the injection laser central frequency deviates from the central resonance frequency. A control signal will be generated after process of the error signal to tune the optical frequency of the injection laser. 

𝐹 (𝜔) = 𝐸 ∞ 𝑟 𝐸 𝐿 = 𝑟 1 - 𝜌 𝑟 1 𝑇 1 𝑒 -𝑖𝜔𝑇 𝑐 1 -𝜌𝑒 -𝑖𝜔𝑇 𝑐 (223)
For a monochromatic CW injection laser 𝐸 𝐿 = 𝐸 0 𝑒 𝑖𝜔𝑡 , a sine wave with frequency of 𝛺 and amplitude of 𝛽 is generated by signal generator and applied to electrooptic modulator (EOM) to produce a phase modulation on the injection laser wave. The laser beam after EOM modulation can be expressed as 𝐸 ′ 𝐿 = 𝐸 0 𝑒 𝑖(𝜔𝑡+𝛽𝑠𝑖𝑛(𝛺𝑡)) . Generally, using the JacobiAnger expansion relation 𝑒 𝑖𝑧𝑠𝑖𝑛𝜃 = ∑ +∞ 𝑛=-∞ 𝐽 𝑛 (𝑧)𝑒 𝑖𝑛𝜃 and the Bessel function property 𝐽 -𝑛 (𝑧) = (-1) 𝑛 𝐽 𝑛 (𝑧), the sine wave phase modulation can be rewritten as sum of infinite number of sidebands with frequency of (𝜔 ± 𝑛𝛺), in which n is positive integer.

𝐸 ′ 𝐿 = 𝐸 0 𝐽 0 (𝛽)𝑒 𝑖𝜔 𝐿 𝑡 + ⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ ∞ ∑ 𝑛=1 𝐸 0 𝐽 𝑛 (𝛽) [ 𝑒 𝑖(𝜔 𝐿 +𝑛𝛺) -𝑒 𝑖(𝜔 𝐿 -𝑛𝛺) ] , 𝑛 𝑜𝑑𝑑; ∞ ∑ 𝑛=2 𝐸 0 𝐽 𝑛 (𝛽) [ 𝑒 𝑖(𝜔 𝐿 +𝑛𝛺) + 𝑒 𝑖(𝜔 𝐿 -𝑛𝛺) ] , 𝑛 𝑒𝑣𝑒𝑛. (224) 
Here the modulation depth is set as 𝛽 ≪ 1, such that the power being shifted from the central optical frequency of the injection laser can be neglected. So a first order expansion would be enough. The CW laser field after EOM modulation can be written as

𝐸 ′ 𝐿 = 𝐸 0 ( 𝑒 𝑖𝜔𝑡 + 𝐽 1 (𝛽)𝑒 𝑖(𝜔+𝛺)𝑡 -𝐽 1 (𝛽)𝑒 -𝑖(𝜔-𝛺)𝑡 ) . (225) 
The resulted cavity reflection field is

𝐸 ′ 𝑟 = 𝐸 0 [ 𝐹 (𝜔)𝑒 𝑖𝜔𝑡 + 𝐽 1 (𝛽)𝐹 (𝜔 + 𝛺)𝑒 𝑖(𝜔+𝛺)𝑡 -𝐽 1 (𝛽)𝐹 (𝜔 -𝛺)𝑒 𝑖(𝜔-𝛺)𝑡 ] . (226) 
And the intensity measured by photodiode at the reflection position of M 1 is 

𝑃 𝑟 = | 𝐸 𝑟|

Chapter 3 Nonparaxial Expression of Highly Focused Laser Field

In Thomson scattering experiments, a highly focused laser beam with waist radius of few tens of micrometers is needed to match the transverse size of the electron beam to increase the yield of the scattered photon as much as possible. Highly focused laser field couldn't be precisely described by a paraxial approximated expression. Here in this section presented an expression of the highly focused linearly polarized laser field derived through a generalized Lax expansion series method [START_REF] Wang | Linearly polarized laser beam with generalized boundary condition and nonparaxial corrections[END_REF] .

Several approaches have been used in the past to model the laser beam in the focus ing region, each corresponding to different assumptions. Closed form solutions satisfying exactly Maxwell equations were obtained for radially polarized laser beams provide self consistent expressions that however correspond to definite boundary conditions that may not be representative of an actual experiment [START_REF]Nonparaxial tm and te beams in free space[END_REF] . Alternatively, Maxwell equations con sistent integral expressions are also available but suffer from approximations and are also bound to specific boundary conditions [START_REF] Peatross | Vector fields in a tight laser focus: comparison of models[END_REF] . Finally, the historical technique consisting in expanding paraxial solutions of the wave equations in series [START_REF] Lax | From maxwell to paraxial wave optics[END_REF] has been recently shown to offer the unique ability to account for arbitrary boundary conditions [START_REF] Martens | Direct electron acceleration with tightly focused TM0,1 beams: boundary conditions and nonparaxial corrections[END_REF] . This abil ity may be seen as crucial when considering the sensitivity of the scattering process to boundary conditions that is likely to limit the predictive power of detailed and expansive simulations.

Though the vectorial approach is elegant and provide selfconsistent solutions to the Maxwell equations, but still suffers from some approximations, the resulting integral ex pressions require large computational time, especially when precision is required, which may not be practical in many cases. Also they are usually bound to give boundary con ditions that may not be relevant to a specific experimental situation [START_REF] Martens | Direct electron acceleration with tightly focused TM0,1 beams: boundary conditions and nonparaxial corrections[END_REF] . The sensitivity to these may thus not be easy to gauge, being a critical aspect for experimental demon stration. An alternative approach consist in a generalized series expansion [START_REF] Martens | Direct electron acceleration with tightly focused TM0,1 beams: boundary conditions and nonparaxial corrections[END_REF] which is selfconsistent only at a given order of the series expansion (this may not be of numerical importance) but allows to assert the sensitivity to a choice of boundary conditions (i.e.

nonpredictive aspects of a specific experiment thus giving a clue for tolerance studies) and analytic directspace expressions, that are computationally efficient. As mentioned in Ref. [START_REF] Peatross | Vector fields in a tight laser focus: comparison of models[END_REF] , this approach entails farfield divergences [START_REF] Dai | Vacuum electron acceleration driven by a tightly focused radially polarized gaussian beam[END_REF] that are sometimes of impor tance in the phase space of interest for the studied problem, though this problem can be solved [START_REF] Borghi | Summing lax series for nonparaxial beam propogation[END_REF] .

It is sometimes thought that vectorial models cannot be represented by means of series expansions [START_REF] Peatross | Vector fields in a tight laser focus: comparison of models[END_REF] whereas providing more accurate expressions of the fields. In the following part of this chapter this statement will be rebutted. As an example, a generalized perturbation expansion method is applied to linearly polarized laser beam and compared with the Ignatovsky solution [START_REF] Ignatovsky | Diffraction by a parabolic mirror having arbitrary opening[END_REF] revisited in Ref. [START_REF] Peatross | Vector fields in a tight laser focus: comparison of models[END_REF] . The formalism of the former (latter) is presented in Section 3.1 (3.2). Coefficients of the series expansion are fit to the expres sions of Ignatovsky in Section 3.3 and field distribution compared between that from the generalized Lax series expansion method and that from the Ignatovsky formalism.

Series Expansion Formalism

Linearly polarized electromagnetic field expressions beyond paraxial approxima tion can be obtained by means of series expansion [START_REF] Lax | From maxwell to paraxial wave optics[END_REF] with the prescription of Davis [START_REF] Davis | Theory of electromagnetic beams[END_REF] .

Though a careful explicit symmetrization of the result is required [START_REF] Barton | Fifth-order corrected electromagnetic field components for a fun damental gaussian beam[END_REF] which is naturally embedded in the Hertz potentials ⃗ 𝛱 𝑒 , ⃗ 𝛱 𝑚 [START_REF]Nonparaxial tm and te beams in free space[END_REF][START_REF] Cullen | Complex sourcepoint theory of the electromagnetic open resonator[END_REF] . The electromagnetic fields read

⃗ 𝐸 = ⃗ 𝛁 × ⃗ 𝛁 × ⃗ 𝛱 𝑒 -𝜇 0 ∂ ∂𝑡 ⃗ 𝛁 × ⃗ 𝛱 𝑚 ⃗ 𝐵 = 𝜇 0 ⃗ 𝛁 × ⃗ 𝛁 × ⃗ 𝛱 𝑚 + 1 𝑐 2 ∂ ∂𝑡 ⃗ 𝛁 × ⃗ 𝛱 𝑒 , (31) 
in which, for a linearly polarized wave focused along z axis and polarized along x axis, ⃗ 𝛱 𝑒 = â 𝑥 𝛹 (𝑥, 𝑦, 𝑧, 𝑡), ⃗ 𝛱 𝑚 = â 𝑦 𝜂 -1 0 𝛹 (𝑥, 𝑦, 𝑧, 𝑡), where â 𝑥,𝑦,𝑧 are unit vectors in the directions 𝑥, 𝑦, 𝑧 of the reference frame. It is explicit in these expressions that a single scalar function 𝛹 (𝑥, 𝑦, 𝑧, 𝑡) is required to describe the focused field. Scalar and vector potentials are then related to the Hertz potentials by 𝑉 ≡ -⃗ 𝛁 ⋅ ⃗ 𝛱 𝑒 and

⃗ 𝐴 ≡ (1/𝑐 2 )∂ ⃗ 𝛱 𝑒 /∂𝑡 + 𝜇 0 ⃗ 𝛁 × ⃗ 𝛱 𝑚 , since ⃗ 𝐵 ≡ ⃗ 𝛁 × ⃗ 𝐴 and ⃗ 𝐸 ≡ -⃗ 𝛁𝑉 -∂ ⃗ 𝐴/∂𝑡 in the Lorenz gauge.
It is thus possible to expand perturbatively the scalar function 𝛹 (𝑥, 𝑦, 𝑧, 𝑡) in series to derive field expressions beyond the paraxial approximation, but it is rather usually per formed with the scalar function 𝒜(𝑥, 𝑦, 𝑧, 𝑡) that defines the vector potential ⃗ 𝐴 ′ (𝑥, 𝑦, 𝑧, 𝑡) = â𝑥 𝒜(𝑥, 𝑦, 𝑧, 𝑡) and its symmetric counterpart ⃗ 𝐴 ″ (𝑥, 𝑦, 𝑧, 𝑡) = â𝑦 𝒜(𝑥, 𝑦, 𝑧, 𝑡), that allows to rewrite the electromagnetic fields

⃗ 𝐸 = ⃗ 𝐸 ′ + ⃗ 𝐸 ″ and ⃗ 𝐵 = ⃗ 𝐵 ′ + ⃗ 𝐵 ″ where ⃗ 𝐵 ′ = ⃗ 𝛁 × ⃗ 𝐴 ′ and ⃗ 𝐸 ″ = ⃗ 𝛁 × ⃗ 𝐴 ″ .
The ⃗ 𝐸 ′ and ⃗ 𝐵 ″ are consistently defined by the Maxwell equations. Both approaches provide equivalent fields at first order in the expansion series. The expansion could also be performed on the six fields projections themselves [START_REF] De | Maxwellconsistent, symmetry and energypreserving solutions for ultrashortlaserpulse propagation beyond the paraxial ap proximation[END_REF] , which provides an other equivalent procedure at first order in the expansion. In the following, we choose to follow the customary procedure that consists in expanding the scalar function 𝒜(𝑥, 𝑦, 𝑧, 𝑡) by writing it in the form 𝒜(𝑥, 𝑦, 𝑧, 𝑡) = 𝒜 0 𝑔(𝜙/𝜙 0 )𝑒 𝑖(𝜙-𝛿𝜙) 𝜓(𝑥, 𝑦, 𝑧),

where 𝑔(𝜙/𝜙 0 ) is the envelope of the pulse, 𝛿𝜙 the carrier to envelope phase shift, , with 𝑤 0 the waist of the laser beam and 𝑧 𝑅 its Rayleigh length. The solution of this equation can be obtained by means of a perturbation method [START_REF] Lax | From maxwell to paraxial wave optics[END_REF] when 𝜀 is sufficiently small. It reads

𝜙 = 𝑘𝑧 -𝜔 0 𝑡, 𝜙 0 = 𝜔 0 𝜏/𝑔 -1 (exp(-1)),
𝜓 = ∞ ∑ 𝑛=0 𝜀 2𝑛 𝜓 2𝑛 . (33) 
Successive orders 𝜓 𝑛⩾1 are solved from the recursive equations by equalizing the terms with the same order of 𝜀 2

(𝛁 2 ⟂ + 4𝑖 ∂ ∂𝜁 )𝜓 2𝑛 = ⎧ ⎪ ⎨ ⎪ ⎩ 0, 𝑖𝑓 𝑛 = 0 - ∂ 2 𝜓 2(𝑛-1) ∂𝜁 2 , 𝑖𝑓 𝑛 > 0. (34) 
The 𝑛 = 0 paraxial solution is 𝜓 0 = 𝑓 exp(-𝑓 𝜌 2 ) where 𝑓 = 1/(1 + 𝑖𝜁). Solutions of the higher order can be obtained by solving recursively in momentum space the Eq. 34, that translates into

(-𝜅 2 𝜉 -𝜅 2 𝜂 + 4𝑖 ∂ ∂𝜁 ) ψ 2𝑛 = ⎧ ⎪ ⎨ ⎪ ⎩ 0, 𝑖𝑓 𝑛 = 0 - ∂ 2 ψ 2(𝑛-1) ∂𝜁 2 , 𝑖𝑓 𝑛 > 0, ( 35 
)
where ψ is the Fourier transform of 𝜓 and 𝜅 𝜉,𝜂 are the transverse momenta correspond ing to 𝜉, 𝜂. The paraxial solution of this equation is ψ 0 = exp(-(𝜅 2 𝜉 + 𝜅 2 𝜂 )/(4𝑓 )). So lutions of these equations can be obtained as ψ 2𝑛 = ψ 0 (𝑄 𝑛 + 𝑃 𝑛 ) where 𝑃 𝑛 is a poly nomial in 𝜁 and 𝜅 2 𝜉 + 𝜅 2 𝜂 determined by the equation

ψ 0 𝑃 𝑛 = - ∂ 2 ψ 2(𝑛-1) ∂𝜁 2
and

𝑄 𝑛 = ∑ 𝑛+1-𝑘 𝑗=1 ∑ 𝑛+1 𝑘=1 𝐶 2𝑛,𝑗,𝑘 𝜅 2(𝑗-1) 𝜉 𝜅 2(𝑘-1) 𝜂
. It is chosen not to include higher powers of 𝜅 2 𝜉,𝜂 since they are naturally accounted for by higher order terms of the expansion. The coefficients corresponding to the lower powers of 𝜅 2 𝜉,𝜂 in principle can be set to zero since they corre spond to a redefinition of the scaling of the field or of the expansion parameter 𝜀. Though we will see they are useful in some cases. In the direct space, the solutions in case of a symmetric 𝑥 ↔ 𝑦 solution of the paraxial expansion of the scalar 𝜓 function can be found in Ref. [START_REF] Martens | Direct electron acceleration with tightly focused TM0,1 beams: boundary conditions and nonparaxial corrections[END_REF] . It can be useful to consider a more general version where this symmetry is explicitly broken, but yet no general astigmatism is introduced [START_REF] Liu | Sshaped nonparaxial corrections to general astigmatic beams[END_REF] . The first term in the expansion reads

𝜓 2 (𝜉, 𝜂, 𝑓 ) = 𝑓 ( - 1 2 + 2𝐶 2,1,2 + 2𝐶 2,2,1 ) + 𝑓 2 ( 1 2 + 𝜌 2 -4(𝜉 2 𝐶 2,1,2 + 𝜂 2 𝐶 2,2,1 ) + 4𝐶 2,2,2 + 12(𝐶 2,1,3 + 𝐶 2,3,1 ) ) + 𝑓 3 ( - 𝜌 4 4 -𝜌 2 (1 + 8𝐶 2,2,2 ) -48(𝜉 2 𝐶 2,1,3 + 𝜂 2 𝐶 2,3,1 ) ) + 𝑓 4 ( 𝜌 4 4 + 16(𝜉 4 𝐶 2,1,3 + 𝜂 4 𝐶 2,3,1 ) + 16𝜉 2 𝜂 2 𝐶 2,2,2 ) . (36) 
These expression match those previously obtained in Ref. [START_REF] Martens | Direct electron acceleration with tightly focused TM0,1 beams: boundary conditions and nonparaxial corrections[END_REF] , where the 𝑥 ↔ 𝑦 sym

metry is enforced i.e. when 𝐶 2,1,2 = 𝐶 2,2,1 = C 2,2 and 𝐶 2,1,3 = 𝐶 2,3,1 = 𝐶 2,2,2 /2 = C 2,4
, where the tilde coefficients are those of the Ref. [START_REF] Martens | Direct electron acceleration with tightly focused TM0,1 beams: boundary conditions and nonparaxial corrections[END_REF] . Higher orders are straightforwardly calculated by means of a symbolic computation software, whose results are piped into a numerical computation software. Obtained expression for the order 2 are too long to be reproduced here but they are similar to those of Ref. [START_REF] Martens | Direct electron acceleration with tightly focused TM0,1 beams: boundary conditions and nonparaxial corrections[END_REF] with the 𝑥 ↔ 𝑦 relaxed. It is then plugged into Eq. 33, further used in Eq. 32 and to compute the vectors ⃗ 𝐴 ′ and ⃗ 𝐴 ″ . These 𝐶 parameters were found to allow matching known solutions of the scalar wave equation expanded up to the second term of the expansion, corresponding to vari ous boundary conditions [START_REF] Martens | Direct electron acceleration with tightly focused TM0,1 beams: boundary conditions and nonparaxial corrections[END_REF] . They in general depend on the injecting laser beam and the boundary conditions imposed by the optical system and are in principle complex num bers. Indeed nothing bounds them to the real space in the derivation previously described.

They can, in principle, be obtained by means of a fit to a given numerical description of the electromagnetic field numerically derived or experimentally measured, up to a certain precision. The procedure that is described here is strictly valid for monochromatic pulses only, which is sufficient in the case studied in this article, though it can be extended to generally astigmatic beams [START_REF] Liu | Sshaped nonparaxial corrections to general astigmatic beams[END_REF] and electromagnetic fields involving spatiotemporal cou plings [START_REF] Favier | Short pulse laser beam beyond paraxial approximation[END_REF] . Extreme cases where a very broad angular spectrum as those considered for instance in Ref. [START_REF] Maucher | Creating complex optical longitudinal polarization structures[END_REF] are unlikely described by such series expansion, owing to large values of the expansion parameter 𝜀.

Ignatovsky Formalism

The Ignatovsky solution [START_REF] Peatross | Vector fields in a tight laser focus: comparison of models[END_REF] is derived from a collimated linearly polarized Gaus sian beam ⃗ 𝐸 𝑖 (𝑥, 𝑦, 𝑧) = 𝑒(𝑡)𝑒 𝑖(𝑘𝑧-𝜔 0 𝑡) x , where 𝑤 𝑖 is the radius of the beam and 𝑒(𝑡) = 𝐸 0 𝑒 -(𝑥 2 +𝑦 2 )/𝑤 2 𝑖 , focused by a perfect and perfectly aligned parabolic mirror with focal length 𝑓 whose surface is denoted as 𝑧 ′ = -𝑓 + (𝑥 ′2 + 𝑦 ′2 )/(4𝑓 ), in which (𝑥 ′ , 𝑦 ′ , 𝑧 ′ ) are specialized to represent the points on the parabolic mirror surface. Several approxima tions are made in the derivation. First of all the Debye approximation is employed, the focusing mirror residing far from the focus, and the transverse electromagnetic field en velope is supposed to vary slowly laterally on the mirror surface. The reflected fields [START_REF] Peatross | Vector fields in a tight laser focus: comparison of models[END_REF] are expressed as

⃗ 𝐸(𝑥, 𝑦, 𝑧) = -𝑖𝑘𝑓 𝑒 𝑖(𝑘𝑓 -𝜔 0 𝑡) [ x ( 𝐼 0 + 𝑥 2 -𝑦 2 𝑟 2 𝐼 2 ) + ŷ 2𝑥𝑦 𝑟 2 𝐼 2 -𝑖 ẑ 𝑥 𝑟 𝐼 1 ] , ⃗ 𝐵(𝑥, 𝑦, 𝑧) = -𝑖 𝑘𝑓 𝑐 𝑒 𝑖(𝑘𝑓 -𝜔 0 𝑡) [ x2𝑥𝑦 𝑟 2 𝐼 2 + ŷ ( 𝐼 0 - 𝑥 2 -𝑦 2 𝑟 2 𝐼 2 ) -𝑖 ẑ 𝑦 𝑟 𝐼 1 ] , (37) 
in which

𝐼 0 = 𝜋 ∫ 0 𝑑𝜃𝑒(𝑡)(𝑟 ′ )𝐽 0 (𝑘𝑟 sin 𝜃) sin 𝜃𝑒 𝑖𝑘𝑧 cos 𝜃 , 𝐼 1 = 2 𝜋 ∫ 0 𝑑𝜃𝑒(𝑡)(𝑟 ′ )√𝜂(𝜃)𝐽 1 (𝑘𝑟 sin 𝜃) sin 𝜃𝑒 𝑖𝑘𝑧 cos 𝜃 , 𝐼 2 = 𝜋 ∫ 0 𝑑𝜃𝑒(𝑡)(𝑟 ′ )𝜂(𝜃)𝐽 2 (𝑘𝑟 sin 𝜃) sin 𝜃𝑒 𝑖𝑘𝑧 cos 𝜃 , (38) 
where 𝑥 = 𝑟 cos 𝜙, 𝑦 = 𝑟 sin 𝜙 and 𝜂(𝜃) = (1cos 𝜃)/(1 + cos 𝜃).

