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(7)ABSTRACT


High-order harmonic generation (HHG) from gas media is now a workhorse tool that is widely
 used in attosecond science. It provides XUV pulses with unique sub-femtosecond and nanometric
 resolutions in time and space, respectively. The XUV radiation is produced by the interaction
 of short (usually below picosecond scale), infrared (IR), and intense laser pulses with atoms or
 molecules in a gas target. The main goals of today’s research and engineering are to control and
 to optimise the generation process, which comes along with challenges such as the XUV wavefront
 shaping, the control of XUV angular momentum (e.g. the polarisation, the macroscopic angular
 distribution of the phase, and their interplay), spectral selectivity, and XUV signal enhancement.


In this work, we develop a theoretical multi-scale model for the description of the whole
 HHG process, one of the main outcomes is the spatio-spectral characterisation of the XUV beam.


We describe the effects emerging from the microscopic description of a single atom up to forming
 a macroscopic XUV field given by the collective contribution of all the atomic emitters of the gener-
 ating medium. The single-atom response in the XUV region is treated by non-relativistic quantum
 physics, and the macroscopic propagation of the IR and XUV fields is described by respectively
 non-linear and linear optics.


We use this model to address different physical problems. From the microscopic viewpoint,
 we provide a novel unambiguous approach to describe the ionisation dynamics and, especially, the
 time-dependent evolution of the electron density. This quantity is further used in the macroscopic
 approach, where it contributes to the non-linear propagation of the IR field.


At the macroscopic scale, we investigate the spatio-spectral characteristics of the XUV beam
 from HHG. In particular, we show that the focusing properties of the XUV beam can be controlled
 by imprinting a specific phase distribution of the driving field. We show that different harmonics
 are focused at different positions. As a result, we may create a high-, or low-pass filter by spatially
 selecting the harmonic beams. Last, we use the filter to homogenise the XUV field. This theoretical
 work is obtained in the frame of thin media approximation and is compared with experiments
 realised at the CELIA laboratory showing a good qualitative agreement.


The second macroscopically investigated scheme is HHG in a pre-ionised medium. The pre-
ionisation is obtained, in our case, by an electrical discharge leading to the formation of a small
homogeneous fraction of electron density. We start the model with the propagation of the driving



(8)IR pulse. It reveals that there are two characteristic regions: i) The first region, where is a fast
spatial re-shaping of an initial Gaussian profile directly after entering the medium. ii) The second
region, where the IR beam is stabilised with only slight changes during the propagation. We
demonstrate that an efficient build-up of the XUV field is possible in the second region due to
quasi-phase-matching driven by the pre-ionisation. We show that an enhancement of up to a factor
of eight is obtained in the harmonic signal generated in krypton, which is in good quantitative
agreement with experiments conducted at ELI-Beamlines. Our model suggests that the yield can
be optimised even further in some configurations.



(9)ABSTRAKT


Generace vysok´ych harmonick´ych frekvenc´ı (HHG, z anglick´eho High-order harmonic generation)
 v plynn´ych m´edi´ıch je nyn´ı n´astrojem se ˇsirok´ym vyuˇzit´ım v attosekundov´e vˇedˇe. HHG je sekund´ar-
 n´ım zdrojem impulz˚u v XUV oblasti, kter´e poskytuj´ı unik´atn´ı subfemtosekundov´e rozliˇsen´ı v ˇcase
 a nanometrick´e rozliˇsen´ı v prostoru. Tyto impulzy vznikaj´ı typicky pˇri interakci kr´atk´ych (obvykle
 subpikosekundov´ych) prim´arn´ıch infraˇcerven´ych (IR) intenzivn´ıch laserov´ych impulz˚u s atomy nebo
 molekulami v plynn´ych terˇc´ıch. Hlavn´ımi c´ıli aktu´aln´ıho v´yzkumu a n´avrhu sch´emat generace jsou
 kontrola a optimalizace cel´eho procesu, konkr´etnˇeji: tvar XUV vlnoploch, kontrola momentu hyb-
 nosti XUV (tj. polarizace, makroskopick´eho ´uhlov´eho rozloˇzen´ı f´aze a jejich vz´ajemn´eho vztahu),
 spektr´aln´ı selektivita, ˇci zes´ılen´ı XUV z´aˇren´ı.