This integral solution of the Maxwell equations may sound elegant since it provides expressions based on assumptions that are easier to gauge compared to the expression of the field at the focus point, as done in the series expansion method. If it may appear easier to accept that the input beam envelope can be approximated by a pure paraxial Gaussian beam, it may be more difficult to accept that the key focusing element of a corresponding experimental setup may be a perfect surface, aberration free, and perfectly aligned, which would break the symmetry. This renders the practical utility of such an approach diffi cult to gauge. These integral formulae have been compared against few existing series expansions without much success [START_REF] Peatross | Vector fields in a tight laser focus: comparison of models[END_REF] , since they are corresponding to different boundary conditions. However, using a generalized approach as that described in section 2, may allow to approximate with enough precision these integral formulae and at the same time allowing for gauging effects as misalignments by rotating space coordinates and reducing significantly the computer calculation time.

Approximating the Ignatovsky Formulae with the Series Expan sion

As already mentioned, nothing forbids to extract the arbitrary coefficients of the series expansion by a fit on numerical expressions that are obtained, for instance, by a theoretical integral model. We illustrate this possibility in this section by fitting the first order, except otherwise explicitly stated, expansion coefficients to the numerical field values obtained with Ignatovsky's expressions.

The field amplitude is set to be 𝐸 0 = 1 that is an unnecessary scale factor for the extraction of the free coefficients. We also use 𝜆 = 1 𝜇m, 𝑤 𝑖 = 0.1 m, 𝑓 = 2𝑤 𝑖 . For the fitting process the expressions from Ignatovsky are scaled by the value of the electric field along the 𝑥 direction at the ideal focus point parameterized by 𝑥 = 0, 𝑦 = 0, 𝑧 = 0.

In order to allow for a slight mismatch in the total field energy, a scale coefficient is intro duced in front of terms independent of the previously introduced 𝐶 coefficients. 𝑁 𝑐 = 7 coefficients are thus obtained by matrix inversion since the obtained field expressions are linearly dependent on those. The contribution of each of the six projections of the real parts of the electromagnetic field to each term proportional to a given coefficient is filled in a 6𝑁 𝑠 ×𝑁 𝑐 matrix denoted 𝑀. The 6𝑁 𝑠 real field projections at the 𝑁 𝑠 sampling points for the expression of Ignatovsky is stored in a vector 𝐹 . The best fit coefficients are thus obtained by

𝐶 f = (𝑀 𝑇 ⋅ 𝑀) -1 ⋅ 𝑀 𝑇 ⋅ 𝐹 , (39) 
where the superscript 𝑇 denotes the transposition operator. The quality of the fit is gauged by a parameter

𝜒 2 = ∑ 𝑁 𝑠 | 𝐹 -𝑀 ⋅ 𝐶 f| 2 . ( 310 
)
The waist 𝑤 0 of the Gaussian beam used for the series expansion is fixed in this procedure, that is thus repeated for various 𝑤 0 values that are scanned in an appropriate range. The 𝜒 2 dependence on the 𝑤 0 value, shown on Fig. 3.1, is approximately parabolic with a minimum value in the range of interest, thus uniquely defining the best fitting set of coefficients 𝐶 𝑏 associated to a value of 𝑤 0,𝑏 that provide the best approximation of the integral expressions. One key ingredient in this procedure consist in the choice of a definite set of sampling points. We decide to always sample randomly the focal plan defined by 𝑧 = 0. The choice of the randomization range and distribution is however extremely dependent on the application that is sought for. For instance, in the specific case of direct laser acceleration discussed in the introduction, it is difficult to decide a priori what sampling distribution is most appropriate i.e. the one that allows extracting the set of parameters for which, for instance, the beam energy versus initial position matches best the numerical results based on the numerical integrals from Ignatovsky formulation. Thus we have decided to treat the choice of the sampling distribution as a nuisance, and thus a systematic uncertainty on the extraction of the coefficients. To estimate this effect, five sampling methods are employed. They are listed below:

1. sampling points are Gaussian random distributed with 𝜎 𝑥,𝑦 = 0.5𝑤 0𝑇 , 2. sampling points are Gaussian random distributed with 𝜎 𝑥,𝑦 = 𝑤 0𝑇 , 3. sampling points are uniformly random distributed with 𝑥, 𝑦 ranging within (0, 𝜆), 4. sampling points are uniformly random distributed with 𝑥, 𝑦 ranging within (0, 3𝜆),

where

𝑤 0𝑇 = √ √ √ ⎷ 𝑤 2 𝑖 -√ 𝑤 4 𝑖 -4𝜆 2 𝑓 2 /𝜋 2 2 = 0.63 𝜇m (311)
is the estimated waist of the paraxial beam, and all the sampling points of either method are taken on the focal plane. Alternatively to sample points in the plane 𝑧 = 0 they can also be distributed longitudinally. A uniform longitudinal distribution of points along the 𝑧 axis in the range [0, 𝑧 𝑅 ] has been investigated along with a transverse distribution of points corresponding to that of sampling number 2. It is found to give a result that lies in between those of samplings 2 and 4. The improvement is not significant.

The 𝑁 𝑐 parameters calculated with these four sampling methods and the related waist sizes are listed in Table . 3.1. Several remarks are in order. First of all, the 𝑥 ↔ 𝑦 sym metry seem approximately respected, which is expected for a perfectly aligned optical system. The scaling factor 𝐶 1 does not change by more than 5% and the best fitted waist is stable within 1% and relatively close to the naive expectation 𝑤 0𝑇 , when consider ing several sampling distributions. This is somehow expected since these parameters are mainly driven by the overall normalization of the field and the paraxial approximation, respectively. The other parameters are varying more significantly, up to 50% in relative values. This is expected since their value is driven by the accurateness with which tails of the field distributions are fitted, which as expected depends on the transverse excursion of the sampling points far from the beam center. The obtained parameters do not corre spond to values previously obtained [START_REF] Martens | Direct electron acceleration with tightly focused TM0,1 beams: boundary conditions and nonparaxial corrections[END_REF] as expected from Ref. [START_REF] Peatross | Vector fields in a tight laser focus: comparison of models[END_REF] . In any of the situation the obtained coefficients seem to fit relatively well the Ignatovsky solution. As can be seen on the Fig. 3.2 for the sampling distribution number 2, the residuals are within 1% relative to the maximum field value 𝐸 𝑥0 = 𝐸 𝑥 (0, 0, 0). It is apparent that the first diffrac tion ring that is present in the Ignatovsky model on the 𝐸 𝑥 and 𝐸 𝑧 components is also present in the fitted series expansion though with a different amplitude, contrary to those in the 𝐸 𝑦 component. However second diffraction rings are not present. It is striking that despite the fit is performed in the 𝑧 = 0 plane, the obtained parameterization is also matching Ignatosvky model at 𝑧 = 𝑧 𝑅 within a few per mil of the maximum field value, see Fig. 3.3. This represents a clear improvement in the approximation of the Ignatovsky model with analytic formulae from series expansions of the paraxial Gaussian beam [START_REF] Peatross | Vector fields in a tight laser focus: comparison of models[END_REF] .

We thus investigate the improvements obtained when introducing the next order correc tion in the series expansion, which adds 9 parameters to the fit. The results are given in (Third line) difference between the curves of the middle plots. The differences are in the per mil range which is a clear improvement compared to the results presented in Ref. [START_REF] Peatross | Vector fields in a tight laser focus: comparison of models[END_REF] . (Bottom) zoom on the tails in the region [-3𝜆, -𝜆] of the normalized magnitude of the electric field components for the (blue) Ignatovsky model and the (red) generalized series expansion model. These plots correspond to the series expansion composed of the first order term in the expansion and the sam pling distribution number 2. Finally, in Section 4.4, method of Dshape mirror is brought up to be implemented close to the optical path between cavity mirrors to break the boundary conditions of high or der modes which are degenerated with fundamental mode. Through simulation of cavity mode with ANSYS [84] and OSCAR [START_REF] Degallaix | OSCAR a matlab based optical fft code[END_REF] code, the capability of Dshape mirror to suppress modal instabilities is well proved and the experimental data of intracavity power change versus Dshape mirror position is well recovered. High power experiment is launched with implementation of Dshape mirrors inside cavity, an hourtimescale stable intra cavity average power of 200 kW is realized. All four cavity mirrors are with 1" diameter and 1/4" thickness, the key parameters of which are summarized in Table . 4.1. The substrate of the injection coupling mirror M 1 is made of very low absorption Suprasil glass while ultra low expansion (ULE) glass is used for M 2 , M 3 and M 4 [START_REF] Carstens | Megawattscale averagepower ultrashort pulses in an enhancement cavity[END_REF] . Cavity mirrors were coated with highly reflective coatings at Laboratoire des Matérieaux Avancés (LMA) by using the ion beam sputtering (IBS)
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technique at the end of 2015. The highly reflective coatings are consist of quarter wave Ta 2 O 5/ SiO 2 stacks designed for laser with 1030 nm central wavelength and an incident 

in which 𝑁 is the total number of cavity mirrors; 𝑇 𝑖 , 𝐴 𝑖 and 𝑆 𝑖 are the power trans mission, absorption and scattering coefficients of the ith cavity mirror. And using the approximation

𝜌 2 = 1 -𝑅𝑇 𝐿, (42) 
in which 𝜌 is the effective cavity field reflection coefficient with consideration of all kinds of cavity power losses. While it has been defined as 𝜌 = 𝛱 𝑁 𝑖 𝑟 𝑖 in Section 2.1.3 when considering no loss inside cavity except the noncomplete cavity mirrors' reflections.

With the definitions in Eq. 211 and Eq. 212, the designed cavity linewidth, finesse and gain can be calculated with the parameters shown in Table 4 The cavity mirrors are mounted inside a primary vacuum chamber with 10 -2 mbar residual pressure. The whole optical setup is located below an ISO5 airflow as shown in Fig. 4.7. The cavity is seeded by an ultralow phase noise femtosecond oscillator,

Onefive ORIGAMI, of central wavelength 1030 nm and repetition rate 133.33 MHz. The laser beam is stretched to 250 ps, and then sent to a fiber amplifier (see Ref. [START_REF] Chaikovska | High flux circularly polarized gamma beam factory: coupling a FabryPerot optical cavity with an electron storage ring[END_REF] for details)

to reach a maximum average power of 40 W. The low phase noise property of the laser oscillator is well maintained after amplification which makes it suitable to be injected into a high finesse cavity. The laser pulses are not compressed after amplification and kept to 250 ps for cavity injection. The laser frequencycomb [START_REF] Udem | Optical frequency metrology[END_REF] is locked on the cavity roundtrip frequency by the PoundDreverHall (PDH) [START_REF] Drever | Laser phase and frequency stabilization using an optical resonator[END_REF][START_REF] Jones | Stabilization of femtosecond lasers for optical frequency metrology and direct optical to radio frequency synthesis[END_REF] technique.

A brief history of the SBOX performance is summarized as follows. The cavity gain and finesse measurements performed just after mirror coating manufacturing were con sistent with the parameters in Table 4.1 [START_REF] Favier | Etude et conception d'une cavité FabryPerot de haute finesse pour la source compacte de rayons x Thomx[END_REF] . However, mirrors have been manipulated, vacuum has been broken, and intracavity average power of hundreds of kilowatts have been stacked many times during the following four years. Temperature sensors have also been glued inside the vacuum vessel. As a result, 400 kW intracavity average power was obtained with injection laser power of 40 W in 2017 for few seconds [START_REF] Favier | Etude et conception d'une cavité FabryPerot de haute finesse pour la source compacte de rayons x Thomx[END_REF][START_REF] Liu | R&D of a highaveragepower FabryPérot resonator for Thomson scattering experi ments[END_REF] . Later, phenomenon of modal instabilities began to be observed during experiment. With the im plementation of a pair of Dshape mirrors, modal instabilities was successfully suppressed and stable intracavity power of 200 kW was achieved for hour time scale in 2018 with the same injection laser power of 40 W [START_REF] Amoudry | Modal instability suppression in a highaveragepower and highfinesse Fabry-Perot cavity[END_REF] , of which the details of this work will be introduced in following content of this chapter. Then efforts were put into investigating the reason of gain decrease with respect to intracavity average power increase. Mirror surface condi tions were investigated using optical microscopes and atomic force microscopy (AFM) [START_REF] Dazzi | AFM-IR: combining atomic force microscopy and infrared spectroscopy for nanoscale chemical characterization[END_REF] but no defect was observed. A careful cleaning procedure, similar to the one described in Ref. [START_REF] Northup | Coherent control in cavity QED[END_REF] , was also applied before mirror installation but the intracavity power could 4.1, which is periodically separated into four stages: first, the cavity is locked to a single TEM 00 mode, second the cavity switches to a degenerated mode, third the cavity reaches a steady state of degenerated mode, fourth the cavity enters a oscillation state whose amplitude of oscillation will finally be out of the adjustment range of feedback loop which leads to lose of lock.

Modeling of Modal Instabilities

To suppress the modal instabilities, first the reason of the modal instabilities must be understood. The modal instabilities of fundamental TEM 00 mode degenerated with high order mode are ascribed to thermoelastic deformation of mirror surface which is modeled by Winkler model [START_REF] Winkler | Heating by optical absorption and the performance of interferometric gravitationalwave detectors[END_REF] with ABCD matrix.

Mirror Thermoelastic Deformation Characterized by Winkler Model

As the geometry shown in Fig. 4.10, it is considered in Winkler model that the laser power to thermal power conversion and absorption dominantly happens in dielectric coat ing, which is equivalently treated as the mirror surface, as the thickness of mirror coating is much smaller than that of the substrate. And thermoelastic deformation of mirror sur face dominantly happens in the area with radius of 𝑤 𝑚 that of the laser beam radius on mirror, introducing a linear change of sagitta 𝛿𝑠 with respect to intracavity power 𝑃 𝑐 as

𝛿𝑠 = 𝛼𝐴𝑃 𝑐 4𝜋𝑘 , (43) 
in which 𝛼 is the thermal expansion coefficient of mirror substrate, the value of which is 0.01 × 10 -6 K -1 and 0.6 × 10 -6 K -1 for ULE and Suprasil respectively; 𝑘 is the thermal conductivity of mirror substrate, the value of which is 1.31 Wm -1 K -1 and 1.38

Wm -1 K -1
for ULE and Suprasil respectively; 𝐴 is the laser power to thermal power conversion and absorption coefficient which shall be taking the value of 1.2 ppm as measured by a mirage effect setup [START_REF] Boccara | Thermooptical spectroscopy: Detection by the''mirage ef fect[END_REF] at the factory of LMA. The precision of the measured 𝐴 value is estimated to be 10 %. As the mirror surface is locally treated as spherical, we have the relation 𝑠 ≈ 𝑤 2 𝑚/ (2𝑅), in which 𝑅 is the radius of curvature of the concave cavity mirror surface. The deformed radius of curvature of mirror surface can be written as

1 𝑅 ′ = 1 𝑅 - 𝛼𝐴𝑃 𝑐 2𝜋𝑘𝑤 2 𝑚 . (44) 
The change of radius of curvature 𝛿𝑅 = 𝑅 ′ -𝑅 of SBOX concave cavity mirror calculated by Winkler model with the intracavity average power range from 0 to 500 kW is shown in Fig. 4.12. The difference of 𝛿𝑅 on tangential and sagittal axes is because of the different laser beam size on mirror along the two axes which is resulted from the astigmatism of the cavity. The cavity astigmatism can be described by the asymmetry transferring matrix along tangential and sagittal axes. For SBOX transferring matrix expressed as below, the matrix multiplication is cal culated with left multiplying that the multiplication is in the order from right to left.

𝑇 𝑥 = ⎡ ⎢ ⎢ ⎣ 1 0 -2 𝑅 3 1 𝑐𝑜𝑠𝜃 1 ⎤ ⎥ ⎥ ⎦ [ 1 𝐿 1 + 𝐿 2 0 1 ] [ 1 𝐿 4 0 1 ] ⎡ ⎢ ⎢ ⎣ 1 0 -2 𝑅 4 1 𝑐𝑜𝑠𝜃 1 ⎤ ⎥ ⎥ ⎦ [ 1 𝐿 3 0 1 ] , 𝑇 𝑦 = ⎡ ⎢ ⎢ ⎣ 1 0 -2 𝑅 3 𝑐𝑜𝑠𝜃 1 ⎤ ⎥ ⎥ ⎦ [ 1 𝐿 1 + 𝐿 2 0 1 ] [ 1 𝐿 4 0 1 ] ⎡ ⎢ ⎢ ⎣ 1 0 -2 𝑅 4 𝑐𝑜𝑠𝜃 1 ⎤ ⎥ ⎥ ⎦ [ 1 𝐿 3 0 1 ] , (45) 
The mode side on cavity mirror M 3 can be calculated from 𝑞 parameter as defined in Eq. 26 by solving the equation 𝑞 = 𝐴𝑞+𝐵 𝐶𝑞+𝐷 . The evolution of cavity fundamental mode size change versus intracavity power calculated by Winkler model is shown in Fig. 4.13. The mode will become more elliptical with major axis along sagittal direction with increasing intracavity power. 

Modal Instabilities Induced by Mode Degeneracy

The resonance condition for TEM 𝑚𝑛 regulating that the phase change in one cavity round trip 𝐿 is integer of 2𝜋 as

(𝑚 + 𝑛 + 1)𝜁(𝐿) + 2𝜋 𝐿 𝜆 = 𝑝 ⋅ 2𝜋, (46) 
in which 𝜁 is the Gouy phase defined in Eq. 25, 𝑝 is integer. For SBOX with an intracavity power in the range of 0 to 500 kW and calculated by ABCD matrix, the low est orders of high order mode degenerated with TEM 00 are shown in Fig. 4.14, without considering the limitation from the finite mirror size.

The difference of the calculated order of degenerated high order mode with that of the experimentally observed ones could come from the uncertainties in the mirrorcoating absorption coefficient and the radius of curvatures of mirrors. The calculated order could be matching with the experimental data with an increase of radius of curvature of the concave mirrors by 170 𝜇m, compared to a ±1 mm manufacturing precision. So it is con sidered that the experimental observation of the modal instabilities could be satisfactorily described through mirror surface thermoelastic deformation by Winkler model.

Figure 4.14 For SBOX with intracavity average power 𝑃 𝑐 range from 0 to 500 kW, the lowest order of high order modes degenerated with TEM 00 , in which m corresponds to the mode order on tangential axis, n corresponds to the mode order on sagittal axis. The calculation is without considering the limitation from the finite mirror size.

Implementation of Dshape Mirrors for Suppressing Modal Insta bilities

As one can see from Fig. 4.14 that the degenerated mode orders are pretty high and the Gaussian laser beam size is scaling as √𝑛𝑤 00 for a large 𝑛 [67] , in which 𝑤 00 is the beam radius of TEM 00 . Inspired by the method of inserting a pinhole in the middle of a QED cavity to remove high order mode by increasing the losses of the high order trans verse mode [START_REF] Klaassen | Transverse mode coupling in an optical resonator[END_REF] , and considering the conditions of a cavity used for Thomson scattering experiment that it is designed to be working at high power state, which will potentially lead to the damage of any absorbing optical element, so it's not proper to implement pin hole inside OEC for Thomson scattering. And the laser beam in between M 3 and M 4 is designed to be scattering with electron beam which makes it impractical for inserting extra optical elements in the proximity of the interaction point. So a method of inserting a pair of Dshape mirrors in between M 1 and M 2 is proposed as schematically shown in Then the mirror surface deformation data are imported into OSCAR [START_REF] Degallaix | OSCAR a matlab based optical fft code[END_REF] the asymmetry increase of the ellipticity of the planarcavity beam size in the two axes [START_REF] Carstens | Megawattscale averagepower ultrashort pulses in an enhancement cavity[END_REF] .

Experimentally, proper positions of Dshape mirrors can be chosen by moving the Dshape mirror position to where no high order mode and no clear variation of cavity transmission power is observed. As a result of the successful suppression of modal instability with Dshape mirrors, intra cavity power stabilized at ∼200 kW and data were recorded for 30 min, during which no alignment and correction has been done and intracavity power dropped from 205 kW to 197 kW due to the thermal stabilization of the cavity. The optimum intracavity power of 205 kW can be recovered with quick optimization of the alignment and feedback system. With radius at 1/𝑒 2 of the maximum with Gaussian fit approximately to be 1.8 mm on tangential axis and 2 mm on sagittal axis, the intracavity average power of 200 kW is corresponding to a laser energy density of ∼ 0.01 J/cm 2 on mirror surface, which is much lower than the laserinduceddamagethreshold at a level of ∼1 J/cm 2 as reported in Ref. [START_REF] Gallais | Laserinduced damage thresholds of bulk and coating optical mate rials at 1030 nm, 500 fs[END_REF] from measurement done with singlepulse irradiation of 500 fs laser pulse with central wavelength 1030 nm. As it can be seen from Fig. 4.23 the comparison of intracavity average power versus injection laser average power between year 2017 and 2018, the cavity gain dropped from 9100 to 5500 with the same injection laser average power of 40 W. The reason of gain drop needs to be understood and the optimum cavity gain needs to be recovered. surface contaminant is found to be mostlikely the dominant physics process behind this phenomenon as presented in Section 5.2. A good consistency is achieved between the simulation results using the hotspot model with the experimental data, which is presented in Section 5.3.

Observation of Priordamage Phenomenon

For investigating reason of gain decrease issue as presented in the end of Sec During the power up experiments, the injection laser beam average power 𝑃 𝑖𝑛 was incremented step by step. At each step, the optical intensity on PD 3 is tuned to remain con stant in order to avoid saturation and the proportional-integral-derivative (PID) feedback parameters are checked (and slightly adjusted if necessary) to maximize the intracavity power for each input power. The intracavity average power 𝑃 𝑐 was inferred from the signal of PD 2 . The transmission of each of the four cavity mirrors has been regularly measured during the four years of operations. Results consistent with the values reported in Table 4.1 were always obtained. The reflected average power 𝑃 𝑟 was inferred from PD 1 . We also introduce the relative steady state average power drop 𝛥 = 1 -𝑃 𝑐,𝑓 / 𝑃 𝑐,𝑖 . The characteristic half power drop time 𝑡 1/2 is defined as the time it takes for 𝑃 𝑐 to drop from its maximum value down to (𝑃 𝑐,𝑖 + 𝑃 𝑐,𝑓 ) / 2. The cavity gain is estimated at 𝑡 = 0 by 𝐺 𝑐,𝑖 = 𝑃 𝑐,𝑖/ 𝑃 𝑖𝑛 . These parameters are summarized in Table 5.1. The expected relative uncertainty on parameters in Table 5.1 depends on the accuracy of the power meter, the noise of the oscilloscope waveform measurements, feedback parameter tuning and beam alignments. We estimate a conservative relative uncertainty of 5 -10 % on our measure ment quantities. Since we are looking for a qualitative model, we will not account further for measurement uncertainties.

According to Table 5.1 and Fig. 5.2, the steady state power drop 𝛥 increases from 3.6 % for 𝑃 𝑖𝑛 = 1.5 W to 46 % for 𝑃 𝑖𝑛 = 16.4 W whereas 𝑡 1/2 decreases from 57 ms to 7 ms.

The sixth dataset exhibits a different behavior as expected since mirror M 1 was damaged.

The initial cavity gain corresponds to a cavity finesse of 18000 (see Table 5.2 and Section 5.2). Despite a careful mirror surface cleaning, this is significantly lower than the finesse measurement of 2500028000 performed right after coating manufacturing [START_REF] Favier | Etude et conception d'une cavité FabryPerot de haute finesse pour la source compacte de rayons x Thomx[END_REF] . Cavity mirrors were passed through a UVair cleaner, carefully cleaned again and reinstalled after completing the experiments reported above. With M 1 shifted by a few millimeters to avoid losses induced by the crater, we obtained a finesse of 23000. The finesse decrease observed here is then most likely due to a surface contamination.

It needs to be mentioned that we repeated twice the power rising experiment. 𝑃 𝑖𝑛 was kept below 20 W during the first experiment and data were only recorded during the second one. The data were similar in both experiments showing qualitatively the repeatability of the phenomenon. For a given 𝑃 𝑖𝑛 value, magnitude of the power drops was also repeatable as shown in Fig. 5.5 where a sequence of lockingunlocking of the cavity was recorded. 

Modeling of Priordamage Dynamics

Dedicated experiments have addressed mirror damage by implementing metallic contaminants on the mirror surface or inside the coating layers, see e.g. [9596] . Here we have no a priori indication on the origin of mirror damage and, presumably to the prior damage dynamics described in the previous Section We are thus providing a post mortem analysis. From an AFM study in contact mode operation of the crater (see Fig. 5.4) we derived no indication neither on the hot spot constituting matter nor on its depth position inside the mirror coating. We could only measure its dimensions and position which is located at the mirror center. We then restrict ourselves to finding the dominant physics process that drove the priordamage dynamical behavior. Our goal is thus to obtain a qualitative description of the main features of Nonlinear coupling [START_REF] Amotchkina | Experimental and numerical study of the nonlinear response of optical multilayers[END_REF] and power absorption in the multilayer coating [9899] may contribute to describe the observed power drop. The former physics process is most likely negligible with intracavity laser pulse width of 250 ps and energy below 200 𝜇J respectively. Time scale of nonlinear effects is also expected to be much shorter than the observed values of 𝑡 1/2 . The later process induces local temperature increase and ther moelastic surface deformation. As we shall see below, if a portion of the mirror surface is contaminated (chemically or with dust), a larger absorption of the intracavity average power may occur leading to locally high temperature increase. This leads to a thick ness expansion and a shift of the optical indices of the mirror coating layers [START_REF] Kim | Temperature dependence of transmission center wavelength of narrow bandpass filters prepared by plasma ionassisted deposition[END_REF] . We estimated numerically the variation of the M 1 coating transmission coefficient with two independent codes [101102] . We assumed that the whole coating structure was at the same temperature that we chose to be 400 ∘ C, which corresponds to the maximum value ob served during the simulations described in Section 5.3 as the temperature distribution on mirror surface shown in Fig. 5.6. As a result, we obtained a transmission decrease of ≈ 14 ppm with respect to the value of Table 4.1 meaning that, if this effect would be responsible for the phenomenon, we would observe a rising instead of a power drop. We further neglect it in our analysis since the level of this effect is small with regard to the expected induced losses. Nevertheless, a decrease of M 2 's transmission would also lead to a decrease of the signal measured by PD2 (see Fig. 5.2 and Fig. 5.2). One could thus underestimate the intracavity power measurement by not accounting for this effect. Be side, we didn't observed any hotspot on M 2 . We can thus assume that the heat source is solely related to the coating absorption for calculating the transmission decrease [101102] .

Taking 𝑃 𝑐 = 100 kW, a decrease below 0.1 ppm was obtained [84,101102] . We thus also neglect this effect. 

Mirror Temperature Increase Characterized by HelloVinet Model

Transient thermal behavior of cavity coupling mirror induced by the heating of Gaus sian laser beam with 1/e 2 radius of ∼ 1 mm is investigated with HelloVinet model [9899] .

HelloVinet model is a set of commonly used solution for describing the mirror thermoe lastic behavior, including the steady and transient solution of mirror temperature and ther moelastic deformation distribution. In this section, only the temperature steady state and transient solutions [START_REF] Hello | Analytical models of thermal aberrations in massive mirrors heated by high power laser beams[END_REF] are revisited and used for characterization of the cavity mirror tem perature increase behavior with the heating of Gaussian laser beam. The geometry used in HelloVinet model is shown in Fig. 5.7. The laser power to thermal power conversion and absorption is considered to be happened in the mirror coating and equivalently regarded as the mirror front surface since the thickness of coating is much smaller than thickness of mirror body. The steady state and transient temperature distribution in mirror could be derived with solving Fourier equation:

𝜌𝐶 ∂𝑇 ∂𝑡 -𝐾𝛥𝑇 = 0, (51) 
in which density of silica 𝜌 = 2202 𝑘𝑔/𝑚 3 , specific heat 𝐶 = 745 𝐽 /𝑘𝑔/𝐾, thermal conductivity 𝐾 = 1.38 𝑊 /𝑚/𝐾 . The cavity mirrors are positioned in vacuum chamber, so the only heat dissipation way is heat radiation

𝐹 = 𝜎 ′ ( 𝑇 4 -𝑇 4 𝑒𝑥𝑡 ) , (52) 
where 𝜎 ′ is StefanBoltzman constant corrected for emissivity, 𝑇 𝑒𝑥𝑡 is the environ ment temperature set to be 22 ∘ . With the low heating condition that the maximum tem perature increase is much less than the environment temperature 𝑇 𝑚𝑎𝑥 -𝑇 𝑒𝑥𝑡 𝑇 𝑒𝑥𝑡 ≪ 1, the heat radiation could be linearized with respect to mirror temperature increase

𝐹 = 𝜎 ′ [ 𝑇 4 -𝑇 4 𝑒𝑥𝑡 ] ≃ 4𝜎 ′ 𝑇 3 𝑒𝑥𝑡 𝛿𝑇 . ( 53 
)
Assume the steadystate solution can be written as

𝑇 (𝑟, 𝑧) = 𝑇 𝑒𝑥𝑡 + 𝑇 ∞ (𝑟, 𝑧). ( 54 
)
Boundary conditions are:

-𝐾 ∂𝑇 ∞ ∂𝑟 (𝑎, 𝑧) = 4𝜎 ′ 𝑇 3 𝑒𝑥𝑡 𝑇 ∞ (𝑎, 𝑧), -𝐾 ∂𝑇 ∞ ∂𝑧 ( 𝑟, - ℎ 2 ) = 𝐴𝐼(𝑟) -4𝜎 ′ 𝑇 3 𝑒𝑥𝑡 𝑇 ∞ ( 𝑟, - ℎ 2 ) , -𝐾 ∂𝑇 ∞ ∂𝑧 ( 𝑟, + ℎ 2 ) = 4𝜎 ′ 𝑇 3 𝑒𝑥𝑡 𝑇 ∞ ( 𝑟, ℎ 2 ) , (55) 
where 𝐴 = 1 𝑝𝑝𝑚 is the laser power to thermal power conversion and absorption coefficient. For steady state solution, it needs to be satisfied that

𝛥𝑇 ∞ (𝑟, 𝑧) = 0. (56) 
A general solution of Eq. 56 can be expressed as

𝑇 ∞ (𝑟, 𝑧) = ∑ 𝑚 [ 𝐴 𝑚 𝑒 𝑘 𝑚 𝑧 + 𝐵 𝑚 𝑒 -𝑘 𝑚 𝑧 ] 𝐽 0 (𝑘 𝑚 𝑟), (57) 
where the coefficients 𝑘 𝑚 , 𝐴 𝑚 , 𝐵 𝑚 could be determined from boundary conditions.

𝑘 𝑚 = 𝜁 𝑚/ 𝑎, where 𝜁 𝑚 is the mth solution of equation 𝑥𝐽 1 (𝑥) -𝜏𝐽 0 (𝑥) = 0, with the reduced radiation constant defined as 𝜏 = 4𝜎 ′ 𝑇 

( 𝜁 𝑚 + 𝜏 ) 2 -( 𝜁 𝑚 -𝜏 ) 2 𝑒 -2𝜁 𝑚 ℎ/𝑎 . ( 58 
)
The steady state temperature distribution on mirror front surface calculated through 

) 59 
𝑇 𝑒𝑥𝑡 is the steady state solution that has been represented above. 𝑇 𝑡𝑟 is the solution of Eq. 51 and satisfy the boundary conditions:

-𝐾 ∂𝑇 𝑡𝑟 ∂𝑟 (𝑎, 𝑧) = 4𝜎 ′ 𝑇 

with the normalization constants 𝑐 𝑝 = 1 -𝑎 𝑣 𝑝 ℎ 𝑠𝑖𝑛(𝑣 𝑝 ℎ/𝑎), 𝑠 𝑝 = 1 + 𝑎 𝑢 𝑝 ℎ 𝑠𝑖𝑛(𝑢 𝑝 ℎ/𝑎) and 𝜃 𝑚 is corresponding to the coefficients in Dini series for expansion of 𝑇 ∞ (𝑟, 𝑧) = -∑ 𝑚 𝜃 𝑚 (𝑧)𝐽 0 (𝜁 𝑚 𝑟/𝑎).

With the same setting of Gaussian laser beam heating with 𝑃 𝑐 = 50 kW, 𝑤 = 1 mm, the transient maximum temperature of coupling mirror M 1 is calculated by Hello Vinet model as shown in Fig. 5.9. The maximum temperature is equivalently calculated at position of center of mirror front surface according to symmetry. The calculation speed is orders faster using HelloVinet model than ANSYS. The time step in transient calculation with ANSYS needs to be set as small enough (∼ 50𝜇𝑠) as the calculation of nonlinear thermal process depends on former step result, while it is not the case for calculation with HelloVinet model since it has been linearized. The transient maximum temperature of mirror is only calculated for the first one hour time range, and the steady state is still not reached as shown in Fig. 5.9. The cavity temperature rising time defined as the time it takes for reaching the half of the steady state value is ∼ 80 s, which is close to the scale of characteristic time 𝑡 𝑐 ≃ 191𝑠. So we see the time scale of the thermal effect induced by the 1 mm Gaussian laser beam is much larger than the intracavity power drop time scale with a few tens of milliseconds. The thermal effect induced by the 1 mm Gaussian laser beam is negligible during time of few tens of milliseconds when power drop phenomenon happens. From simulations, it came out that hot spots of radii between tens and hundreds of micrometers were the only possible heating source leading to a time scale evolution below 100 ms. 

Priordamage Dynamics Induced by Hot Spot

Thermoelastic deformation induced by coating power absorption leads to surface bumps with heights depending on 𝑃 𝑐 [9899] . These bumps become in turn a scattering source that populate higherorder cavity modes [START_REF] Bullington | Modal frequency degeneracy in thermally loaded optical resonators[END_REF] . Losses to the higher order modes are finally induced by the Dshape mirrors [START_REF] Amoudry | Modal instability suppression in a highaveragepower and highfinesse Fabry-Perot cavity[END_REF] . This process can thus explain the observed power drops since higher the bump height, higher the scattering loss. Finally the time scale 𝑡 1/2 is a good quantity to identify the dominant heating source.

Therefore, we will assume here that a hot spot is the source of the phenomenon described in Section 5.1. For the sake of simplicity, we also assume that it consists in an homogeneous absorbing disc of radius 𝑟 𝑠 located close to the center of M 1 's surface.

This model thus depends on six parameters, the hot spot radius 𝑟 𝑠 , the power absorption coefficient 𝐴, the hot spot position (𝑑 𝑥 ,𝑑 𝑦 ) with respect to the center of M 1 's surface, the Dshape mirrors' edge position (𝐷 𝑥 ,𝐷 𝑦 ) with respect to the center of M 2 's surface, see Fig. OSCAR program [START_REF] Degallaix | OSCAR a matlab based optical fft code[END_REF] in which deformed M 1 surfaces and Dshape mirrors acting as a mask on M 2 's surface are implemented, see Fig. 5.10. To compare simulations and experimental results one must first relate power and cavity gain measurements of Table 5.1 to the round trip loss (RTL) determined by the OSCAR code. Extending the expression in Ref. [START_REF] Straniero | Realistic loss estimation due to the mirror surfaces in a 10 meterslong high finesse fabryperot filtercavity[END_REF] to the case of a fourmirror cavity and accounting for imperfect matching between injection laser beam and cavity mode, the following expressions hold

𝑃 𝑐 ≈ |𝑐 00 | 2 ⋅ 4𝑇 1 𝑅𝑇 𝐿 2 𝑃 𝑖𝑛 , 𝑃 𝑟 ≈ ( 1 -|𝑐 00 | 2 4𝑇 1 𝑅𝑇 𝐿 2 (𝑅𝑇 𝐿 -𝑇 1 ) ) 𝑃 𝑖𝑛 , (514) 
where high finesse limit [START_REF] Hello | II: optical aspects of interferometric gravitationalwave detectors[END_REF] was also assumed. In these equations, |𝑐 00 | 2 is coupling ratio of injection laser power to cavity [START_REF] Hello | II: optical aspects of interferometric gravitationalwave detectors[END_REF] , it is assumed that the injection laser field is composed of a laser field identical to cavity mode plus an orthogonal field, that is

⃗ 𝐸 𝑖 (⃗ 𝑟, 𝑡) = 𝑐 00 ⃗ 𝐸 00 (⃗ 𝑟, 𝑡) + 𝑐 𝑚𝑛 ⃗ 𝐸 𝑚𝑛 (⃗ 𝑟, 𝑡), (515) 
with the properties that |𝑐 00 | 2 + |𝑐 𝑚𝑛 | 2 = 1, ∫ ⃗ 𝐸 00 (⃗ 𝑟, 𝑡) ⃗ 𝐸 * (⃗ 𝑟, 𝑡)𝑑⃗ 𝑟𝑑𝑡 = 0, in which ⃗ 𝐸 00 (⃗ 𝑟, 𝑡) is cavity mode field; 𝑇 1 is the mirror M 1 transmission and 𝑅𝑇 𝐿 is the round trip loss defined by 𝑅𝑇 𝐿 = 1 -𝜌 2 with 𝜌 = 𝑟 1 𝑟 2 𝑟 3 𝑟 4 where 𝑟 𝑖 stands for the electric field reflection coefficient of the 𝑖 𝑡ℎ mirror. Rewriting Eq. 514 one gets

𝑅𝑇 𝐿 ≈ 𝑇 1 + 𝑃 𝑖𝑛 -𝑃 𝑟 𝑃 𝑐 , |𝑐 00 | 2 ≈ 𝑃 𝑐 𝑃 𝑖𝑛 ⋅ 𝑅𝑇 𝐿 2 4𝑇 1 . ( 516 
)
𝑅𝑇 𝐿 and |𝑐 00 | 2 are thus inferred from laser beam power measurements using 𝑇 1 = 180 ppm and the cavity finesse is estimated using the formula ℱ ≈ 2𝜋/𝑅𝑇 𝐿 [START_REF] Hello | II: optical aspects of interferometric gravitationalwave detectors[END_REF] . Numer ical values are shown in Table 5.2 for 𝑡 = 0 (with subscript "i") and steady state values calculated with averaging over the time interval [1𝑠, 2𝑠] (with subscript "f"). One can notice that our cavity is over coupled, that is 𝑅𝑇 𝐿 ≠ 2𝑇 1 , unlike in the optimal optical coupling case. Parameter values extracted at 𝑡 = 0 are in agreement for all five datasets within 5 % accuracy. As for |𝑐 00 | 2 , we get ≈ 65 %. This is consistent with the qual ity of the coupling of injection laser power to cavity achieved for these experiments (see Fig. 5.5). Analyzing the transient power drop regime one must also account for time response of the photodiode and electronic readout as well as cavity filling time. The former time scale is estimated by 𝑡 𝑟𝑒𝑎𝑑𝑜𝑢𝑡 = 𝑅𝐶 ∼ 60 𝜇𝑠, where the impedance 𝑅 = 100 𝑘𝛺 is dominated by an external resistor connected to the oscilloscope and 𝐶 = 600 𝑝𝐹 is the sum capacitance of the photodiode and threemeterlong cable. 𝑡 𝑟𝑒𝑎𝑑𝑜𝑢𝑡 is thus two orders of magnitude smaller than 𝑡 1/2 values in Table 5.1, we will thus neglect it in our model.

As for the characteristic cavity filling time, it is given by 𝑡 𝑓 𝑖𝑙𝑙 ≈ 2/(𝑓 𝑅𝑇 𝑅𝑇 𝐿) [START_REF] Favier | Optimization of a FabryPerot cavity operated in burst mode for Compton scattering experiments[END_REF] for 𝑅𝑇 𝐿 ≪ 1 where 𝑓 𝑅𝑇 = 133.33 MHz is the cavity round trip frequency. Here we get 𝑡 𝑓 𝑖𝑙𝑙 ≈ 45 𝜇s, so that the effect of cavity filling process will also be neglected in our model. We will thus assume that each point of Fig. 5.2 corresponds to a steady state of the cavity.

Simulation Results of Priordamage Dynamics

The first step of the simulations is to find values of 𝑟 𝑠 and 𝐴 that describe the steady state 𝑅𝑇 𝐿 𝑓 measurements of Table 5.2. As mentioned above, we are lacking knowledge about the nature of the hot spot and we concentrate on what is mostlikely the dominant process, that is scattering loss. Therefore, we choose not to perform a fit but rather to find, for fixed 𝑟 𝑠 , an interval for 𝐴 that bounds the data. The other parameters were fixed to their nominal measured values 𝑑 𝑥 = 𝑑 𝑦 = 0 and 𝐷 𝑥 = 𝐷 𝑦 = 3 mm. For the OSCAR simulations, because of the unknown hot spot properties, the initial value of RTL is fixed to 350 ppm, that is the measured values of 𝑅𝑇 𝐿 𝑖 in Table 5.2.