V t´eto pr´aci se zamˇeˇr´ıme na teoretick´y a numerick´y popis s pouˇzit´ım multiˇsk´alov´eho pˇr´ıstupu,
 jedn´ım z hlavn´ıch v´ysledk˚u je prostorov´a a frekvenˇcn´ı charakterizace XUV z´aˇren´ı. Z´akladn´ı jed-
 notkou popisu je odezva jedin´eho atomu m´edia. Makroskopick´e XUV z´aˇren´ı je zformov´ano z kolek-
 tivn´ıho pˇr´ıspˇevku z´aˇren´ı vˇsech atom˚u m´edia. K popisu atom´arn´ı odezvy v XUV oblasti pouˇzijeme
 nerelativistickou kvantovou fyziku, makroskopick´y model bud´ıc´ıho IR impulzu vych´az´ı z neline´arn´ı
 optiky a vygenerovan´e z´aˇren´ı je pops´ano pomoc´ı line´arn´ı optiky.


Tento model pouˇzijeme k vyˇreˇsen´ı nˇekolika fyzik´aln´ıch probl´em˚u. V mikroskopick´e ˇc´asti po-
 skytneme inovativn´ı pohled na dynamiku ionizace, kde se zamˇeˇr´ıme pˇredevˇs´ım na v´yvoj distribuce
 energie v ˇcase.


V makroskopick´e ˇc´asti se nejprve zamˇeˇr´ıme na prostorov´e rozloˇzen´ı (fokusaci) r˚uzn´ych frek-
 venˇcn´ıch komponent vygenerovan´eho z´aˇren´ı z tenk´ych terˇc˚u. Uk´aˇzeme, ˇze fokusace m˚uˇze b´yt ˇr´ızena
 pomoc´ı vlnoploch ˇr´ıd´ıc´ıho svazku, jejichˇz f´aze se prom´ıtne do generovan´eho z´aˇren´ı. V´ysledn´y me-
 chanismus vede k rozd´ıln´e fokusaci svazk˚u odpov´ıdaj´ıc´ım r˚uzn´ym harmonick´ym ˇr´ad˚um. Tento me-
 chanismus d´ale vyuˇzijeme ke zkonstruov´an´ı spektr´aln´ıho filtru pomoc´ı prostorov´e separace jednot-
 liv´ych svazk˚u. D´ale uk´aˇzeme, ˇze tato filtrace m˚uˇze v´est ke vzniku frekvenˇcnˇe homogenn´ıho svazku.


Tato ˇc´ast pr´ace poskytne komplexn´ı anal´yzu probl´emu ve spolupr´aci s experimenty realizovan´ymi
 v laboratoˇri CELIA.


Druh´e analyzovan´e makroskopick´e sch´ema je generace vysok´ych harmonick´ych v dlouh´em m´ediu.


Hlavn´ım mechanismem je zde homogenn´ı pˇred-ionizace m´edia. V t´eto ˇc´asti nejprve namodelujeme
ˇs´ıˇren´ı ˇr´ıd´ıc´ıho IR pulzu. Uk´aˇzeme, ˇze v m´ediu se pulz ˇs´ıˇr´ı ve 2 r˚uzn´ych reˇzimech. Nejprve doch´az´ı



(10)k podstatn´ym zmˇen´am pulzu po vstupu do m´edia. D´ale n´asleduje oblast stabiln´ıho ˇs´ıˇren´ı s velmi
pozvolnou zmˇenou intenzity. V t´eto ˇc´asti je moˇzno pˇredionizac´ı dos´ahnout sf´azovan´ı prim´arn´ıho
a generovan´eho z´aˇren´ı. Ve v´ysledku jsme pozorovali aˇz osmin´asobn´e zes´ılen´ı v souladu s experi-
menty v kryptonu proveden´ymi v ELI-Beamlines. N´aˇs model d´ale indikuje, ˇze v urˇcit´ych pˇr´ıpadech
je moˇzno doc´ılit jeˇstˇe vyˇsˇs´ıho zes´ılen´ı.