With the purpose of saving calculation time and memory, an axisymmetric 2D model as shown in Fig. 5.11 is used in in ANSYS. A good consistency has been checked and shown between the axisymmetric 2D model and 3D model with mirror mount mechan ical design file implemented into ANSYS. As the hot spot size is in the scale of tens to hundreds of micrometers which is much smaller than the whole mirror surface size and the mirror surface deformation induced by hot spot is much smaller than the whole mirror surface size, so the hot spot is always set to be positioned in the center of mirror inside ANSYS and the hot spot position could be moved in the following calculation in OSCAR code.

For the steady state calculation, first the ANSYS SteadyState Thermal simulation is run with the boundary condition including 𝑃 𝑐,𝑓 times A=1 ppm as a timing constant heat source applied at the hot spot area represented by a red line, and radiation with emissiv ity of 0.9 at all outer edges of mirror body which are represented as lines oa, ab, bc in The thermoelastic deformation data are then implemented on surface of M 1 inside OSCAR code to calculate the RTL. With OSCAR code, a four mirror cavity is generated with the SBOX parameters. We observed strong correlation between 𝑟 𝑠 and 𝐴. Table 5.3

gives a nonexhaustive set of values for these parameters that equally describe the data.

𝐴 + and 𝐴 -are the two values of 𝐴 that give the upper and lower bound respectively of the 𝑅𝑇 𝐿 𝑓 measurements. To pin down the origin of the correlation observed in Table 5.3, a few surface deformations calculated with the ANSYS code are shown in Fig. 5.13.

For a fixed absorbed power, two hot spot sizes and a Gaussian beam of radius 1 mm are considered. For given 𝐴 and 𝑃 𝑐 values, smaller the 𝑟 𝑠 , higher the thermoelastic deforma tion bump. Since the bump heights depend on the absorbed power, a larger value of 𝐴 can thus compensate a larger value of 𝑟 𝑠 . Fig. 5.14 shows a comparison between experimental data and the simulation for 𝑟 𝑠 = 175 𝜇m. The space between the curves corresponding to 𝐴 + and 𝐴 -has been colored for the sake of clarity. This plot shows that steady state data are qualitatively well described by our basic model for reasonable parameters values. The second step of the simulation aims at describing the time dependence of the ob served intracavity power drops, i.e. 𝑃 𝑐 (𝑡). We will try to identify if a set of 𝑟 𝑠 and its related 𝐴 values of Table 5.3 allows for a qualitative description of the measured 𝑡 1/2 . We thus proceeded as follows. For fixed 𝑃 𝑖𝑛 we smoothed the measurements of 𝑃 𝑐 (𝑡) and then sampled them by steps of 0.5 ms. Then we used the time dependence boundary condition with the OSCAR code. From this procedure we end up with a set of simulation values for 𝑃 𝑐 (𝑡). As a result, we could obtain a reasonable qualitative description of our data with 𝑟 𝑠 = 175 𝜇m. Figs. 5.16 and 5.17 show the comparison between simulation and measurements of the intracavity and reflected power. For fixed 𝑃 𝑖𝑛 , the areas between the simulations made with 𝐴 -= 2.9 ppm and 𝐴 + = 4.5 ppm have been colored. The time variations around 𝑡 = 0 for all 𝑃 𝑖𝑛 values are well described. The overall qualitative agreement observed on these figures confirms that scattering losses of surface bump in duced by a hot spot is most likely the main physics process responsible for the intracavity power drops. However the value 𝑟 𝑠 = 175 𝜇m derived from our simulations doesn't correspond to the measured crater radius of 25 𝜇m (see Fig. 5.4). Since this measurement was performed in a cold mode, the damage area may differ from the one that is considered in our hotspot model. From the left plot of Fig. 5.4 one indeed sees a crack zone around the crater that extends the radius of the damage area up to ≈ 100 𝜇m. In addition, crude assumptions have been made on the hotspot nature in our model. The coating layer material [START_REF] Demésy | Tridimensional multiphysics model for the study of photoinduced thermal effects in arbitrary nanostructures[END_REF] , the shape and the surface bond may indeed influence the shape of thermoelastic deformations.

Considering the observed coupling mirror damage area of radius 25 𝜇m and the preci sion of 𝐷 𝑥 , 𝐷 𝑦 measurement by ruler with precision of millimeter, experimental data com pared with simulation results with the set of parameters of 𝑟 𝑠 = 25 𝜇𝑚, 𝐷 𝑥 = 𝐷 𝑦 = 2.5 mm are presented in Fig. 5.18, Fig. 5.19 and Fig. 5.20, in which the trend of power drop can also be reproduced.

After inspection of the coupling mirror damage as shown in Fig. 5.4, an experiment was launched with coupling mirror M 1 moved about 2 mm off the original center aiming for avoiding the damaged area. As it shown in Fig. 5.21 the mode is distorted with a high intensity spot marked with a red circle. Limited to the one inch mirror diameter, the damage area is unavoidable. So the damaged mirror could not be used in experiments anymore. The analysis presented in this section could help to understand what happens inside OEC when this phenomenon appears and could help prevent permanent damage of the state of art ion beam sputtering technique coated mirrors used in high power OEC for wide range of applications.

The phenomenon described in this chapter occurred for moderate intracavity av erage power of the order of tens of kilowatts. However, the primary purpose of the experiments was trying to pin down the source of cavity gain decrease for intracavity stored average power around hundreds of kilowatts [START_REF] Carstens | Megawattscale averagepower ultrashort pulses in an enhancement cavity[END_REF][START_REF] Amoudry | Modal instability suppression in a highaveragepower and highfinesse Fabry-Perot cavity[END_REF] . This issue has also been re ported [START_REF] Carstens | Megawattscale averagepower ultrashort pulses in an enhancement cavity[END_REF] with 200fs short pulses [START_REF] Pupeza | Power scaling of a highrepetitionrate enhancement cavity[END_REF] and for cavities in which optical components were inserted [108109] . This issue is then still open and should be addressed in advance of future needs for intracavity average power at the megawatt level. 

Chapter 6 Study on Optical Enhancement Cavity of TTX

Currently, Tsinghua Thomson scattering Xray source (TTX) is capable of producing Xrays via scattering between electron beams from linac with laser beams from terawatt laser system [START_REF] Du | Generation of first hard xray pulse at Tsinghua Thomson scattering xray source[END_REF] . The yield of Xrays reaches ∼ 10 6 photons per pulse with a repetition rate of 10 Hz, which couldn't satisfy the need of some applications demanding for high average flux.

To improve the average flux of Xrays, TTX is planning to be upgraded to configura tion combining optical enhancement cavity (OEC) [33] [34] and electron storage ring [35] [36] .

Before the development of the OEC for combining with electron storage ring, R&D works need to be done on prototype OEC of TTX which is called TBOX. The prototype TBOX is independent from electron storage ring to realize the design goals demanded for OEC itself. The goals include a laser beam waist with radius size of few tens of micrometers inside OEC, intracavity laser pulse length of ∼10 ps with repetition rate of few tens of MHz, and an hourtimescale stable intracavity average power of few hundreds of kilo watts. Previously, part of the design works for prototype OEC of TTX have been done as shown in Ref. [33] [34] , but no experimental work has been done.

In this chapter, the full design of the experimental setup of TBOX and the preliminary experiments carried out on it will be presented in Section 6.1. The goal of the preliminary experiment is to lock a continuous wave injection laser with the 3.78 m roundtriplength FabryPerot cavity using PDH method [6263] . Finesse and gain of the preliminary TBOX are measured to be ∼ 1610 and 133 respectively. The pathroute for future development of the OEC until final realization of combining OEC with electron storage ring to pro duce high average flux Xrays is planned. The design of the high power TBOX setup to realize few hundreds of kilowatts average power inside is presented in Section 6.2. The design of the final OEC which will be combined with electron storage ring is presented in Section 6.3. Structure of twomirror cavity is not chosen [START_REF] Zomer | Polarization induced instabilities in external fourmirror FabryPerot cavities[END_REF] for it will be highly unstable with a concentric configuration to have a small laser beam waist of few tens of micrometers inside which is needed by Thomson scattering. Besides, for fourmirror cavity compared with twomirror cavity, tuning of the cavity round trip length could be decoupled from tuning the intracavity laser beam waist size, as the former one could be tuned with chang ing 𝐿 1 by moving cavity mirror M 1 or M 2 and the latter one could be tuned with changing 𝐿 3 by moving cavity mirror M 3 or M 4 . With the other distances kept as the same, the laser beam waist radius versus 𝐿 1 and 𝐿 3 are show in Fig. 6.4 and Fig. 6.5 respectively.

Preliminary Experiments on TBOX

The spatial size parameters of the prototype cavity are chosen to be close to the final design of the OEC which will be combined with electron storage ring with a circumference of 5.668 m whose layout is shown in Fig. 6.6. The cavity length corresponds to a free spectral range (FSR) of 79.3 MHz, which is an harmonic of the 2856 MHz accelerating microwave frequency of Sband linac, so to match the repetition rate of laser beams and electron beams for Thomson scattering.

All four cavity mirrors are commercial products from Layertec GmbH with one inch diameter, the key parameters of which are summarized in Table 6.1. Cavity mirrors are highly reflective for laser with central wavelength of 1064 nm, with consideration for future high power OEC experiment the most commonly available highaveragepower Four cavity mirrors are mounted inside a vacuum chamber as the mechanical design shown in Fig. 6.8 [START_REF] Liu | R&D of a highaveragepower FabryPérot resonator for Thomson scattering experi ments[END_REF] . The vacuum chamber is evacuated by dry pump (Leybold SCROL LVAC 15 plus) to 10 -2 mbar residual pressure. This primary vacuum helps to mitigate the transmission of vibrational noise through air thus helps to realize the lock between injection laser and cavity. The photo of the whole TBOX experimental setup is shown in Fig. 6.9. Figure 6.6 Layout of electron storage ring of TTX with circumference of 5.668 m [START_REF] Rui | Lattice design and beam dynamics of a storage ring for a Thomson scattering xray source[END_REF] .

Locking a Continuous Wave Injection Laser with TBOX

Although pulsed wave (PW) laser beams stacked inside OEC are needed by Thomson scattering, a proper start of the experiment is to lock the cavity with a continuous wave (CW) laser. Because for the final goal of locking PW laser with cavity, the repetition rate of PW laser needs to be tuned to be consistent with the cavity FSR. So the FSR of OEC should firstly measured by EOMbased frequency scan [START_REF] Locke | A simple technique for accurate and complete characterisa tion of a fabryperot cavity[END_REF] with locking of CW laser, thus to determine which direction to tune the repetition rate of PW laser. When the needed change of repetition rate is out of the tuning range of the PW laser, cavity mirror position should be moved to change the cavity FSR, after which the cavity FSR needs to be remeasured by EOMbased frequency scan with locking of CW laser. In addition, locking of CW laser with cavity is a rather easier process to check the feasibility of the system without the additional requirements to tune the repetition rate or carrierenvelope phase (CEP) of PW injection laser. So it is necessary to lock CW laser with OEC to begin the experiment. Koheras from NKT Photonics, a commercial product CW fiber laser oscillator with a central wavelength of 1064 nm and linewidth of 3 kHz is used as the cavity injection laser. The output power of Koheras is up to ∼100 mW. Figure 6.8 Mechanical design of the vacuum chamber of preliminary TBOX [START_REF] Liu | R&D of a highaveragepower FabryPérot resonator for Thomson scattering experi ments[END_REF] . Figure 6.9 Photo of TBOX setup for preliminary experiment.

Telescope made up of one concave lens 𝑓 1 and one convex lens the center of iris mounted on cavity mirror mount 1 is marked with an iris 5 outside of the vacuum chamber. Finally, the iris mounted on cavity mirror mount 1 is replaced with cavity mirror M 1 . The injection laser beam is aligned with the iris 5 through tuning the screws of cavity mirror mount 1. So far, the primary alignment of the cavity is finished.

The injection laser is locked with OEC by PDH method [6263] . Here it is the optical frequency of the injection laser being tuned to be resonant with the OEC. The optical frequency of the injection laser is tuned through changing the laser oscillator cavity length, which is realized by applying a control signal onto the piezo attached to the end mirror of laser oscillator cavity. At the beginning of the locking process, to find the resonance optical frequency of the injection laser, a triangle control signal with amplitude of 0 to 10 modulation can be expressed as 𝐸 𝐿 = 𝐸 0 𝑒 𝑖 ( 𝜔 𝐿 𝑡+𝛽 1 𝑠𝑖𝑛 ( 𝛺 1 𝑡 )) , in which 𝜔 𝐿 is the central optical frequency of the laser beam corresponding to wavelength of 1064 nm. Modulation depth 𝛽 1 depends on both the modulation signal with amplitude of ∼100 mVpp also the response of the EOM 1 , and it's set to be very small thus the laser power shifted from the central frequency can be neglected. Equivalently, the sinusoidal phase modulation could be rewritten as two sidebands around the central optical frequency spaced with 𝛺 1 at each side as already shown in Section 2.3.2. The choice of modulation frequency 𝛺 1 depends on the resonance linewidth of the cavity that normally needs to be far away off resonance, so the sidebands can be considered to be completely nonresonant with the OEC. Also the choice of the modulation frequency depends on the frequency properties of the operational amplifiers which will be used for producing error signal of the PDH feedback system. Here a modulation frequency of 𝛺 1 = 8.2 MHz is chosen which is corresponding to a maximum amplification of the operational amplifiers that are being used in the preliminary experiment and also the 8. Then the amplified single 𝛺 1 frequency signal is mixed with another single 𝛺 1 frequency signal from signal generator (SG1 in Fig. 6.1) with a proper phase to demodulate out the error signal as expressed in Eq. 228. Finally the pure error signal is generated after fil tering out the high frequency term with low pass filter (MiniCircuits BLP1.9+). As it shown in Fig. 6.11, the crossingzero point of the error signal is positioned at the moment when the resonance peak reaches the maximum, and the different sign of the error signal on the two sides could tell which direction is the injection laser frequency deviating from the maximum resonance frequency.

V
The clean signals shown in Fig. 6.11 are taken after successfully solving the problem of noises appearing in them as shown in Fig. 6.12. The noises are characterized with a similar frequency of ∼160 kHz in all three signals. These noises must be removed as the PDH feedback needs clean cavity transmission signal to set a threshold on the side of the resonance peak using as the trigger for lock and it needs clean error signal to lock the system. After thorough check of the cable connecting of the TBOX setup, the source of these noises are traced to be coming from piezo oscillation induced by the unclean ∼10

Hz triangular scan signal generated by LaseLock. Thus a potentiometer (BOURNS 3296) with resistance range from 10 ohm to 2 megaohm is implemented in the cable connecting the output of LaseLock with the input of Koheras piezo port as shown in Fig. 6.13, to successfully remove the noise. During experiment, the resistance of the potentiometer could be tuned to stop at the position where the noises disappear from the signals.

Before entering the locking process, fine tuning of alignment should be done with tuning screws on cavity mirror mounts and the pair of alignment mirrors, to optimize the intensity of the ideal cavity working mode TEM 00 captured by CCD camera (Gentec Beamage4M) put at transmission of M 3 , to optimize the intensity of the yellow reso nance peak and to optimize the coupling ratio. With enough optimization (for example transient coupling ratio reaching more than 50%) will greatly ease the following locking process. In the TBOX setup, alignment mirrors with two inch diameters are used to have a rather big range of tuning, and they are mounted on mirrors mounts (Newport Gimbal Mirror Mount U200G) implemented with actuators (Newport Differential Micrometer Head DM13) which could realize submicron resolution of tuning to be able to precisely tune the alignment of the injection laser. The photo of one alignment mirror is shown in Fig. 6.14. After the alignment optimization is done, then we enter the locking procedure.

The error signal is separated averagely to be used for two feedback loops. In the fast feedback loop, the error signal is used for generating a modulation signal to be ap plied to acoustooptic modulator (AOM, Chongqing Smart SCI&TECH Development Co.

SGTF11010641P) which will directly shift the central frequency of the injection laser.

Technically, the error signal is used as an external modulation signal for signal generator (SG2 in Fig. 6.1) which is working at an frequency modulation (FM) mode. The AOM is working at a carrier frequency shift of 110 MHz with a bandwidth of 20 MHz. Signal In the slow feedback loop, the error signal is imported into LaseLock. The Lase Lock will be switched from scan mode to regulator mode. Correspondingly the control signal applied to laser piezo will be switched from a triangular scan signal to a algorithm generated regulating signal which aim to keep the error signal constantly zero. Cavity transmission signal measured by PD 2 will also be importd into Laselock. A proper level of threshold will be set on the side of resonance peak to be used as trigger of lock. For When cavity is being locked, steady state is reached for cavity that the intracavity power is kept at a constant level which can be read from the signals of cavity transmission and reflection.

After injection laser being locked with cavity, optimization of the lock could be done with optimizing the alignment through tuning the pair of alignment mirrors, optimizing polarization of the injection laser through rotating the half wave plate and quarter wave plate in the injection optical path, and optimizing the feedback through tuning the param eters in the two feedback loops. The optimization is done with the purpose of increasing the intracavity average power which can be read from the cavity transmission measured by photodiode and power meter; increasing the injection coupling ratio which can be read from the cavity reflection signal measured by photodiode; and increasing the intensity of the ideal cavity working mode TEM 00 which can be read from the measurement with CCD camera. After preliminary optimization, a coupling ratio of ∼60% is realized for TBOX, which is read from the drop amplitude of cavity reflection signal (magenta) measured by photodiode PD 1 as shown in Fig. 6.15.

Key Parameters Measurement of TBOX

When injection laser is being locked with the external cavity, profile of cavity mode taken by CCD camera put at transmission position of M 3 is shown in Fig. 6.16. The beam profile is fitted with Gaussian distribution. Beam sizes on tangential and sagittal axes are taken as the radius values at 1/𝑒 2 of the maximum intensity to be 𝑤 𝑥 =1.8 mm, 𝑤 𝑦 =2.03 mm, which are consistent with the calculated beam sizes as shown in Fig. 6.3 considering the beam is further diverged after transmission of M 3 .

The cavity FSR, finesse and linewidth are measured with the method in Ref. [START_REF] Locke | A simple technique for accurate and complete characterisa tion of a fabryperot cavity[END_REF] .

The experimental setup used for the measurement is changed with an addition of a second EOM as shown in Fig. 6.17. The central frequency component of the continuous wave injection laser is kept being locked with the cavity during the measurement process. A sine wave with frequency of 𝛺 2 and amplitude of 𝛽 2 is generated by signal generator SG2 and applied to EOM 2 (iXblue NIRMPXLN0.1) to produce a phase modulation on the laser wave. Different from the modulation made by EOM 1 , 𝛺 2 is set as a linear sweep centered around the cavity FSR and with a modulation depth 𝛽 2 that make the laser power shift few tens percent from the central optical frequency when modulation frequency is far off the resonance linewidth range from the cavity FSR frequency. Electric field of laser beam after EOM 2 modulation can be expressed as 𝐸 ′ 𝐿 = 𝐸 0 𝑒 𝑖(𝜔 𝐿 𝑡+𝛽 2 𝑠𝑖𝑛 ( 𝛺 2 𝑡) ) , with neglecting the modulations made by other elements including EOM 1 , AOM and piezo.

The sine wave phase modulation can be rewritten as sum of infinite number of sidebands in Eq. 224. In the following content of this section, first the principle of the measurement method will be briefly analyzed, then the measurement done on TBOX will be presented.

The electric field of cavity transmission 𝐸 𝑡 measured at transmission position of M 2 for a monochromatic injection wave with frequency 𝜔 can be written from Eq. 227 as

𝐸 𝑡 = 𝑡 1 𝑡 2 1 -𝜌𝑒 𝑖𝜔/𝐹 𝑆𝑅 𝐸 𝐿 . (61) 
Only the DC components of the cavity transmission will be measured by photodiode contribute to the measurement. Also the phase of the cavity response is simplified using the relation. And global amplitude factor 𝐸 0 𝑡 1 𝑡 2 is eliminated. For all integer n,

𝐼 𝑡 = 𝑁 ∑ 𝑛=1 [ | 𝐸 𝑡 (𝜔 𝐿 + 𝑛𝛺 2 ) | 2 + | 𝐸 𝑡 (𝜔 𝐿 -𝑛𝛺 2 ) | 2 ] , (62) 
in which

| 𝐸 𝑡 (𝜔 𝐿 ± 𝑛𝛺 2 ) | = | 𝐽 𝑛 (𝛽 2 )𝑒 𝑖(𝜔 𝐿 ±𝑛𝛺 2 )𝑡 1 -𝜌𝑒 ∓𝑖𝑛𝛺 2 /𝐹 𝑆𝑅 | . (63) 
For example, for cavity FSR assumed to be 79.3 MHz, with the setting as a frequency range of 𝛺 2 = [-250, +250] kHz centered around 79.3 MHz being linearly scanned in 1 s time period with a modulation depth 𝛽 2 = 1, the first three order components of 𝐼 𝑡 are calculated as shown in Fig. 6.18. The modulation depth of 𝛽 2 = 1 is corresponding to 1 -𝐽 (0, 1) ≈ 23% of the laser power being shifted from the central frequency, which is the condition similar to the measurement we make. From Fig. 6.18 we can see a second order expansion of the injection laser field would be enough. Then the normalized scan curve of M 2 transmission calculated with second order expansion is shown in Fig. 6.19, compared with the normalized cavity resonance peak calculated by Eq. 212 using the pa rameters in Table 6.1. The two curves in Fig. 6.19 are all normalized by dividing with their maximums. A good consistency has been achieved between the normalized scan curve with the normalized cavity resonance peak. Thus for a real measurement the normalized scan curve could be directly fitted with a Lorentzian function as shown in Eq. 212, from which the cavity finesse and linewidth could be calculated. . The intracavity power losses are calculated to be 2254 ppm and 1943 ppm from the measured cavity finesse and gain respectively.

The cavity finesse and gain could be further optimized, except with the optimization procedures mentioned in the end of Section 6.1.2, additional optimization could be made with changing the experimental setup for example put the two telescope lenses on trans lation stages to be able to optimize the mode matching after cavity being locked. Limited to the available injection laser, the preliminary experiment of prototype OEC is limited to the successful lock of a CW injection laser oscillator with the external cavity.

Design of High Power Experiments on TBOX

After the preliminary experiment of successfully lock a CW injection laser with the prototype OEC, the next step high power experiment is designed to realized the goals de manded for OEC. The goals include a laser beam waist with radius size of few tens of micrometers inside OEC, intracavity laser pulse length of ∼10 ps with repetition rate of few tens of MHz, and an hourtimescale stable intracavity average power of few hun dreds of kilowatts. And still the OEC will not be coupled with electron storage ring. The high power experimental setup of TBOX is shown in Fig. 6.21. The OEC for high power experiment is designed with the same geometrical parameters including cavity round trip Diameters of cavity mirrors and radius of curvatures of concave mirrors will also be one inch and 1 m respectively. It means the laser beam transverse size inside high power TBOX will behaves the same as that in preliminary TBOX as shown in Fig. 6.3, Fig. 6.4

and Fig. 6.5. The OEC will be installed in the same vaccum chamber as used in prelim inary experiment. However, changes will be made in several aspects compared with the preliminary experimental setup shown in Fig. 6.1.

Key parameters designed for high power TBOX cavity mirrors are summarized in Table 6.2. With transmission of cavity mirrors M 2 , M 3 , M 4 fixed and neglecting all other intracavity power losses, the ideal cavity finesse (blue) and cavity gain (red) versus trans mission T 1 of cavity mirror M 1 are calculated by Eq. 211 as shown in Fig. 6.22. The black dashed line indicates the condition of high power TBOX where T 1 = 200 ppm with the ideal cavity finesse of ∼ 2.9 × 10 4 and cavity gain of ∼ 1.7 × 10 4 , which tells high power TBOX will be working at a overcoupled regime. The gain curve at overcoupled regime is with a rather flat slope thus the cavity will be less affected by varying T 1 compared to the regime on the left side of the maximum gain. An average intracavity power of ∼300 kW could be realized with a commercially available highaveragepower PW injection laser whose output power can be up to ∼100 W. The injection laser pulse length will be ∼20 ps. The cavity resonance linewidth is calculated to be ∼2.7 kHz by Eq. 211 and it de mands for the injection PW laser to have ultra low phase noise. Besides, for PW injection laser, scheme for tuning carrierphaseenvelope (CEP) needs to be implemented. Telescope made up of four cylindrical lenses will be used for mode matching in high power experiment, with two cylindrical lenses used for tuning beam size on tangential axis and two for sagittal axis. This is because the cavity mode size on tangential and sagittal axes will become more and more asymmetry with the mirror surface thermoelas ticly deformed when intracavity power is increasing. The cavity mode radius size on M 1 with intracavity average power changing from 0 to 500 kW is shown in Fig. 6.23 calcu lated by ABCD matrix in Eq. 45 and mirror surface deformation calculated by Winkler model. The beam will become more elliptical with the major axis along sagittal direction.

The telescope could set to be fixed at the position optimized for mode matching at tar geted high power state, or they could be mounted on translation stages to be able to tuned during power up experiments.

A pair of Dshape mirrors will be implemented in the middle of cavity mirrors M 1 and M 2 to suppress modal instabilities at high power state as already shown in Chapter 4.

As it shown in Fig. 6.24, the lowest order of high order mode degenerated with TEM 00 is calculated for TBOX with intracavity average power 𝑃 𝑐 range from 0 to 500 kW, in which m corresponds to the mode order on tangential axis, n corresponds to the mode order on sagittal axis. The calculation is without considering the limitation from the finite mirror size. The degenerated high mode orders are similar to the condition that has been shown in Chapter 4, so the Dshape mirrors would be effective to remove modal instabilities.

Design of Optical Enhancement Cavity for TTX

After realizing the goals demanded for OEC itself, the final step is to couple the OEC with electron storage ring to produce ∼ 10 10 photons/s high average flux Xrays.

The OEC of TTX will be with round trip length of ∼5.668 m to match the repetition rate of laser pulse circulating inside OEC with the repetition rate of the electron beam circulating in storage ring with a circumference of ∼5.668 m as shown in Fig. 6.6. The same four mirror planar bowtie structure as shown in Fig. 6.2 will be employed by the OEC of TTX with the same cavity mirrors as that of high power TBOX shown in Table 6.2. The sizes New vacuum chamber will be designed to be able to contain the OEC of TTX and to be coupled with the vacuum pipe of electron storage ring with an residual pressure of 10 -7

mbar. The same injection line and feedback system of high power TBOX will be used for OEC of TTX to realize a stable intracavity average power of 300 kW. For optical cavity working in accelerator environment rather than in clean room, vibrational noises must be shielded to ensure a stable lock of OEC. The OEC will be installed on ultrastable optical table to shield the seismic noise. Housing will be installed on the optical table around the setup of OEC to shield the vibrational noises transmitted through air.

For OEC of TTX working at a stable intracavity average power of 300 kW, it is corresponding to laser pulse with energy of 5.668 mJ and pulse length of 20 ps circulating inside OEC with a repetition rate of 52.93 MHz. To scatter the laser beam circulating inside OEC with electron beam circulating inside electron storage ring at the same fre the physical process behind this phenomenon and help to prevent permanent mirror dam age of highaveragepower OEC being applied in wide range of applications including cavityenhanced highorder harmonic generation, gravitational wave detection, steady state microbunching (SSMB) light source and fusion energy experiment etc.

The full design of the prototype OEC of TTX is provided and preliminary experi ment is carried out on it. The goal of locking a continuous wave injection laser with the prototype OEC is successfully realized and the cavity gain is measured to be 133. Design of the high power TTX prototype OEC experimental setup and the design for TTX OEC to be coupled with the electron storage ring are provided.

The R&D work of the OEC for TTX will be continued. Also the R&D work of the OEC for SSMB at Tsinghua has been ongoing and will be continued. More works based on OEC are beging envisaged.

To satisfy the ultimate demands for OEC from a wide range of applications to reach megawatt average intracavity power level, problems yet exist to be solved including: to find out the reason and tackle with the gain drop with increasing injection laser power; dealing with thermal effects to increase the stability of OEC. Les travaux de cette thèse se concentrent sur des études théoriques et expérimentales des OEC de puissance moyenne élevée visant une application dans les sources de rayons X Thomson. Dans le but d'augmenter le ux moyen des photons générés par diusion Thomson, il est demandé que le faisceau laser à l'intérieur de l'OEC ait une petite taille avec un rayon de lordre de quelques dizaines de microns, une longueur d'impulsion de l'ordre de la picoseconde et une puissance moyenne intra-cavité stable de quelques centaines de kilowatts. Les principaux dés se situent dans les deux derniers points, à savoir la puissance et la stabilité moyennes intra-cavités élevées, qui demandent de comprendre le mécanisme des instabilités thermiques apparaissant avec laccroissement de puissance et de trouver des méthodes pour les supprimer.

Dans le chapitre 1, une revue des méthodes expérimentales et des paramètres clés des sources lumineuses à diusion Thomson basées sur l'OEC sont présentées. Une revue est également présentée sur le développement de l'OEC pour diérentes applications, notamment la génération d'harmoniques d'ordre élevé (HHG) améliorée par cavité, les interféromètres de détection d'ondes gravitationnelles (GW), les sources de lumière de microbunching en régime permanent (SSMB), les expériences d'énergie de fusion et les polarimètres Compton, etc. Et des critiques sont présentées sur le développement de l'OEC sans applications ciblées, mais avec des fonctionnalités spécialisées, notamment une puissance moyenne intra-cavité élevée à une échelle du mégawatts, fonctionnant pour des longueurs d'ondes laser incidente de 355 nm, 800 nm et 10 µm, et avec verrouillage simultané de deux lasers incidents de longueurs d'onde diérentes. En outre, une revue est présentée sur le développement de l'OEC en Chine avec des travaux expérimentaux représentatifs.

Dans le chapitre 2, les principes fondamentaux et les propriétés du FPC sont présentées pour établir le cadre théorique de cette thèse. Tout d'abord, les propriétés de la cavité elle-même sont présentées dans la section 2.1, y compris la condition de stabilité, les modes de cavité et le peigne de fréquence de cavité. Ensuite, les améliorations de la cavité avec injection en onde continue (CW) et injection en onde pulsée (PW) sont analysées séparément dans la section 2.2. Le couplage du faisceau laser d'injection dans la cavité est analysé à partir de l'adaptation de mode transverse avec le télescope et du verrouillage de phase longitudinal avec la technique PDH respectivement dans la section. 2.3.

Dans le chapitre 3, pour décrire précisément et ecacement le champ laser hautement focalisé à l'intérieur de l'OEC à utiliser dans les simulations de la diusion Thomson, une expression de champ du champ laser polarisé linéairement hautement focalisé corrigé non paraxial est dérivée avec une méthode d'expansion de la série Lax généralisée. Une description précise et ecace du champ laser à l'intérieur de l'OEC est d'une importance cruciale pour faire une simulation de diusion Thomson an de prédire les propriétés des photons X/γ. Plusieurs approches ont été utilisées dans le passé pour modéliser le faisceau laser dans la région de focalisation, chacune correspondant à des hypothèses diérentes. Des solutions particulières satisfaisant exactement les équations de Maxwell ont été obtenues pour des faisceaux laser à polarisation radiale qui fournissent des expressions auto-cohérentes qui correspondent cependant à des conditions aux limites dénies qui peuvent ne pas être représentatives d'une expérience réelle. Des expressions intégrales des solutions des équations de Maxwell sont également disponibles mais sourent d'approximations et sont également liées à des conditions aux limites spéciques. Enn, la technique historique consistant à étendre les solutions paraxiales des équations d'onde en série s'est récemment avérée orir la capacité unique de rendre compte de conditions aux limites arbitraires. Cette capacité peut être considérée comme cruciale lorsque l'on considère la sensibilité du processus de diusion aux conditions aux limites susceptibles de limiter le pouvoir prédictif des simulations détaillées et expansives.

Le formalisme de la méthode d'expansion généralisée des séries de Lax est présenté dans la section 3.1. Avec la symétrie enracinée dans la dénition du potentiel Hertz, les potentiels vectoriels et scalaires couramment utilisés sont redénis avec des contreparties symétriques. Le problème de la résolution de la distribution du champ est ensuite converti en problème de la résolution de la distribution spatiale du potentiel vectoriel. Et avec la méthode perturbative, le problème de la résolution de la distribution spatiale du potentiel vectoriel est converti en problème de la résolution des équations récursives pour diérents ordres de termes de correction. Pour prouver les performances de la méthode d'expansion généralisée des séries de Lax, les coecients de celle-ci sont ajustés à l'expression d'Ignatovsky qui est présentée dans la section 3.2. Le processus d'ajustement est présenté dans la section 3.3., Et les distributions de champ sont comparées entre celle de la méthode d'expansion généralisée des séries de Lax et celle du formalisme d'Ignatovsky. Une bonne cohérence peut être obtenue avec seulement une correction non paraxiale du premier ordre par la méthode d'expansion généralisée de la série Lax par rapport à celle du formalisme Ignatovsky.

Au cours de l'expérience consistant à essayer d'augmenter la puissance moyenne intra-cavité de l'OEC, la puissance du laser incident est augmentée progressivement. Dans le chapitre 4, il est présenté que des instabilités modales ont commencé à apparaître lorsque la puissance moyenne intra-cavité de l'OEC atteint plus de ∼ 100 kW. Sur la caméra CCD placée à la position de transmission dun miroir de cavité, les instabilités induites par des dégénérescences modales sont observées (mode TEM00 dégénéré avec des modes d'ordre élevé). Ces instabilités modales qui aectent la stabilité de la cavité et empêchent l'augmentation de la puissance de la cavité doivent être comprises et supprimées.

Avec le modèle de Winkler qui relie linéairement la déformation thermoélastique du miroir de cavité en régime permanent à la puissance moyenne intra-cavité, les instabilités modales peuvent être bien modélisées par la dégénérescence modale. Les ordres de modes dégénérés calculés par la simulation représentent bien ceux observés expérimentalement et se révèlent tous assez élevés. Pour éliminer les dégénérescences modales, des miroirs en forme de D sont introduits à l'intérieur de l'OEC pour introduire des pertes sur les modes dordres élevés. Des simulations ont été eectuées pour estimer les performances attendues de ces miroirs sur lélimination des dégénérescences. Une paire de miroirs en forme de D a ensuite été implémentée dans la cavité et une puissance moyenne intra-cavité stable à l'échelle dune heure de 200 kW a été obtenue en 2018.

Après avoir résolu avec succès le problème des instabilités modales, en comparant les données de puissance moyenne intra-cavité à la puissance moyenne du laser incident pris entre 2017 et 2018, nous avons observé une baisse du gain dans la cavité. Le problème de la baisse de gain se comporte en deux volets, premièrement, avec la puissance maximale du laser incident moyen disponible de 40 W, la puissance moyenne intra-cavité est passée de 400 kW en 2017 à 200 kW en 2018; Deuxièmement, le gain a chuté par rapport à l'augmentation de la puissance moyenne intra-cavité pour les données prises en 2018. Ensuite, des eorts ont été consacrés à résoudre ce problème de baisse de gain.

Pour étudier la chute de gain de la cavité, le phénomène de chute de puissance rapide et non-linéaire de la cavité est observé en 2019. Ceci est présenté dans la section 5.1. Le temps caractéristique et lamplitude de la chute de puissance moyenne intra-cavité observés dépendent de la puissance intra cavité. L'augmentation de la puissance du faisceau laser incident a conduit à un endommagement irréversible de la surface du miroir de couplage de cavité. Une analyse est eectuée pour comprendre le phénomène de chute de puissance rapide qui aecte la stabilité de la cavité et empêche la puissance intra-cavité d'atteindre l'objectif visé. L'origine de ce phénomène est étudiée par imagerie de surface de miroir post mortem et analyse des signaux transmis et rééchis par l'OEC.

Après avoir exclu les eets dominants du couplage non linéaire et de l'absorption de puissance dans le revêtement multicouche, de la réponse temporelle de la photodiode et de la lecture électronique et du temps de remplissage de la cavité, on constate que la perte de diusion induite par la déformation de la surface du miroir due à un probablement la physique dominante derrière ce phénomène. Un modèle de point chaud a été établi pour décrire le phénomène qui dépend de quatre ensembles de paramètres: le rayon du point chaud, le rapport puissance laser sur absorption de puissance thermique, la position du point chaud sur la surface du miroir de couplage et la position des miroirs en demie lune.

Des simulations ont été lancées pour modéliser le comportement du phénomène de chute de puissance rapide. Les simulations ont été divisées en deux étapes. Pour la première étape, nous trouvons les valeurs du rayon et du rapport d'absorption du point chaud qui décrivent le régime permanent mesurer expérimentalement. Dans une deuxième étape, nous modélisons les données expérimentales transitoires avec les quatre autres paramètres du modèle. Pendant les simulations, le logiciel ANSYS a été utilisé pour calculer les déformations thermoélastiques de la surface du miroir en régime permanent et transitoire, et un code FFT basé sur MATLAB appelé OSCAR a été utilisé pour modéliser les signaux rééchis et transmis par la cavité. Avec les simulations basées sur le modèle des points chauds, les comportements des données expérimentales en régime permanent et transitoire est bien décrit. Cette analyse pourrait aider à comprendre le processus physique derrière ce type de phénomène de chute de puissance apparaissant sur l'OEC appliqué dans une large gamme d'applications et à prévenir les dommages permanents au miroir.

Pour améliorer le ux moyen des rayons X, TTX prévoit de passer à une conguration combinant OEC et anneau de stockage d'électrons. Avant le développement de l'OEC pour la combinaison avec l'anneau de stockage d'électrons, des travaux de R&D doivent être eectués sur le prototype OEC de TTX qui s'appelle TBOX. Le prototype TBOX est indépendant de l'anneau de stockage d'électrons pour réaliser les objectifs de conception exigés pour l'OEC lui-même. Les objectifs comprennent une taille de faisceau laser avec une taille de rayon de quelques dizaines de micromètres à l'intérieur de l'OEC, une longueur temporelle d'impulsion laser intra-cavité de 10 ps avec un taux de répétition de quelques dizaines de MHz, et une puissance moyenne de la cavité de quelques centaines de kilowatts. Auparavant, une partie des travaux de conception du prototype OEC de TTX avait été eectuée, mais aucun travail expérimental n'a été engagé.

La conception complète de l'installation expérimentale de la TBOX et les expériences préliminaires qui y ont été eectuées sont présentées dans la section 6.1. Le but de l'expérience préliminaire est atteint avec succès. La nesse et le gain de la TBOX préliminaire sont mesurés. La conception de la conguration TBOX haute puissance pour réaliser une puissance moyenne de quelques centaines de kilowatts à l'intérieur est présentée dans la section 6.2. La conception de l'OEC nal qui sera combiné avec l'anneau de stockage d'électrons est présentée dans la section 6.3.

Des remarques nales sont exposées au chapitre 7. Les travaux de R&D de l'OEC pour TTX seront poursuivis. Les travaux de R&D de l'OEC pour le SSMB à Tsinghua sont également en cours et se poursuivront. D'autres travaux basés sur l'OEC sont envisagés. Pour satisfaire les demandes ultimes d'OEC d'une large gamme d'applications pour atteindre le niveau de puissance intra-cavité moyen en mégawatts, des problèmes doivent encore être résolus, notamment : découvrir la raison et lutter contre la baisse de gain avec l'augmentation de la puissance du laser d'injection; traiter les eets thermiques pour augmenter la stabilité de l'OEC. Les travaux de cette thèse se concentrent sur des études théoriques et expérimentales des OEC de puissance moyenne élevée visant une application dans les sources de rayons X Thomson. Dans le but d'augmenter le ux moyen des photons générés par diusion Thomson, il est demandé que le faisceau laser à l'intérieur de l'OEC ait une petite taille avec un rayon de lordre de quelques dizaines de microns, une longueur d'impulsion de l'ordre de la picoseconde et une puissance moyenne intra-cavité stable de quelques centaines de kilowatts.

Pour décrire précisément et ecacement le champ laser hautement focalisé à l'intérieur de l'OEC à utiliser dans les simulations de la diffusion Thomson, une expression de champ du champ laser polarisé linéairement hautement focalisé corrigé non paraxial est dérivée avec une méthode d'expansion de la série Lax généralisée.

Pour supprimer les instabilités modales commencent à apparaître apparemment sur OEC avec une puissance moyenne intra-cavité atteignant ∼100 kW qui aectent la stabilité de la cavité et pourraient conduire à une perte de verrouillage, les instabilités modales sont bien décrites avec les dégénérescences de mode induites par la surface du miroir déformation thermoélastique caractérisée par le modèle Winkler. Nous avons évoqué la méthode du miroir en forme de D pour supprimer les instabilités modales et prouvé son ecacité par simulation. Une puissance moyenne intra-cavité stable à l'échelle horaire de 200 kW a été réalisée sur le prototype OEC de la source de lumière diusée Thomson Thomson avec mise en uvre de miroirs en forme de D à l'intérieur.