(11)R´esum´e


La g´en´eration d’harmoniques d’ordre ´elev´e (HHG en abr´eviation anglaise) `a partir de milieux dilu´es
 est d´esormais un outil de travail largement utilis´e dans la science des attosecondes. Elle fournit
 des impulsions XUV ayant des r´esolutions sub-femtosecondes temporellement et nanom´etriques
 spatialement qui sont uniques. Le rayonnement XUV est produit par l’interaction d’impulsions
 laser br`eves (g´en´eralement inf´erieures `a la picoseconde), infra-rouge (IR), intenses avec des atomes
 ou des mol´ecules avec une cible en phase gaz. Les principaux objectifs de la recherche actuelles et
 de l’ing´enierie sont de contrˆoler et d’optimiser le processus de g´en´eration, ce qui s’accompagne de
 d´efis tels que le contrˆole du front d’onde XUV et de l’´etat de polarisation, la s´electivit´e spectrale,
 la structuration du moment angulaire ou l’augmentation du signal XUV.


Dans ce travail, nous avons d´evelopp´e un mod`ele th´eorique multi-´echelle d´ecrivant les propri´et´es
 spatio-spectrales du faisceau XUV. Les caract´eristiques provenant de la description de l’atome
 unique jusqu’`a la formation du champ XUV macroscopique d´ecrit par la contribution collective de
 tous les ´emetteurs atomiques du milieu g´en´erateur sont compl´ementent prises en compte dans ce
 mod`ele. L’´echelle microscopique d´ecrit la r´eponse de l’atome unique et est bas´ee sur une description
 quantique non-relativiste. L’´echelle macroscopique d´ecrit la propagation des champs et r´esout les


´equations de l’optique non-lin´eaire pour mod´eliser le champ laser g´en´erateur et les ´equations de
 l’optique lin´eaire pour le champ XUV.


Ce mod`ele a ´et´e appliqu´e pour r´epondre `a diff´erentes situations physiques. Du point de vue
microscopique, nous d´ecrivons une nouvelle approche invariante pour d´ecrire la dynamique d’io-
nisation et en particulier l’´evolution d´ependante du temps de la densit´e ´electronique qui pourra
par la suite ˆetre utilis´ee dans l’approche macroscopique et plus particuli`erement dans la propaga-
tion non-lin´eaire de l’IR. A partir du mod`ele macroscopique, nous avons ´etudi´e les caract´eristiques
spatio-spectrales du faisceau XUV issu de la HHG. En particulier, nous montrons que les propri´et´es
de focalisation du faisceau XUV peuvent-ˆetre contrˆol´ees en imprimant une distribution de phase
sp´ecifique au faisceau g´en´erateur. Nous avons utilis´e cette propri´et´e pour s´electionn´e spectralement
le peigne de fr´equence harmonique cr´eant ainsi un filtre soit passe haut soit passe bas. Nous mon-
trons ´egalement que la distribution spatiale en champ lointain peut-ˆetre contrˆol´ee de telle sorte
qu’un faisceau plus homog`ene, d’une harmonique `a l’autre, peut-ˆetre obtenu. Ce travail th´eorique
a ´et´e obtenu dans le cadre de l’approximation des milieux fins et a ´et´e compar´e `a des exp´eriences



(12)r´ealis´ees au laboratoire CELIA et montre un bon accord qualitatif. Nous avons ´egalement appliqu´e
 notre mod`ele `a un sch´ema o`u une pr´e-ionisation du milieu a ´et´e r´ealis´ee. Elle a ´et´e obtenue par
 une d´echarge ´electrique conduisant `a la formation d’une petite fraction de densit´e ´electronique ho-
 mog`ene. Dans ce sch´ema, pour lequel le mod`ele num´erique complet a ´et´e utilis´e pour la propagation
 de l’IR, nous montrons que la propagation du champ IR se comporte diff´eremment en deux r´egion
 distinctes : i – une premi`ere correspondant `a la propagation en entr´ee de milieu et pr´esente une


´evolution spatiale du faisceau tr`es rapide ii – une seconde, se situant apr`es la premi`ere dans la
 direction de propagation, o`u le faisceau se stabilise et peut former des interf´erences constructives
 du faisceau XUV de telle sorte qu’un quasi accord de phase est obtenu. Nous avons montr´e qu’une
 amplification du signal harmonique jusqu’`a un facteur huit peut ainsi ˆetre obtenu. Un rendement en-
 core meilleur peut-ˆetre atteint dans certaines configurations. Ce travail a ´et´e obtenu conjointement


`a un travail exp´erimental r´ealis´e `a ELI-Beamlines. La comparaison des r´esultats exp´erimentaux et
th´eoriques montre un bon accord quantitatif.
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(25)INTRODUCTION


Principles and applications of High-order harmonic generation (HHG)


This work is dedicated to the theoretical study of High-order harmonic generation in gas phase.


The interest in this physical phenomenon arises from the fact that it provides one of the sources
 of attosecond pulses in the XUV domain together with free-electron lasers (FEL) [1] and plasma
 mirrors [2]. An advantage of HHG in gases is its high coherence, versatility, possible high-repetition
 rate and accessibility of the source compared to the other techniques. The coherence is also linked
 with the precise timing of the process, which makes HHG ideal to use in pump-probe schemes [3,
 4]. Furthermore, FEL’s and plasma mirrors are limited to large facilities since it requires the
 production of an energetic laser pulse,1 while an HHG source may be constructed from commercially
 available equipment and is reachable for standard university laboratories. Such a source is of
 high practical interest as the resulting XUV radiation may be used to probe matter on ultrashort
 (attosecond, i.e. 10−18s) time scales – comparable with the characteristic times of electronic motion
 in atoms and molecules. HHG opens a way to directly access these scales because it produces XUV
 pulses of comparable duration. A pulse of the duration down to 43 as was actually produced
 and measured experimentally [6]. This state-of-the-art temporal resolution allows to study atomic
 processes like electronic and molecular motion in ”real-time” [7, 8, 9]. Complementary to the
 dynamical phenomena studied in time domain, it also provides access to spatial resolution of atomic
 and molecular orbitals via tomography [10,11]. See also a comprehensive review of techniques and
 applications [4].2 In this sense, attosecond XUV pulses become a unique tool being our sight and
 touch of the World at atomic scales.


A limiting factor for some applications of HHG is its low conversion efficiency, which is under
 a high development since its discovery but still reaching at most up to∼10−6–10−4 (depending on
 the XUV- and IR-wavelengths) [13,14]. This motivates high interest to study the source and find
 ways to control and optimise it, which requires a deep understanding of the underlying physics.


Let us discuss the mechanism of HHG. It is a secondary source of radiation, which means that


1These limitations are of course a subject of development to make them more accessible, an example is the scheme
 of a rotating plasma mirror as proposed in [5].


2To apply the XUV for precise measurements, its own metrology is necessary. A review of various techniques is
provided in [12].



(26)a primary laser source is needed. This primary source interacts with matter, which is a gaseous
 medium in our case. Because the physics of HHG is swinging around the ionisation threshold of
 the atoms of the medium, the intensity of the primary source must be intense enough to induce the
 ionisation process but not too high to fully ionise the gas instantly. A typical intensity range to
 produce efficiently harmonics is of the orderI ∈1013,1016 W/cm2 (in comparison, the threshold
 intensity for suppressing the Coulomb potential in argon isI ≈2.5×1014 W/cm2).


There may be additional requirements on the driving pulse characteristics depending on the
 usage of the XUV field. For example, a single-cycle pulse may be used to generate a single attosec-
 ond pulse, which is required for some applications [15]. Another aspect of laser profile is that it
 is macroscopic compared to the atomic scales – the spatial evolution of the driving field is negli-
 gible within a single microscopic system. Next, it is shown that in some cases the HHG process
 is scalable and different geometries may produce the same outputs [16]. For example, the longitu-
 dinal dimension, radial dimension, medium density and driving pulse energy (z, ρ, ϱ, E) scale with
 a dimensionless η as (η2z, ηρ, ϱ/η2, η2E) in certain conditions. From the previous discussion, it is
 obvious that the better control we have over the primary source, the more control we have over the
 secondary source.