L'analyse est eectuée pour comprendre le phénomène de chute de puissance rapide apparaissant sur l'OEC qui aecte la stabilité de la cavité et empêche la puissance intra-cavité d'atteindre l'objectif conçu. Des chutes de puissance intra-cavité sont apparues avec une ampleur et une échelle de temps en fonction du niveau de puissance. L'augmentation supplémentaire de la puissance incidente a conduit à des dommages irréversibles de la surface du miroir de couplage de cavité. L'origine de ce phénomène est étudiée par imagerie de surface miroir post mortem et analyse des signaux transmis et rééchis par l'OEC. La perte de diffusion induite par la déformation de la surface du miroir due à un contaminant de point chaud s'avère très probablement la physique dominante derrière ce phénomène et le comportement de la cavité pourrait être bien reproduit par simulation. Cette analyse pourrait aider à comprendre le processus physique derrière ce type de phénomène de chute de puissance apparaissant sur l'OEC appliqué dans une large gamme d'applications et à prévenir les dommages permanents au miroir.

La conception complète du prototype OEC de la source de lumière à rayons X à diusion Tsinghua Thomson (TTX) est présentée et une expérience préliminaire est réalisée dessus, réalisant l'objectif de verrouiller un laser à injection à ondes continues avec la cavité avec le gain de cavité mesuré à 133 L'invention concerne la conception de l'installation expérimentale à haute puissance pour le prototype TTX OEC et la conception du TTX OEC à coupler avec l'anneau de stockage d'électrons.
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 11 Figure 1.1 Schematic drawing of Thomson scattering in the initialelectronatrest frame.
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 22 the relation between energy of scattered photon with the energy of incident photon in initialelectronatrest frame can be derived as
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 1221 Figure 1.2 Relation between energy of Thomson scattered photon 𝐸 𝛾𝑓 with scattered angle 𝜃 𝑓 , calculated with incident laser wavelength of 1 𝜇m headon collision with electron beam of energy 50 MeV.
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 129 It is in a fourmirror planar bowtie structure with a round trip length of 1.76 m. Cavity mirrors M 1 and M 4 are planar, M 2 and M 3 are concave with radius of curvature (ROC) of 100 mm. The cavity is injected with pulsed wave Ti:Sapphire laser with wavelength centered at 826 nm, repetition rate of 170 MHz and pulse length of 80 fs. A cavity gain of 24 is realized with intracavity power of 24 W. BBO crystal is placed at the waist position between M 2 and M 3 , and doubledfrequency laser is obtained for an average power of 392 mW.
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 1 Figure 1.29 Experimental setup of the OEC built in Institute of Physics, CAS in 2015[START_REF] Zhang | Frequency doubled femtosecond ti: sapphire laser with an assisted enhancement cavity[END_REF] .

Fig. 1 .

 1 Fig. 1.30. It is in a sixmirror planar bowtie structure with a round trip length of 3 m. Cavity mirrors MC, MD, ME and MF are planar, MA and MB are concave with ROC of 10 cm and 15 cm respectively. The cavity is injected with pulsed wave Yb:fiber laser with wavelength centered at 1038 nm, repetition rate of 100 MHz and pulse length of 100 fs.
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 1 Figure 1.30 Experimental setup of the OEC built in Wuhan Institute of Physics and Mathematics,CAS in 2019[START_REF] Zhang | Femtosecond enhancement cavity with kilowatt average power[END_REF] .
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 21 Figure 2.1 Schematic drawing of FabryPerot cavity made up of two mirrors.
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 22 Fig. 2.2. It is made up of infinite number of resonance peaks each centered at 𝜈 = 𝜈 𝑐 with FWHM peak width 𝛥𝜈 𝑐 , spacing at distance of FSR. Taking an example cavity SBOX with parameters of 𝑇 1 = 180 ppm, 𝑇 2 = 𝑇 3 = 𝑇 4 = 3 ppm, FSR= 133.33 MHz, injected with laser of central wavelength 𝜆 = 1 𝜇 m, then it can be calculated that cavity resonance linewidth 𝛥𝜈 𝑐 = 4 kHz, ℱ = 3.3 × 10 4 . It
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 22 Figure 2.2 Illustrative plot of FabryPerot cavity resonance frequency comb.

  )2 , with central wavelength 𝜆 = 1030 nm, linewidth 𝛥𝜈 𝐿 = 3 kHz, being injected to the example cavity SBOX, graphically the intracavity field spectrum, as shown in Fig.2.3, is the product of cavity frequency comb with laser frequency comb.
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 23 Figure 2.3 Illustrative plot of cavity frequency comb (black) with continuous wave laser fre quency comb (red), the intracavity field spectrum is mathematically the product of the two.

Figure 2 . 4

 24 Figure 2.4 Normalized cavity gain versus time of example cavity SBOX with perfectly coupled pulsed wave injection laser.

Figure 2 . 5

 25 Figure 2.5 Illustrative plot of cavity frequency comb (black) with pulsed wave laser frequency comb (red), the intracavity field spectrum is mathematically the product of the two.

Fig. 2 .

 2 6 shows the basic layout of locking a laser to external FabryPerot cavity using PDH technique.
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 26 Figure 2.6 The basic layout of locking a laser to external FabryPerot cavity using PDH tech nique. LO: laser oscillator. EOM: electrooptic modulator. PD: photodiode. SG: signal generator.
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 21 𝛽)𝑅𝑒 [ 𝐹 (𝜔)𝐹 * (𝜔 + 𝛺) -𝐹 * (𝜔)𝐹 (𝜔 -𝛺) ] 𝑐𝑜𝑠(𝛺𝑡) + 2𝐽 1 (𝛽)𝐼𝑚 [ 𝐹 (𝜔)𝐹 * (𝜔 + 𝛺) -𝐹 * (𝜔)𝐹 (𝜔 -𝛺) ] 𝑠𝑖𝑛(𝛺𝑡) + (𝑐𝑜𝑛𝑠𝑡 𝑡𝑒𝑟𝑚𝑠) + (2𝜔 𝑡𝑒𝑟𝑚𝑠).(227) The single 𝛺 component in the cavity reflection signal as a result of interference between the sideband signal with the cavity reflected central frequency signal will pro vide information of the cavity central resonance frequency thus will provide error signal used for PDH feedback. In practice, the modulation frequency 𝛺 is far off the resonance linewidth of cavity, where we have 𝐹 (𝜔 ± 𝛺) = -1. Then the coefficient of 𝑐𝑜𝑠𝑖𝑛𝑒 term vanishes. The error signal can be demodulated out by mixer with a 𝑠𝑖𝑛(𝛺𝑡) signal with proper phase as 𝜖 = 2𝐽 1 (𝛽)𝐼𝑚 [ 𝐹 (𝜔)𝐹 * (𝜔 + 𝛺) -𝐹 * (𝜔)𝐹 (𝜔 -𝛺) ] . (228) For example, error signal of laser with frequency 𝜈 modulated by 𝛺 = 8.2 MHz injected into example cavity SBOX is shown in Fig. 2.7 and Fig. 2.8.

Figure 2 . 7

 27 Figure 2.7 Normalized error signal of laser with frequency 𝜈 modulated by 𝛺 = 8.2 MHz in jected into example cavity SBOX. Normalization is made by dividing the maximum.

Figure 2 . 8

 28 Figure 2.8 Zoom of the normalized error signal (blue) shown in Fig. 2.7 of laser with frequency 𝜈 modulated by 𝛺 = 8.2 MHz injected into example cavity SBOX, overlapped with cavity frequency comb (black). Both curves are normalized by dividing their maxi mums respectively.

Figure 3 . 1

 31 Figure 3.1 Example of the dependence of the value of 𝜒 2 as function of the value of 𝑤 0 used to define the Gaussian beam that is series expanded according to the technique described in Section 2. The step size in 𝑤 0 goes down to 0.2 nm. The sampling procedure is the number 2.

Figs. 3 .

 3 Figs.3.4 and 3.5. It is noticed that the description of the tails of the Ignatovsky model improves in the sense that the diffraction rings magnitude are better fitted than with the first order only. A diffraction ring the series expansion model appears in these plots for the 𝐸 𝑦 component which is a new feature with respect to the inclusion of the first order only. The presence of additional diffraction rings when considering higher order terms in the parameterization remains an open point but may well happen. The tails at 𝑧 = 𝑧 𝑅 are impressively well fitted while the residual of the fit at (𝑥 = 0, 𝑦 = 0, 𝑧 = 𝑧 𝑅 ) gets larger when the order 2 is included.

Figure 3 . 2 (

 32 Figure 3.2 (Top) magnitude of the complex electric fields components at 𝑧 = 0 normalized by its maximum value in the focal plane 𝐸 𝑥 (0, 0, 0). (Second line) normalized magnitude of the electric field components for the (blue) Ignatovsky model and the (red) gen eralized series expansion model on the axes that are represented by red dashed lines on the top plots.(Third line) difference between the curves of the middle plots. The differences are in the per mil range which is a clear improvement compared to the results presented in Ref.[START_REF] Peatross | Vector fields in a tight laser focus: comparison of models[END_REF] . (Bottom) zoom on the tails in the region [-3𝜆, -𝜆] of the normalized magnitude of the electric field components for the (blue) Ignatovsky model and the (red) generalized series expansion model. These plots correspond to the series expansion composed of the first order term in the expansion and the sam pling distribution number 2.

Figure 3 . 4

 34 Figure 3.4 Same as Fig. 3.2 except that the series expansion is composed of the first and second order terms in the expansion.

  Fig. 4.2. Distances 𝐿 1 , 𝐿 2 , 𝐿 3 , 𝐿 4 are designed to be [620, 454, 508, 674] mm, 𝑑 = 75.1 mm. Incidence angle on M 2 is 𝜃 = 𝛼/2 = 4.76 ∘ . Cavity mirrors M 1 and M 2 are planar mirrors, M 3 and M 4 are concave mirrors with radius of curvature of 0.5 m. SBOX is injected with laser of 1030 nm central wavelength. A laser beam waist with radius size

Figure 4 . 1

 41 Figure 4.1 Experimental setup of SBOX. LO: laser oscillator. PBS: polarized beam splitter. CVBG: chirped volume Bragg grating stretcher. EOM: electrooptic modulator. BS: beam splitter. PD: photodiode. CCD: camera.

Figure 4 . 2

 42 Figure 4.2 Optical enhancement cavity SBOX is in a fourmirror planar bowtie structure. Dis tances 𝐿 1 , 𝐿 2 , 𝐿 3 , 𝐿 4 are [620, 454, 508, 674] mm, 𝑑 = 75.1 mm. Incidence angle on M 2 is 𝜃 = 𝛼/2 = 4.76 ∘ .

Figure 4 . 3

 43 Figure 4.3 Laser beam radius size change inside SBOX on tangential (blue) and sagittal (red) axes with respect to the round trip distance starting from M 1 . The texts "M 1 , M 2 , M 3 , M 4 " mark the corresponding cavity mirror positions. A laser beam waist with radius size of 83.8 𝜇m on tangential axis and 75.8 𝜇m on sagittal axis exists in the middle position between cavity mirror M 3 and M 4 .angle of 4.76 ∘ . Mirror optical properties were measured just after coating as summarized in Table4.1. And the mirror substrates are backside antireflection coated. For cavity round trip loss (RTL) defined as

  .1 as 4.6 kHz, 29000 and 15000 respectively. The designed cavity finesse and gain is dominated by variation of T 1 . With all other coefficients of cavity mirror transmission, absorption and scattering kept the same as shown in Table 4.1, the cavity finesse and gain versus the varying T 1 are shown in Fig. 4.6, in which the black dashed lines indicate the condition of SBOX where

Figure 4 . 4

 44 Figure 4.4 For SBOX, relation of intracavity laser beam waist radius versus 𝐿 3 the distance between cavity mirror M 3 and M 4 when distances between other mirrors are fixed. Black dashed line indicates the condition of SBOX where 𝐿 3 = 508 mm. Tuning of intracavity laser beam waist size could be realized by changing 𝐿 3 .

Figure 4 . 5

 45 Figure 4.5 For SBOX, relation of intracavity laser beam waist radius versus 𝐿 1 the distance between cavity mirror M 1 and M 2 when distances between other mirrors are fixed. Black dashed line indicates the condition of SBOX where 𝐿 1 = 620 mm. Repetition rate of laser pulse circulating inside OEC could be tuned with changing OEC round trip length by changing 𝐿 1 without varying much the intracavity laser beam waist size.

Figure 4 . 6

 46 Figure 4.6 For SBOX, with all other coefficients of cavity mirror transmission, absorption and scattering kept the same as shown inTable 4.1, cavity finesse (blue) and cavity gain (red) versus transmission T 1 of cavity mirror M 1 are calculated by Eq. 211 and Eq. 2 12. The black dashed line indicates the condition of SBOX where T 1 =180 ppm with cavity finesse of 29000 and cavity gain of 15000, which is working at a overcoupled regime.

Figure 4 . 7

 47 Figure 4.7 Photo of SBOX setup.

Figure 4 . 8

 48 Figure 4.8 Sreenshot of camera put at transmission position of M 3 when modal instabilities oc cur at intracavity power around 110 kW.The ideal cavity working mode TEM 00 is superimposed with a high order mode, in which the TEM 00 is staturared to capture a clear high order mode.

Figure 4 . 9

 49 Figure 4.9 Typical intracavity power evolution when modal instabilities occur measured by photodiode PD 2 put at transmission position of M 3 then divided by the transmission coefficient of M 2 as shown in Table4.1, which is periodically separated into four stages: first, the cavity is locked to a single TEM 00 mode, second the cavity switches to a degenerated mode, third the cavity reaches a steady state of degenerated mode, fourth the cavity enters a oscillation state whose amplitude of oscillation will finally be out of the adjustment range of feedback loop which leads to lose of lock.

Figure 4 .

 4 Figure 4.10 Illustrative plot of geometry used in Winkler model. Thermoelastic deformation of mirror surface dominantly happens in the area with radius of 𝑤 𝑚 that of the laser beam radius on mirror, introducing a linear change of sagitta 𝛿𝑠 with respect to intracavity power 𝑃 𝑐 .

  The mirror surface deformation calculated by Winkler model with the intra cavity power range from 0 to 500 kW is shown in Fig. 4.11.

Figure 4 .

 4 Figure 4.11 For SBOX, mirror surface deformation of cavity mirror with substrate of ULE (blue) and Suprasil (red) calculated by Winkler model.

Figure 4 .

 4 Figure 4.12 Radius of curvature change on tangential axis (blue) and sagittal axis (red) of SBOX concave cavity mirror calculated by Winkler model.

Figure 4 .

 4 Figure 4.13 The change of SBOX fundamental mode size on M 3 versus intracavity average power calculated by Winkler model. The mode will become more elliptical with major axis along sagittal direction with increasing intracavity power.

Fig. 4 . 15 .

 415 Fig. 4.15. Dshape mirrors D 1 and D 2 are separately mounted on optical stages connectedto motors thus can be separately moved tangentially and sagittally. The knifeedge mir rors are chosen to be placed in an angle of 175 mrad with respect to the laser beam, thus the high order beams are reflected from Dshape mirrors to vacuum chamber walls rather than cavity mirrors, resulting in effective dump of high order mode.

Figure 4 .

 4 Figure 4.15 Schematic drawing of implementation of Dshape mirrors inside SBOX.

Figure 4 .

 4 Figure 4.16 2D axisymmetric geometry of cavity mirror used in ANSYS for calculation of mir ror surface deformation.

Figure 4 .

 4 Figure 4.17 Deformations of mirror surfaces with substrate material of ULE (blue) and Suprasil (red) with 0.01 W constant heat power Gaussian distributed on mirror surfaces with a 1/𝑒 2 radius of 1 mm, calculated through ANSYS using the mirror geometry shown in Fig. 4.16. It it corresponding to the deformation on line oa in Fig. 4.16.

  Fig. 4.19(a) and Fig. 4.19(b). The different degenerated high order mode compared to that shown in Fig. 4.14 is resulted from the different calculation method of mirror surface deformation and cavity mode. Through comparison between Fig. 4.19(a) and Fig. 4.19(b), one sees that the modal instabilities could be effectively suppressed by Dshape mirrors.

Figure 4 .Figure 4 .

 44 Figure 4.18 The pair of Dshape mirrors are implemented using function mask of OSCAR code with the Dshape mirrors' edges positioned at 𝐷 𝑥 and 𝐷 𝑦 with respect to center of cavity mirror M 2 .

4. 4 . 2

 42 High Power Experiments with Suppression Modal Instabilities Dshape mirrors were then implemented inside cavity. Test of the Dshape mirrors performance is done by investigating the intracavity power change versus the different Dshape mirror positions. Intracavity average power 𝑃 𝑐 is calculated from measurement of cavity transmission average power made by power meter put at transmission position of M 4 with division of the power transmission coefficient of M 4 . Fig. 4.20 shows intra cavity power change versus Dshape mirror relative displacement of 𝐷 𝑥 on tangential axis and of 𝐷 𝑦 on sagittal axis. We can see from the flat part of the curves that there exist positions of Dshape mirrors where degenerated high order transverse mode can be successfully removed and stabilized state reached by cavity, where also the losses of fundamental mode are negligible. And the behavior of intracavity power versus Dshape mirrors displacement are different on tangential and sagittal axis which can be attributed to

Figure 4 .

 4 Figure 4.20 Intracavity power change versus Dshape mirror relative displacement of 𝐷 𝑥 on tangential axis (blue) and of 𝐷 𝑦 on sagittal axis (red). When one Dshape mir ror is being moved, the other one is not implemented. Points in symbol "o,*,x" seprarately show data of intracavity power optimally to be 117 kW,40 kW and 3.3 kW.

Figure 4 .

 4 Figure 4.21 Experimental data (in symbol "o") same as the dataset with 𝑃 𝑐 ∼ 117 kW shown in Fig. 4.20, and simulation data on tangential axis (green) and sagittal axis (ma genta). For this dataset, the absolute edge positions of Dshape mirror for the zeros displacement positions in Fig. 4.20 are fitted to be 𝐷 𝑥 = 2.62 mm, 𝐷 𝑦 = 2.50 mm with a precision of ± 0.01 mm.

Figure 4 .

 4 Figure 4.22 Intracavity average power of SBOX for 30min with 40W injection laser power.

Figure 4 .Chapter 5

 45 Figure 4.23 Comparison of intracavity average power versus injection laser average power be tween year 2017 and 2018.

tion 4 . 4 . 2 ,

 442 R&D works were launched on the experimental setup as shown in Fig. 5.1, which is the experimental setup that has been described in Section 4.1 with implementa tion of the pair of Dshape mirrors as shown in Section 4.4.2 to suppress modal instabili ties. Priordamage phenomenon was observed on the SBOX optical enhancement cavity in 2019.

Figure 5 . 1

 51 Figure 5.1 Experimental setup of SBOX with implementation of the pair of Dshape mirrors. LO: laser oscillator. PBS: polarized beam splitter. CVBG: chirped volume Bragg grating stretcher. EOM: electrooptic modulator. BS: beam splitter. PD: photodiode.

Figure 5 . 2

 52 Figure 5.2 Experimental measurements of the SBOX intracavity power 𝑃 𝑐 (𝑡) as a function of time for various values of injection laser beam average power 𝑃 𝑖𝑛 . The six datasets are shown, from the top to bottom: 𝑃 𝑖𝑛 = 16.4 W (blue), 7.9 W (red), 5.1 W (yellow), 2.9 W (green), 1.5 W (purple) and 28.7 W (black). The last dataset has been shifted by 2 kW. The inset plot shows the normalized intracavity power 𝑃 𝑐 (𝑡) = 𝑃 𝑐 (𝑡) / 𝑃 𝑐,𝑖 between 0 and 100 ms. Only five of the six datasets are show, from the bottom to the top: 𝑃 𝑖𝑛 = 16.4 W (blue), 7.9 W (red), 5.1 W (yellow), 2.9 W (green) and 1.5 W (purple).

Figure 5 . 3

 53 Figure 5.3 Experimental data of the SBOX cavity reflected average power 𝑃 𝑟 as a function of time for various values of injection laser beam average power 𝑃 𝑖𝑛 . The six datasets are shown, from the top to bottom: 𝑃 𝑖𝑛 = 28.7 W (black), 16.4 W (blue), 7.9 W (red) 5.1 W (yellow), 2.9 W (green) and 1.5 W (purple).

Figure 5 . 4

 54 Figure 5.4 Left: optical microscope image of the damage area on surface of cavity mirror M 1 . Right: 3D AFM image of crater. A crater with radius ∼ 25 𝜇𝑚 is positioned at the center of coupling mirror surface. A crack zone around the crater extends the damage area with radius up to ∼ 100 𝜇𝑚.

Figure 5 . 5

 55 Figure 5.5 Normalized measurements of 𝑃 𝑟 (red) and 𝑃 𝑐 (blue) as a function of time for 𝑃 𝑖𝑛 = 2.9 W. Region 1 and 2 correspond to the locked and unlocked cavity states respec tively. Peaks in region 2 correspond to unlocked cavity resonances: the fundamental mode correspond to the higher peaks and the remaining higher order modes to the smaller peaks. Region 3 exhibits the transient power drop of the locked cavity.

Figure 5 . 6

 56 Figure 5.6 Temperature distribution on coupling mirror front surface calculated with ANSYS, with timing constant and spatially averaged heat of 0.05 W applied at hot spot region with radius of 𝑟 𝑠 = 25 𝜇𝑚, in which the properties of hot spot are more detailedly defined in Section 5.2.2.