The basic principle suggests that there are two scales of interest: 1) microscopic scale of a single
 atom of the gas, where the laser-matter interaction induces the HHG process; 2) macroscopic
 scale describing the propagation of both the driving laser field and the secondary radiation in the
 medium.


We start with the microscopic part. HHG may be considered as going beyond standard per-
 turbative non-linear optics. Let us explain the reason. The perturbative treatment writes the
 non-linear response Pnon-lin as a power series in the electric field E, namely Pnon-lin=P+i=1∞χ(i)Ei.
 In the perturbative regime, the electric susceptibilities, χ(i), are assumed to drop fast with their
 order i, [17]. However, it did not agree with experiments [18, 19,20], where an extended plateau
 in the harmonic orders of the primary laser was observed. Such a mechanism was briefly discussed
 theoretically in [21]. A quantitative explanation of this surprising result came later [22, 23, 24].


The explanation is the following: the perturbative approach assumes that the electrons remain
 bound in the electron shell.3 In HHG, the response does not drop with the harmonic order because
 the electron is torn out of the atom during the process. The full process is explained in three steps:


1) the atom is ionised by the laser field; 2) the liberated electron is driven by the field and due to
 its periodicity, it may recombine with the parent ion; 3) the electron emits the excess of energy
 gained from accelerating in the field in the form of an XUV-photon. This process repeats twice per
 optical cycle, which results in a train of attosecond pulses [25]. The periodicity in time together
 with the spatial symmetry of the atom is then translated in the spectrum to form odd harmonics.


3The power series then somehow fits a notorious physical model of an anharmonic oscillator.
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Macroscopic effects


The main interest of this work goes further towards macroscopic properties of HHG, which funda-
 mentally emerge from the collective contribution of many microscopic systems. (One of the typical
 targets for HHG contains∼109 atoms.)4 We focus on two aspects of the macroscopic generation:


a) the control of the divergence of XUV beams generated in thin media, b) the phase-matching of
 the generated field in long media. The studies of the two configurations have been done in close
 collaborations with experiments conducted at CELIA and ELI-Beamlines.


We specify the classification of the length of the target before we discuss the details of the two
 geometries. The classification is linked with two characteristic dimensions determining the resulting
 macroscopic XUV signal. These dimensions are respectively transversal and longitudinal defined
 by the optical axis – the direction of the propagation of the driving laser. A thin target means
 that these two dimensions may be decoupled or even the longitudinal effects may be neglected. As
 a consequence, all the transversal XUV-signal structures in the thin-target can be attributed to the
 transversal effects in the generating medium.


Referring the thin-media geometry a). A higher degree of control of the harmonic characteristics
 can be potentially achieved since the longitudinal aspects are treated independently. Consequently,
 it allows also a better understanding of physical mechanisms. This brings different questions such as:


How does the generated XUV beam look like? More specifically: What are the focusing properties
 of the beam? What are the sources of interferences in the XUV spectrum? Are these effects
 spectrally sensitive? Numerous studies [26,27,28,29] recognised the radial interference patterns
 in the spatially resolved harmonic spectra. A key role was attributed to the interference of different
 quantum paths [30] leading to the same energy of XUV photons. The mechanism of the quantum
 path interference (QPI)is that more quantum paths [31] contribute to one energy in the spectrum.


It was recognised later that another key mechanism there is the radial macroscopic profile of the
 driving beam [32]. It turns out that the intensity profile is imprinted in the intrinsic phase of the
 microscopic response, which adds up with the macroscopic phase driven by the curvature of the
 driving beam.


To summarise the key physical principles: The phase of the XUV beam is dictated by the
 macroscopic intensity and phase profiles of the driving beams. The role of the quantum paths is
 also essential because the intrinsic phase of the different paths responds differently to the intensity
 profile. We exploit these mechanisms in this work further. We control the phase by the positioning
 of the thin target which defines the imprinted curvature as of the driving field. We are thus able to
 control the divergence of the generated XUV beams by this mechanism. Next, we show the spectral


4This example consider a gas cell with the length L = 1 cm filled with a gas at p = 10 mbar at standard
temperature and a laser focused to the diameter aboutρ= 100µm, the number of particles is thenN=Lπρ2(p/p0)nL,
wherenL≈2.7×1025 m−3 is the Loschmidt’s constant andp0 the standard pressure.



(28)selectivity of the process. These results are published in [33,34].


The second geometry b) is dedicated to the optimisation of the phase-matching (PM) in long
 media. It is a challenging problem compared to ”usual” non-linear optics in the perturbative regime
 (Section 2.3, [35]). The reason is that the phase-matching becomes a dynamical process in HHG:


1) The medium is being ionised during the passage of the driving pulse, which changes the optical
 properties of the medium at different parts of the pulse. As a consequence, PM is a time-dependent
 quantity. 2) Because the intrinsic phase depends on the intensity profile as mentioned above, it
 gives another time-dependent effect to the phase-matching. The main phase contributions are then:


the dispersion, the contribution of the free electrons due to ionisation, the geometrical phase of the
 driving beam, and the contribution of the intrinsic microscopic phase. Physical insight is based
 on the study of local dephasing [36]: the phase of any microscopic atomic emitter has to interfere
 constructively with other emitters in the macroscopic volume. This model is then up-lifted to form
 a macroscopic response [37]. It enables to infer the range of the constructive interference. This
 range is the so-called coherence length that is defined as the along which the generated fields add
 up constructively. As a result, the model [37] provides the estimate of the total XUV signal.


The phase-matching is instrumental to optimise the XUV signal along the optical axis. Other
 applications aim to the filtering of the XUV, either in time to produce an isolated attosecond
 pulse [38] or select only some of the harmonics from the spectrum [39]. PM is therefore of high
 interests for the HHG community from the beginning and a huge effort has been devoted in this
 area, for example [40,41,37,36,42,43,44,45,46,47,48,49], see also the review in [38].


Moving toward practical realisations, the understanding of phase-matching has been blossoming
 various ideas and schemes. We mention some of the PM-schemes here. A natural property of
 intense pulses is the gradual ionisation by the pulse. This creates a window where the PM is
 possible due to an optimal plasma density produced by the ionisation. It is called the transient
 phase-matching that has been studied in [50, 47, 51, 52, 53, 54, 55, 38]. The wavelength of the
 driving laser also changes PM and allows different effects to be at play [56,57,49,58,14,59]. The
 PM can be also assisted by using multicolour driving fields [14]. (The multicolour field contains more
 dominant spectral components: usually the fundamental frequency together with its 2nd harmonic.)
 Because the phase is intrinsically linked with the geometry of the beam, controlling its wavefront
 may drive PM as, for example, a two-foci scheme [60] or a use of a flat-top beam [61]. Another
 option is to guide the beams to control their phase, which leads to one of frequent geometries
 in HHG [62, 51, 63, 64, 65, 66]. Complementary to the geometry of the beam, the geometry of
 the target may be used for PM as well: A simple geometry is a chain of gas jets [40, 67, 68, 39]


resembling the idea of quasi-phase-matching in usual non-linear optics, Section 2.4 of [35]. As
mentioned in the thin-media geometry a), the intrinsic microscopic phase is related to the gradient
of intensity, which brings another possibility to control PM [69]. In summary, the complexity of the
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process makes the comprehensive understanding challenging but also brings many possible ways to
 control it.


The geometry introduced in this work [70] adds the density of the free electrons as a tunable
 parameter in the phase-matching scheme: the medium is homogeneously pre-ionised before the
 interaction. It turns out that the pre-ionisation does not lead to the re-shaping of the driving
 pulse. Basically, we can adjust the phase constantly in the whole medium. The main application
 is demonstrated in HHG in long media, where the intensity is clamped shortly after the entry of
 the medium [71,72,73]. The clamping also reduces the possibility to design the pulse in this case.


Our method implements a way to easily control the phase in this region.