Figure 5 . 7

 57 Figure 5.7 Illustrative plot of the geometry used in HelloVinet model. Cavity mirror is in a cylindrical structure with radius of a and thickness of h. The front and back mirror surfaces are positioned at planes 𝑧 = -ℎ/2 and 𝑧 = +ℎ/2 respectively. Laser beam of average power 𝑃 𝑐 is incidenting on the cavity mirror front surface.

  HelloVinet model with laser beam heating of 𝑃 𝑐 = 50 kW, 𝑤 = 1 mm is resulted as the blue curve shown in Fig.5.8, compared with the result calculated with the same setting by ANSYS shown in red curve. A good consistency is achieved.

Figure 5 . 8

 58 Figure 5.8 Steady state temperature distribution on coupling mirror M 1 front surface calculated with HelloVinet model (blue) and ANSYS (red), with laser beam heating of 𝑃 𝑐 = 50 kW, 𝑤 = 1 mm. Environment temperature of 22 ∘ has been subtracted.

Figure 5 . 9

 59 Figure 5.9 Maximum temperature rise of mirror body versus time calculated with HelloVinet model, using the parameters of 50 kW laser beam average power Gaussian distributed on mirror surface with 1/𝑒 2 radius of 1 mm, laser power to thermal power conversion and absorption coefficient 𝐴 = 1 ppm.

5 . 10 .

 510 To model the effect of the hot spot on the fourmirror cavity mode, we first use the ANSYS program for computing the thermoelastic deformations (in steady and transient states) of the M 1 mirror. The cavity modes are further computed with the

Figure 5 .

 5 Figure 5.10 Schematic drawing of parameter definitions. A hot spot with radius 𝑟 𝑠 is positioned at (𝑑 𝑥 ,𝑑 𝑦 ) on the innercavityside surface of coupling mirror M 1 . Dshape mirrors' edges positioned at (𝐷 𝑥 ,𝐷 𝑦 ) with respect to the center of M 2 's surface.

Fig. 5 .

 5 Fig. 5.11. Environment temperature is set to be 22 ∘ . Simulation including also the 1mm 1/𝑒 2 radius Gaussian laser beam has been done and came to the conclusion that the global

Figure 5 .

 5 Figure 5.11 Schematic drawing of the axisymmetric 2D model used in ANSYS.

Figure 5 .

 5 Figure 5.12 Normalized steady state M 1 surface deformation with hot spot 𝑟 𝑠 = 175𝜇𝑚 posi tioned at center of M 1 .

  mode of the ANSYS code to compute, step by step, the transient thermoelastic deforma tions as examplely shown in Fig. 5.15. Unlike for what we observed with steady state calculations, the height of the thermoelastic deformation determined by ANSYS doesn't scale linearly with the "instaneous" power 𝑃 𝑐 (𝑡). Finally we used the resulting transient M 1 surface deformations (sampled by steps of 0.5 ms) to compute the resulting 𝑅𝑇 𝐿

Figure 5 .

 5 Figure 5.13 Steady state surface deformation computed with the ANSYS code as a function of the distance from the mirror center 𝑟. The absorbed power is fixed to be 0.03 W for: a Gaussian beam of 1/𝑒 2 radius 1 mm (dotted magenta curve), hot spot of radius 200 𝜇m (blue full curve) and 25 𝜇m (dashed red curve).

Figure 5 .

 5 Figure 5.14 With simulation parameters of 𝑟 𝑠 = 175 𝜇m, 𝐷 𝑥 = 𝐷 𝑦 = 3 mm, 𝐴 -= 2.9 ppm (crosses) and 𝐴 + = 4.5 ppm (stars), comparison between measured (circles) and simulated (crosses and stars) 𝑅𝑇 𝐿 𝑓 values as a function of 𝑃 𝑐,𝑓 .

Figure 5 .

 5 Figure 5.15 Transient M 1 surface deformation with 1 ppm absorption of smoothed experimental data of 𝑃 𝑐 corresponding to 𝑃 𝑖𝑛 = 16.4 W applied at hot spot area with 𝑟 𝑠 = 175𝜇𝑚. Hot spot is positioned at center of M 1 .

Figure 5 .

 5 Figure 5.16 With simulation parameters of 𝑟 𝑠 = 175 𝜇m, 𝐷 𝑥 = 𝐷 𝑦 = 3 mm, 𝐴 -= 3 ppm and 𝐴 + = 4.5 ppm, comparison between measurements and simulations of 𝑃 𝑐 as a function of time for various values of 𝑃 𝑖𝑛 : (a) 𝑃 𝑖𝑛 = 16.4 W (top) and 7.9 W (bottom); (b) from top to bottom, 𝑃 𝑖𝑛 = 5.1 W, 2.9 W and 1.5 W. Color bands are the simulation results and black curves are the experimental points. Simulations and measurements are on the top of each other for the last dataset.

Figure 5 .

 5 Figure 5.17 With simulation parameters of 𝑟 𝑠 = 175 𝜇m, 𝐷 𝑥 = 𝐷 𝑦 = 3 mm, 𝐴 -= 3 ppm and 𝐴 + = 4.5 ppm, comparison between measurements and simulations of 𝑃 𝑟 as a function of time for various values of 𝑃 𝑖𝑛 . Color bands are the simulation results and black curves are the experimental points. The following datasets are shown, from top to bottom: 𝑃 𝑖𝑛 =16.4 W (blue), 7.9 W (red), 5.1 W (yellow), 2.9 W (green) and 1.5 W (purple). Simulations and measurements are on the top of each other for the three latter datasets.

Figure 5 .Figure 5 .

 55 Figure 5.18 With simulation parameters of 𝑟 𝑠 = 25 𝜇m, 𝐷 𝑥 = 𝐷 𝑦 = 2.5 mm, 𝐴 -= 1.5 ppm (crosses) and 𝐴 + = 2.5 ppm (stars), comparison between measured (circles) and simulated (crosses and stars) 𝑅𝑇 𝐿 𝑓 values as a function of 𝑃 𝑐,𝑓 .

Figure 5 .

 5 Figure 5.20 With simulation parameters of 𝑟 𝑠 = 25 𝜇m, 𝐷 𝑥 = 𝐷 𝑦 = 2.5 mm, 𝐴 -= 1.5 ppm and 𝐴 + = 2.5 ppm, comparison between measurements and simulations of 𝑃 𝑟 as a function of time for various values of 𝑃 𝑖𝑛 . Color bands are the simulation results and black curves are the experimental points. The following datasets are shown, from top to bottom: 𝑃 𝑖𝑛 =16.4 W (blue), 7.9 W (red), 5.1 W (yellow), 2.9 W (green) and 1.5 W (purple). Simulations and measurements are on the top of each other for the three latter datasets.

Figure 5 .

 5 Figure 5.21 With the coupling mirror damaged as shown in Fig. 5.4, cavity mode with coupling mirror moved off the original center. Red circle marks a high intensity spot.
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 11 Preliminary Experimental Setup of TBOX Prototype optical enhancement cavity (OEC) of TTX, called TBOX, of which the preliminary experimental setup is schematically shown in Fig. 6.1. The OEC is in a four mirror planar bowtie structure with a round trip length of ∼ 3.78 m as shown more de tailedly in Fig. 6.2. Distances 𝐿 1 , 𝐿 2 , 𝐿 3 , 𝐿 4 are designed to be [882, 947, 1006, 947] mm, 𝑑 = 80 mm. Incidence angle on M 2 is 𝜃 = 𝛼/2 = 2.422 ∘ . Cavity mirrors M 1 and M 2 are planar mirrors, M 3 and M 4 are concave mirrors with radius of curvature of 1 m. TBOX is injected with laser of central wavelength 1064 nm. The intracavity laser beam size evolution on tangential and sagittal axes are calculated and shown in Fig. 6.3. A laser beam waist with radius size of 102 𝜇m on tangential axis and 95 𝜇m on sagittal axis is designed to be positioned in the middle between M 3 and M 4 .

Figure 6 . 1

 61 Figure 6.1 Preliminary experimental setup of TBOX. LO: laser oscillator. AOM: acoustooptic modulator. EOM: electrooptic modulator. BS: beam splitter. PD: photodiode. CCD: camera. SG: signal generator.

Figure 6 . 2

 62 Figure 6.2 Preliminary TBOX is in a fourmirror planar bowtie structure. Distances 𝐿 1 , 𝐿 2 , 𝐿 3 , 𝐿 4 are [882, 947, 1006, 947] mm, 𝑑 = 80 mm. Incidence angle on M 2 is 𝜃 = 𝛼/2 = 2.422 ∘ .

Figure 6 . 3

 63 Figure 6.3 Laser beam radius size change inside preliminary TBOX on tangential (blue) and sagittal (red) axes with respect to the round trip distance from M 1 . The texts "M 1 , M 2 , M 3 , M 4 " mark the corresponding cavity mirror positions. A laser beam waist with radius size of 102 𝜇m on tangential axis and 95 𝜇m on sagittal axis exists in the middle position between cavity mirror M 3 and M 4 .

Figure 6 . 4

 64 Figure 6.4 For prototype optical enhancement cavity TBOX, relation of intracavity laser beam waist radius versus 𝐿 1 the distance between cavity mirror M 1 and M 2 , when dis tances between other mirrors are fixed. Black dashed line indicates the condition of TBOX where 𝐿 1 = 882 mm. Tuning of cavity round trip length could be realized by changing 𝐿 1 without varying much the intracavity laser beam waist size. and highrepetitionrate laser are Yb:fiber lasers with wavelength around 1 𝜇m. Precise values of cavity mirror transmissions are calibrated after receiving the mirrors with power meter (Gentec PH100SiHAOD1D0). As lacking information of the cavity mirrors' absorption losses and scattering losses, considering only the cavity mirrors' noncomplete reflections, the ideal cavity linewidth, finesse and gain are calculated to be 20 kHz, ∼3830 and ∼1060 respectively by Eq. 211 and Eq. 212. Furthermore, with transmission T 2 , T 3 , T 4 fixed and neglecting all other intracavity power losses, in Fig. 6.7 the blue and red curves correspondingly show the cavity finesse and gain versus the varying T 1 , in which the black dashed lines indicate the condition of TBOX where T 1 = 712 ppm. From Fig. 6.7 we can see that TBOX works at a condition close to the maximum gain position with impedance matching realized.

Figure 6 . 5

 65 Figure 6.5 For prototype optical enhancement cavity TBOX, relation of intracavity laser beam waist radius versus 𝐿 3 the distance between cavity mirror M 3 and M 4 , when distances between other mirrors are fixed. Black dashed line indicates the condition of TBOX where 𝐿 3 = 1006 mm. Tuning of intracavity laser beam waist size could be realized by changing 𝐿 3 .

Figure 6 . 7

 67 Figure 6.7 For preliminary TBOX, with transmission of cavity mirrors M 2 , M 3 , M 4 fixed to the values shown in Table 6.1 and neglecting all other intracavity power losses, the ideal cavity finesse (blue) and cavity gain (red) versus transmission T 1 of cavity mirror M 1 are calculated by Eq. 211. The black dashed line indicates the condition of TBOX where T 1 = 712 ppm with cavity finesse of ∼ 3830 and cavity gain of ∼ 1060, which is close to the maximum gain condition with impedance matching realized.

  𝑓 2 are configured to tune the injection laser beam size and divergence angle to match with that of the cavity mode. A collimator (Thorlabs TC12APC1064) is used to collimate the laser beam from fiber to free space. The laser beam size at 20 mm after collimator is measured to be with 1/e 2 Gaussian fitted radius size of 0.95 mm. The telescope is designed with ABCD matrix to match the injection laser beam size and divergence angle with that of the cavity mode in the middle of M 1 and M 2 . As a result, a concave lens 𝑓 1 with focal length of 150 mm positioned at 253 mm after the collimator and a convex lens 𝑓 2 with focal length of +250 mm positioned at 102 mm after 𝑓 1 are choosen to made up the telescope. The laser beam size evolution from collimator to the middle position between M 1 and M 2 for both tangential and sagittal axes is shown in Fig.6.10. The same telescope manipulation for injection laser beam size on both tangential and sagittal axes are made for the simplicity of the preliminary experiment. Ideally, 94 % coupling of injection laser beam power into cavity could be realized with this telescope configuration.

Figure 6 .

 6 Figure 6.10 Laser beam radius size change versus distance from collimator for both tangential and sagittal axes in the preliminary TBOX setup. During the optical path, a tele scope made up of one concave lens 𝑓 1 with focal length of 150 mm and one convex lens 𝑓 2 with focal length of +250 mm is used to tune injection laser beam size and divergence angle to match with that of the cavity mode, which could realize 94% coupling of injection laser beam power into cavity ideally.
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 2 MHz is far outside of the TBOX resonance linewidth of ∼ 20 kHz. Then the laser wave with central frequency triangularly periodically scanned and with two sidebands is injected into the cavity. The 8.2 MHz component in the cavity reflection signal as a result of interference between the sideband signal with the cavity reflected central frequency signal will provide information of the cavity central resonance frequency thus will provide error signal used for PDH feedback.

Figure 6 .

 6 Figure 6.11 Example PDH error signal (blue) of preliminary TBOX from screenshot of oscillo scope, with cavity reflection (magenta) measured by PD 1 and cavity transmission (yellow) measured by PD 2 . These signals are taken after successfully solving the problems of noises as shown in Fig. 6.12.

Figure 6 .

 6 Figure 6.12 Noises with a similar frequency ∼160 kHz appear in PDH error signal (blue), cavity reflection (magenta) and cavity transmission (yellow), which is traced to be com ing from piezo oscillation induced by the unclean ∼10 Hz triangular scan signal generated by LaseLock.

Figure 6 .

 6 Figure 6.13 A potentiometer (BOURNS 3296, in color blue) with resistance range from 10 ohm to 2 megaohm is implemented in the cable connecting the output of LaseLock with the input of Koheras piezo port to successfully remove the noises as shown in Fig. 6.12 and resulted in clean signals as shown in Fig. 6.11.

Figure 6 .

 6 Figure 6.14 Alignment mirror mounts implemented with actuators which could realize sub micron resolution of tuning used in preliminary TBOX experimental setup.

the example signals shown in Fig. 6 .

 6 11, a trigger threshold could be set as ∼ 10 mV. Then with manually tuning algorithm parameters including mainly the proportionalintegral derivative (PID) coefficients, lock could be realized when a proper piezo regulating signal generated by LaseLock and applied to laser piezo. Example screenshot of oscilloscope showing the transition of cavity state from unlocked to locked is presented in Fig.6.15.

Figure 6 .

 6 Figure 6.15 Example screenshot of oscilloscope shows the transition of preliminary TBOX state from unlocked to locked, in which cavity transmission signal measured by PD 2 is in color yellow, error signal is in color blue, cavity reflection signal measured by PD 1 is in color magenta, control signal applied to piezo of laser oscillator is in color green.

Figure 6 .

 6 Figure 6.16 Profile of preliminary TBOX cavity mode taken by camera put at transmission po sition of M 3 . Beam sizes are 𝑤 𝑥 =1.8 mm, 𝑤 𝑦 =2.03 mm on tangential and sagittal axes respectively, taking the radius values at 1/𝑒 2 of the maximum intensity with Gaussian fit.

PD 2 ,

 2 which are basically each frequency components in Eq. 224 times the corresponding cavity response in Eq. 61 and sum the intensity of each frequency components. Since the central frequency 𝜔 𝐿 component of the injection laser is kept being locked with the cavity, thus we have the relation 𝜔 𝐿 = 𝑝FSR, in which 𝑝 is integer. So the central frequency component is eliminated as it being a constant offset in the scan curve which doesn't

Figure 6 .

 6 Figure 6.17 Experimental setup used for measurement of cavity FSR, finesse and linewidth. A second EOM is added compared to experimental setup shown in Fig. 6.1. LO: laser oscillator. AOM: acoustooptic modulator. EOM: electrooptic modulator. PD: photodiode. CCD: camera. SG: signal generator.

Figure 6 .Fig. 6 .

 66 Figure 6.18 The first three order components of 𝐼 𝑡 calculated by Eq. 62 with parameters of preliminary TBOX and a scan setting of 𝛺 2 = [-250, +250] kHz centered around 79.3 MHz being scanned in 1 s time period with a modulation depth 𝛽 2 = 1, in which the cavity FSR is assumed to be 79.3 MHz in the calculation.

Figure 6 .

 6 Figure 6.19 Normalized cavity transmission curve (blue) calculated by Eq. 62 up to second order expansion, with parameters of preliminary TBOX and a scan setting of 𝛺 2 = [-250, +250] kHz centered around 79.3 MHz being scanned in 1 s time period with a modulation depth 𝛽 2 = 1. And the normalized TBOX cavity resonance peak (red) calculated by Eq. 212. Cavity FSR is assumed to be 79.3 MHz in the calculation.

Figure 6 .

 6 Figure 6.20 Normalized measurement data of cavity transmission (blue) with data taken by pho todiode PD 2 put at transmission position of M 2 . Normalization is made with the measurement data divided by its maximum after shift the offset to zero. And the fitted Lorentzian function (red), from which the cavity finesse and linewidth are calculated to be ℱ ≃ 1610 and 𝛥𝜈 𝑐 ≃ 50𝑘𝐻𝑧. length of ∼3.78 m, distances between mirrors and incidence angle as shown in Fig. 6.2.

Figure 6 .

 6 Figure 6.21 High power experimental setup of TBOX. LO: laser oscillator. AOM: acousto optic modulator. EOM: electrooptic modulator. PD: photodiode. CCD: camera. SG: signal generator.

Figure 6 .

 6 Figure 6.22 For high power TBOX, with transmission of cavity mirrors M 2 , M 3 , M 4 fixed to the values shown in Table6.2 and neglecting all other intracavity power losses, the ideal cavity finesse (blue) and cavity gain (red) versus transmission T 1 of cavity mirror M 3 are calculated by Eq. 211. The black dashed line indicates the condition of TBOX where T 1 = 200 ppm with the ideal cavity finesse of ∼ 2.9 × 10 4 and cavity gain of ∼ 1.7 × 10 4 , which tells high power TBOX will be working at a overcoupled regime.

Figure 6 .

 6 Figure 6.23 For TBOX with intracavity average power 𝑃 𝑐 range from 0 to 500 kW, beam radius sizes on cavity mirror M 1 are calculated with ABCD matrix using mirror surface deformation calculated from Winkler model.

Figure 6 .

 6 Figure 6.24 For TBOX with intracavity average power 𝑃 𝑐 range from 0 to 500 kW, the lowest order of high order mode degenerated with TEM 00 . m corresponds to the mode order on tangential axis, n corresponds to the mode order on sagittal axis. The calculation is without considering the limitation from the finite mirror size.

Figure 6 .

 6 Figure 6.25 Laser beam radius size change inside OEC of TTX on tangential (blue) and sagittal (red) axes with respect to the round trip distance from M 1 . The texts "M 1 , M 2 , M 3 , M 4 " mark the corresponding cavity mirror positions. A laser beam waist with radius size of 111 𝜇m on tangential axis and 97.0 𝜇m on sagittal axis exists in the middle position between cavity mirror M 3 and M 4 .

Figure 6 .

 6 Figure 6.26 For OEC of TTX to be coupled with electron storage ring, relation of intracavity laser beam waist radius versus 𝐿 3 the distance between cavity mirror M 3 and M 4 when distances between other mirrors are fixed. Black dashed line indicates the condition of OEC of TTX where 𝐿 3 = 1505 mm. Tuning of intracavity laser beam waist size could be realized by changing 𝐿 3 .

Figure 6 .

 6 Figure 6.27 For OEC of TTX to be coupled with electron storage ring, relation of intracavity laser beam waist radius versus 𝐿 1 the distance between cavity mirror M 1 and M 2 when distances between other mirrors are fixed. Black dashed line indicates the condition of OEC of TTX where 𝐿 1 = 1323 mm. Repetition rate of laser pulse circulating inside OEC could be tuned with changing OEC round trip length by changing 𝐿 1 without varying much the intracavity laser beam waist size.

1 .

 1 使用推广型的 Lax 级数展开的方法给出了强聚焦、线偏振激光场的非傍轴 近似表达式,能够更精确地描述光腔内强聚焦激光场。 2. 对高功率光学增益腔内的模式不稳定性进行了建模分析,提出了利用 D 型 镜抑制模式不稳定性的方法,并通过实验证明了其有效性。 3. 针对影响光腔稳定性的功率快速下降现象,建立了"热斑"模型,重现了 实验现象,揭示了功率下降的物理机理,对光腔损伤能起到有效的预警作用。 论文工作反映了作者具有扎实的数理基础和专业知识,已具备独立从事科研 工作的能力。论文写作规范,逻辑严谨,图表清晰。答辩中表述清楚,回答问题 正确。 经答辩委员会表决,一致同意通过论文答辩,建议授予王焕工学博士学位, 并推荐参加清华大学优秀博士论文评选。 Résumé détaillé de la thèse. Depuis la première opération du laser démontrée par Théodore Maiman en 1960, l'homme continue de s'eorcer d'augmenter la puissance du laser qui a été entravée par le seuil d'endommagement du matériau de gain laser. Une étape révolutionnaire de progrès a été franchie avec l'invention de la technique d'amplication d'impulsions pulsées (CPA) en 1985. De plus, pour les applications exigeant une puissance laser moyenne élevée et un taux de répétition élevé, la cavité résonante optique (OEC) basée sur des éléments optiques rééchissants devient une des solutions les plus prometteuses. OEC est une cavité résonnante Fabry-Pérot (FPC) sans milieu de gain à l'intérieur. Il ne soure donc pas de la limite liée au seuil d'endommagement du milieu à gain. Outre la fonction d'amélioration de la puissance, le faisceau laser à l'intérieur de l'OEC peut atteindre un taux de répétition élevé, ce qui est particulièrement avantageux pour améliorer les signaux dans un processus physique qui a une faible ecacité de génération en un seul passage.

Titre:

  Étude de cavités résonantes optiques pour les sources lumineuses à diusion ThomsonMots clés: Cavité résonante optique, diusion Thomson, haute puissance, eet thermique Résumé: Les cavité résonante optique (OEC) de puissance moyenne élevée ont un large éventail d'applications, y compris la diusion Thomson produisant des rayons X/γ quasimonochromatiques à ux moyen élevé, notamment la génération d'harmoniques d'ordre élevé (HHG) améliorée par cavité, les interféromètres de détection d'ondes gravitationnelles (GW), les sources de lumière de microbunching en régime permanent (SSMB), les expériences d'énergie de fusion, etc.

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 1 Summary of key parameters of Thomson scattering light sources which are based on OEC, in which 𝐸 𝑒𝑖 is the energy of incident electron, 𝜆 is the wavelength of the incident laser, 𝑃 𝑐 is the average laser power inside OEC, 𝜏 𝐿 is the pulse length of laser inside OEC, 𝑓 𝑐 is the scattering repetition rate, 𝐸 𝛾𝑓 is the cutoff energy of scattered Xray photons.

	Name	Accelerator	𝐸 𝑒𝑖	𝜆	𝑃 𝑐	𝜏 𝐿	𝑓 𝑐	𝐸 𝛾𝑓	Flux
		Type	(MeV) (nm) (kW) (ps) (MHz) (keV) (ph/s)

Table 1 .

 1 

	Experiments at	𝜆	𝑃 𝑐	𝜏 𝐿	𝑓 ℎ	𝐸 𝛾ℎ	Flux
		(nm) (kW) (fs) (MHz) (eV) (photons/s)
	MPQ [39]	1030	2.8	40	18.4	60	10 13

4 Summary of key parameters of representative cavityenhanced highorder harmonic generation experiments, in which 𝜆 is the wavelength of the incident laser into the noble gas, 𝑃 𝑐 is the average intracavity laser power of OEC used for HHG, 𝜏 𝐿 is the intracavity pulse length, 𝑓 ℎ is the repetition rate of the HHG, 𝐸 𝛾ℎ is the energy of the HHG photon.

  The experimentally observed modal instabilities can be well described with mode degeneracy induced by mirror surface thermoelastic deforma tion. Method of Dshape mirror is brought up to be implemented close to the optical path between cavity mirrors to break the boundary conditions of high order modes which are degenerated with the ideal cavity working mode TEM 00 . Through simulation of cavity mode done with ANSYS and OSCAR code, the capability of Dshape mirror for modal instabilities suppression is well proved and the experimental data of intracavity power change versus Dshape mirror position is well recovered. High power experiment was launched with implementation of Dshape mirrors inside SBOX cavity, an hourtime scale stable intracavity average power of 200 kW was realized.

	1.4.2 Innovation Points
	1. Provided precise and efficient description of highly focused laser field inside op
	tical enhancement cavity for Thomson scattering simulation with an expression of
	nonparaxial corrected highly focused linearly polarized laser field derived through Optical enhancement cavity (OEC) is FabryPerot cavity (FPC) working at the con
	a generalized Lax series expansion method. dition that the injection optical wave coherently stacks with the intracavity optical wave
	2. Successfully modeling the modal instabilities appeared on high power optical en to realize optical field enhance inside cavity and the steady state is reached when the
	hancement cavity and proved the capability of Dshape mirrors for suppressing intracavity wave round trip loss of power balance with the injection wave power. In this
	modal instabilities through simulation. Experimentally realized hourtimescale chapter, the fundamental principles and properties of FPC are introduced to establish a
	stable intracavity average power of 200 kW on prototype optical enhancement cav theoretical framework of this thesis. First, the properties of cavity itself are introduced in
	ity of ThomX with the implementation of Dshape mirrors. Section. 2.1, including stability condition, cavity mode and cavity frequency comb. Then
	In Chapter 5, after achieving the 200 kW intracavity average power in 2018, with 3. Successfully explaining the fast intracavity power drop phenomenon appeared on cavity enhancements with continuous wave (CW) injection and pulsed wave (PW) injec
	the purpose of investigating the reason of cavity gain decrease, extensive R&D works highfinesse optical enhancement cavity which affects the cavity stability and hin tion are analyzed separately in Section. 2.2. Coupling of injection laser beam into the
	were done on the SBOX experimental setup with implementation of the pair of Dshape ders the intracavity power reaching the designed goal. Based on the model attribut cavity is analyzed from transverse mode matching with telescope and longitudinal phase
	mirrors. A priordamage phenomenon is observed in 2019. The phenomenon behaves ing this phenomenon to the scattering loss induced by mirror surface thermoelastic locking with PDH technique respectively in Section. 2.3.
	with fast intracavity average power drop with magnitude and time scale depending on deformation due to hotspot contaminant, experimentally observed power drop be
	the power level. Increasing further the incident laser power led to irreversible damage of havior could be well reproduced with simulation.
	the cavity coupling mirror surface. The origin of this phenomenon is investigated with
	post mortem mirror surface imaging and analysis of the signals reflected and transmitted
	by the optical enhancement cavity. Scattering losses induced by surface deformation due
	to a hotspot surface contaminant is found to be mostlikely the dominant physics process
	behind this phenomenon. A good consistency is achieved between the simulation results
	using the hotspot model with the experimental data.
	In Chapter 6, the full design of the experimental setup of TBOX and the preliminary
	experiment carried out on it are presented. The goal of the preliminary experiment is
	realized that is to lock a continuous wave injection laser with the 3.78 m roundtriplength
	FabryPerot cavity using PDH method. Finesse and gain of the preliminary TBOX are
	measured to be ∼ 1610 and 133 respectively. The pathroute for future development of
	the OEC until final realization of combining OEC with electron storage ring to produce
	high average flux Xrays is planned. The design of the high power TBOX experimental
	setup to realize hundreds of kilowatts average power inside and the design of the final
	OEC which will be combined with electron storage ring of TTX are presented.

1.4.1 Main Work

This thesis focuses on theoretical and experimental works of developing a high averagepower optical enhancement cavity aiming for application in Thomson scattering light sources.

In Chapter 2, the fundamental principles and properties of optical enhancement cav ity are introduced to establish a theoretical framework of this thesis. First, the properties of cavity itself are introduced including stability condition, cavity mode and cavity frequency comb. Then cavity enhancements with continuous wave (CW) injection and pulsed wave (PW) injection are analyzed separately. Coupling of injection laser beam into the cavity is analyzed from transverse mode matching with telescope and longitudinal phase locking with PDH technique respectively.

In Chapter 3, for a small laser beam waist with radius size of few micrometers inside optical enhancement cavity that is needed by Thomson scattering, an expression of highly focused linearly polarized laser field with nonparaxial correction derived through a gen eralized Lax series expansion method is presented which could be used for simulation of Thomson scattering to improve simulation precision and speed.

In Chapter 4, the experimental setup of prototype cavity of ThomX, called SBOX, is presented. During experiment, the injection laser power is gradually increased to increase the intracavity laser power. Modal instabilities began to show when intracavity average power reaches around 100 kW.

  𝜏 is the singlesided exp(-1) pulse width and 𝜓(𝑥, 𝑦, 𝑧) is the spatial profile. The scalar wave equation 𝛁 2 𝒜 -1 

	𝑐 2 ∂𝜙 | ≪ 1, into a scalar equation ∂ 2 ∂𝑡 2 𝒜 = 0 simplifies ∂𝑔(𝜙/𝜙 0 ) 𝜌 = ∂𝑧 = 0. Employing dimensionless coordinates, ⃗ under slowly varying envelope approximation, | 1 𝑔(𝜙/𝜙 0 ) for the spatial envelope 𝛁 2 𝜓 + 2𝑖𝑘 ∂𝜓 2 ⟂ 𝜓 + 𝜀 2 ∂ 2 ∂𝜁 2 𝜓 + 4𝑖 ∂𝜓 ∂𝜁 = 0, where 𝜀 = 𝑤 0 /𝑧 𝑅 and 𝛁 2 ⟂ = ∂ 2 ∂𝜉 2 + ∂ 2 ∂𝜂 2

(𝜉, 𝜂) = (𝑥, 𝑦)/𝑤 0 and 𝜁 = 𝑧/𝑧 𝑅 , it reads 𝛁

Table 3 .

 3 1 Series expansion parameters that fit best Ignatovsky's model for the four sampling methods. The value of the 𝜒 2 is also mentioned.

	Sampling method	1	2	3	4
	𝐶 1	0.97	0.95	0.98	0.92
	𝐶 2,2,1	0.35	0.43	0.38	0.50
	𝐶 2,3,1	0.025 0.033 0.030 0.037
	𝐶 2,1,2	0.36	0.43	0.38	0.50
	𝐶 2,2,2	0.050 0.066 0.067 0.075
	𝐶 2,1,3	0.025 0.033 0.029 0.038
	𝜔 0 (𝜇m)	0.69	0.69	0.68	0.69
	𝜒 2	0.07	0.43	0.42	0.14

  Chapter 4 Suppression of Modal InstabilitiesThomX, Thomson scattering light source located inside campus of ParisSaclay Uni versity in France, is now under commissioning. Before the commissioning of the optical enhancement cavity (OEC) of ThomX, extensive R&D studies were done on the prototype OEC of ThomX which is called SBOX. The prototype SBOX is independent from elec tron storage ring to realize the design goals demanded for OEC itself. The goals include a laser beam waist with radius size of few tens of micrometers inside OEC, intracavity laser pulse length of ∼10 ps with repetition rate of few tens of MHz, and an hourtimescale

stable intracavity average power of few hundreds of kilowatts. The experimental setup of SBOX is presented in Section 4.1. During experiment, the injection laser power is gradu ally increased to increase the intracavity laser power. Modal instabilities began to show when intracavity average power reaches around 100 kW as presented in Section 4.2. The experimentally observed modal instabilities can be well described with mode degeneracy induced by mirror surface thermoelastic deformation which is presented in Section 4.3.

Table 4 .

 4 1 Key parameters of SBOX cavity mirrors.

	Mirror	Type	Substrate Transmission Absorption Scattering
			Material	(ppm)	(ppm)	(ppm)
	M 1	Planar	Suprasil	180	1.00	9.0
	M 2	Planar	ULE	3	1.15	5.0
	M 3	Concave	ULE	3	1.27	4.3
	M 4	Concave	ULE	3	1.20	4.3

Table 5 .

 5 1 Characteristic values of six experimental datasets derived from the reflected and trans mitted average power measurements. 𝑡 = 0 is defined as the instant when 𝑃 𝑐 reaches its maximum. 𝑃 𝑐,𝑖 and 𝑃 𝑟,𝑖 correspond to the values of 𝑃 𝑐 and 𝑃 𝑟 at 𝑡 = 0 respec tively; the steady state values of 𝑃 𝑐,𝑓 and 𝑃 𝑟,𝑓 are defined by the average values of 𝑃 𝑐 and 𝑃 𝑟 over the time interval [1𝑠, 2𝑠]. The relative steady state average power drop 𝛥 = 1 -𝑃 𝑐,𝑓 / 𝑃 𝑐,𝑖 . The characteristic half power drop time 𝑡 1/2 is defined as the time it takes for 𝑃 𝑐 to drop from its maximum value down to (𝑃 𝑐,𝑖 + 𝑃 𝑐,𝑓 ) / 2. The cavity gain is estimated at 𝑡 = 0 by 𝐺 𝑐,𝑖 = 𝑃 𝑐,𝑖/ 𝑃 𝑖𝑛 .

	𝑃 𝑖𝑛 (W)	1.5	2.9	5.1	7.9	16.4 28.7
	𝑃 𝑐,𝑖 (kW)	5.6	11.1 18.9 29.2 58.1 6.1
	𝑃 𝑐,𝑓 (kW) 5.4	9.9	15.5 20.6 31.6 5.7
	𝛥 (%)	3.6	11	18	30	46	6
	𝑃 𝑟,𝑖 (W)	0.5	1.1	1.9	3.0	6.8 19.9
	𝑃 𝑟,𝑓 (W)	0.5	1.1	1.9	3.0	7.2 20.7
	𝑡 1/2 (ms)	57	41	25	15	7	60
	𝐺 𝑐,𝑖	3800 3800 3700 3700 3500 210

Table 5 .

 5 1. Namely the steady state drop 𝛥 as a function of 𝑃 𝑖𝑛 and the transient behavior of 𝑃 𝑐 and 𝑃 𝑟 described by 𝑡 1/2 as a function of 𝑃 𝑖𝑛 .

Table 5 .

 5 

	𝑃 𝑖𝑛 (W)	1.5	2.9	5.1	7.9	16.4
	𝑅𝑇 𝐿 𝑖 (ppm)	350	350	360	360	360
	𝑅𝑇 𝐿 𝑓 (ppm)	350	370	390	420	470
	|𝑐 00,𝑖 | 2 (%)	65	65	65	65	62
	|𝑐 00,𝑓 | 2 (%)	64	64	64	63	59
	ℱ 𝑖	18000 18000 18000 18000 18000
	ℱ 𝑓	18000 17000 16000 15000 13000

2 Roundtrip losses, coupling ratios of injection laser power to cavity, and finesses in ferred from the five sets of experimental data. Variables with subscript "i" are calcu lated at 𝑡 = 0. Variables with subscript "f" are corresponding to steady state values calculated with averaging over the time interval [1𝑠, 2𝑠].

Table 5 .

 5 3 Sets of 𝐴 values that bound 𝑅𝑇 𝐿 𝑓 for fixed 𝑟 𝑠 .

	𝑟 𝑠 (𝜇𝑚) 𝐴 -(𝑝𝑝𝑚) 𝐴 + (𝑝𝑝𝑚)
	25	2	2.8
	100	2.3	3.3
	150	2.6	4
	175	2.9	4.5
	200	3.2	5

Table 6 .

 6 1 Key parameters of preliminary TBOX cavity mirrors. Transmission calibrated shows mirror transmission coefficients calculated from the measurement made after receiv ing the mirrors. Reflectance in datasheet shows the information about mirror reflec tivity provided by Layertec GmbH.

	Mirror	Type	Substrate material	Transmission	Reflectance
				calibrated (ppm) in datasheet
	M 1	Planar	Fused silica	712	>99.8%
	M 2	Planar	Fused silica	782	>99.95%
	M 3	Concave	Fused silica	75	>99.9%
	M 4	Concave	Fused silica	72	>99.9%

  and repetition frequency of ∼ 10 Hz is generated by LaseLock (electronics module from TEM Messtechnik GmbH) and applied onto the piezo of Koheras. Thus a periodic scan of the laser central frequency is generated. Resonance peaks should show up in cavity transmission intensity signal measured by photodiode PD 2 put at transmission position of M 2 . PD 2 of avalanche photodiode (APD, Laser Components ACUBES300001) is used at the beginning when the power of transmission signal is low as ∼nW scale. PD 2 of normal photodiode (Thorlabs DET 36 A/M) is used when intensity of cavity transmission is high enough to have signal with amplitude of at least ∼mV level on oscilloscope.

	A crucial step of lock is to obtain a proper error signal for PDH feedback system to tell
	which side is the laser frequency deviate from the central resonance frequency and thereby
	to generate a control signal for laser piezo. The central frequency scanned laser wave will
	then goes through the electrooptic modulator (EOM). A sine wave with frequency of
	𝛺 1 = 8.2 MHz and amplitude of ∼ 100 mVpp is generated by signal generator (SG1 in
	Fig. 6.1, RIGOL DG4162) and applied onto EOM 1 (iXblue NIRMPXLN0.1) to produce
	a phase modulation on the injection laser wave. Electric field of laser beam after EOM 1

Table 6

 6 

.1, the cavity gain is calculated to be ∼ 133. Using the definition of cavity round trip loss, finesse and gain defined in Section 5.2.2, taking the value of coupling ratio |𝑐 00 | 2 = 60%

Table 6 .

 6 2 Designed parameters of high power TBOX cavity mirrors.

	Mirror	Type	Substrate Material Transmission (ppm)
	M 1	Planar	Suprasil	200
	M 2	Planar	ULE	5
	M 3	Concave	ULE	5
	M 4	Concave	ULE	5
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Chapter 7 Concluding Remarks

In this thesis, with the targeted application in Thomson scattering light sources for producing high average flux and high quality X/𝛾rays, the studies of highaveragepower optical enhancement cavity (OEC) are carried out theoretically and experimentally. The compact Thomson scattering light source could fill the gap between the conventional X/𝛾 ray sources and synchrotrons or free electron lasers, thus enables easier access to high quality X/𝛾rays for wide range of frontier researches.

The studies are done with the purpose of realizing the designing goals demanded by Thomson scattering light source for OEC, that are: a small laser beam waist existing inside OEC with a radius size of few tens of micrometers, intracavity laser beam pulse length of picosecond scale, and a stable intracavity average power of few hundreds of kilowatts for hour time scale. An expression of highly focused linearly polarized laser field is derived through a generalized Lax series expansion method, realizing good consistency with the precise integral Ignatovsky solution, thus providing a precise and efficient description of the laser field inside OEC for Thomson scattering simulation.

The modal instabilities appearing apparently on OEC with an average intracavity power reaching more than 100 kW affecting cavity stability are well understood. The experimental observed modal instabilities could be well described with the modal we 

在学期间完成的相关学术成果 学术论文:

Title: Study of Optical Enhancement Cavity for Thomson Scattering Light Sources Keywords: Optical enhancement cavity, Thomson scattering, high power, thermal eect Abstract: High-average-power optical enhancement cavities (OEC), have a wide range of applications including Thomson scattering producing high average ux quasi-monochromatic X/γ-rays, cavity-enhanced high-order harmonic generation (HHG), gravitational wave interferometers, steady-state microbunching (SSMB) light sources and fusion energy experiments etc.

The works of this thesis focus on the theoretical and experimental studies of high-averagepower OEC dedicated to Thomson scattering light sources. With the purpose of increasing the average ux of Thomson scattering generated photons, it is demanded for the laser beam inside OEC to have small waist with radius size of few tens of microns, pulse length at the order of picosecond and stable intra-cavity average power of few hundreds of kilowatts.

To precisely and eectively describe the highly focused laser eld inside OEC to be used in simulations of Thomson scattering, a eld expression of nonparaxial corrected highly focused linearly polarized laser eld is derived with a generalized Lax series expansion method.

To suppress the modal instabilities start to appear apparently on OEC with an intra-cavity average power reaching ∼ 100 kW which affect cavity stability and could lead to lose of lock, the modal instabilities are well described with mode degeneracies induced by mirror surface thermoelastic deformation characterized by Winkler model. We brought up the D-shape mirror method for suppressing modal instabilities and proved its eectiveness with simulation.

An hour-time-scale stable intra-cavity average power of 200 kW was realized on the prototype OEC of Thomson scattering light source ThomX with implementation of D-shape mirrors inside.

Analysis is carried out for understanding the fast power drop phenomenon appearing on OEC which aects the cavity stability and hinders the intra-cavity power reaching the designed goal. Intra-cavity power drops appeared with magnitude and time scale depending on the power level. Increasing further the incident power led to irreversible damage of the cavity coupling mirror surface. The origin of this phenomenon is investigated with post mortem mirror surface imaging and analysis of the signals transmitted and reected by the OEC. Scattering loss induced by mirror surface deformation due to a hot-spot contaminant is found to be most likely the dominant physics behind this phenomenon and the cavity behavior could be well reproduced by simulation. This analysis could help to understand the physical process behind this kind of power drop phenomenon appearing on OEC being applied in wide range of applications and to prevent permanent mirror damage.

Full design of the prototype OEC of Tsinghua Thomson scattering X-ray light source (TTX) is presented and preliminary experiment is carried out on it, realizing the goal of locking a continuous wave injection laser with the cavity with the cavity gain measured to be 133. Design of the high power experimental setup for TTX prototype OEC and the design for TTX OEC to be coupled with the electron storage ring are provided.