In conclusion, our studies of HHG address two important geometrical effects in HHG: the XUV
 beam focusing due to the transversal geometry of the target, and the optimisation of the phase-
 matching due to pre-ionisation in long media. It thus brings novel understandings of these two
 aspects in HHG.


Numerical modelling: multi-scale approach


An inseparable part of work is its numerical modelling of the physical processes. We discuss some
 key concepts before we specify our concrete implementation. In some sense, the story of the multi-
 scale approach contains a repeated motif of coupling and decoupling. We have already seen this
 motif in the need of coupling the microscopic and macroscopic views, and in the decoupling of
 the transversal and longitudinal effects in HHG. The same pattern appears to be impressed in the
 numerics.


To motivate the need of a fully numerical description, we start with a short example: the concept
 of the refractive indexnfor ultrashort pulses, i.e. with a broadband spectrum. The refractive index
 describes the optical properties of a medium and is naturally expressed in the frequency domain
 as n(ω). Complementary, we have already discussed the change of the optical properties in time
 due to the ionisation caused by the passage of an intense pulse. It would na¨ıvely bring the refractive
 index as a function of both frequency ω and time t. However, such a function is a mathematical
 nonsense because t and ω are conjugate variables. There is thus a limit in the concept of the
 refractive index and a way to overcome this problem is to stick to a solution of Maxwell’s field
 equations.5 To find such a solution, we are left with numerical solvers to include quantitatively the
 non-linear effects induced by high intensities involved in HHG.


A consistent multi-scale model of HHG is thus of high interest as it may provide an essential
 tool a) to understand the interplay of various mechanisms within the process and b) to design the


5To be rigorous, the use of ω and t may be included using a convolution. However, the inclusion of highly
non-linear processes would be complicated anyway.



(30)gaseous target and the laser pulse to control the XUV field from HHG. At the moment, we can refer
 to the thin targets geometry and the two sources of interferences therein – QPI and geometrical
 effects of the IR-wavefront. The PM in long media is also based on interference, the resulting
 pattern forms the so-called Maker fringes [74,75]. The complex interplay of these effects is exactly
 an example to apply the multi-scale approach. Another important question is the propagation of the
 driving pulse shaped including non-linearities. Especially, to quantify the plasma defocusing [76]


leading to the aforementioned intensity clamping, which may compete with the Kerr-induced self-
 focusing [77] for some intensities. All these questions may be hard to quantify without a detailed
 numerical treatment.


Let us introduce our computational strategy and simplifications of the description used in
 our work. A model from the basic principles would require a feedback loop in the description
 of the electromagnetic field and atoms of the medium. This loop is computationally demanding
 when both sides – the field and the atomic responses – are fully numerical themselves. In our
 approach, we decouple the driving IR-field and the generated XUV-field. The optical response of the
 medium is then computed by different strategies: the driving pulse is shaped mainly by the effects
 of standard non-linear optics; the source of the XUV-field needs a particular approach, but the
 propagation of the XUV-field itself is not strongly affected by non-linearities. The computational
 modules are then pipelined into three steps: 1) The propagation of the driving laser is computed
 including the non-linearities described by the means of non-linear optics and a simplified model of
 ionisation. 2) The numerical field from the previous step is inputted into the microscopic solvers,
 which provide elementary emitters of XUV radiation at every point of the generating medium. 3) All
 the microscopic emitters are collected to form the macroscopic XUV field. Another simplification
 goes towards the reduction of the dimensionality of the problem: We assume cylindrical symmetry
 in all the configurations in this work.


An inseparable part of the solver is the specification of two components: i) the physical model
used for each of the processes 1)–3), and ii) the numerical implementation. The pivoting ideas of
the implemented parts summarise as follows: 1) We use the computational kernel developed in [78],
the physics is modelled by the non-linear Schr¨odinger equation implying unidirectional propagation
of the field. It includes various linear and non-linear responses of the medium, the implementation
uses Fourier transform to describe each of the effects in a suitable domain – time or frequency –; it
thus needs to switch the domains frequently during the run of the solver. The propagation of the
field in the medium is treated by the Crank-Nicolson propagator [79]. 2) The microscopic response
is described by the central equation of quantum mechanics: the time-dependent Schr¨odinger equa-
tion (TDSE). This has to be solved many times for various fields of the medium. Due to the high
computational cost, we use a simplified 1D-geometry. The implementation relies on a grid method
combined with the Crank-Nicolson propagation. 3) The macroscopic XUV field is retrieved from



(31)Introduction 7


a diffraction-like integral based on the Hankel transform.


One of the key philosophies within the development is modularity. Each subtask shall be easily
 replaceable by other models. We thus use a wider range of tools for the microscopic response.


Another approach we use is the so-called Strong-Field Approximation (SFA) [24]. This approach
 avoids the explicit solution of the TDSE by using an ansatz. This is further simplified down to a set
 of algebraic non-linear equations [80]. A simple model of the microscopic response is of particular
 interest as its computation by the TDSE is a bottleneck of the calculation.


This gradual palette of models with a various balance of accuracy vs. computational cost is
 very useful for HHG-schemes, which involve many defining parameters of both the driving field and
 the target. One of the strategies applied in this work is to use an advanced model to benchmark
 the validity of a simplified and computationally cheap model on a test example within the range
 of interest. The simple model is used to recognise promising configurations to optimise the HHG-
 scheme. Finally, the advanced model is used again to verify and refine the configurations of interest.


To conclude the discussion about numerics, we put our numerical modelling into a broader
 context and review other approaches. One of the milestones, and possibly the birth of modern
 computational physics, is the Manhattan project [81], where machine-based computing began to be
 used extensively. For example, the idea of the Particle-in-cell (PIC) for hydrodynamical problems
 originated there [82]. Moving to the physics of our interest, numerical tools were already in use
 in the 1960s for the focusing of an optical beam [83] and the TDSE [84] being exactly the two
 problems of our interest. The development of these numerical approaches has continued later on,
 and for example 1D-TDSE is today a standard classroom problem [85]. But it does not mean that
 novel efficient solvers are not needed. Especially for higher dimensionality as, for example, direct
 multi-electron solvers are still beyond the numerical power today.


According to the outlined high physical interest of the HHG, several numerical tools covering
 the multi-scale approach have been already developed:


• A direct coupling of Maxwell’s equations with the TDSE is presented in [86]. This calculation
is very expensive and only micrometric targets are computable for the 3D-Maxwell-3D-TDSE
case with reasonable resources. Such a solver is an ideal tool for fundamental questions as
there are only inevitable numerical approximations but no physical approximations (within
the framework of non-relativistic quantum physics with classical fields). To downscale the
computational cost, some simplifications in this model are introduced: Because the free elec-
trons created by the ionisation may move away from the parent ions, the free electrons are
described as plasma after the ionisation [87,88]. Furthermore, the microscopic model is sim-
plified using the SFA and the number of numerically computed microscopic sources is reduced
by their interpolation [89].



(32)• Another approach based on the unidirectional propagation is introduced in [90] and [91]. The
 microscopic response is treated by the SFA and 1D-TDSE, respectively. This formulation
 is also used in [92,48,93] and further extended in [94], where the SFA is further simplified
 taking into account only semi-classical quantum paths. A similar approach based on the same
 formulation is used in [95,96].


Unfortunately, these models are not publicly available as open-source packages unlike, for example,
 some PIC codes [97]. We thus cannot provide a direct comparison of the numerical performance
 and other details.


The main work done in the multiscale model in this work is thus mainly in the coupling procedure
 of the originally independent codes. Besides this, we also discuss the development of a 3D-TDSE
 solver in this work.


Ionisation


Here, we want to clarify one of the crucial terms we have used already several times: ionisation.
 Ionisation is an important interlink of microscopic and macroscopic physics: The process starts
 with a single atom and leads to the density of free electrons. Once we try to inspect ionisation
 in detail within the atomic scale during the interaction with an external optical field, we may
 arrive at some troubles with its proper definition. The reason is that it is non-trivial to choose an
 invariant reference. Two natural choices seem to rely either on the volume, where the electron is
 located with a certain probability; or on the projection onto the atomic bound states. The problem
 with the former is that the volume of an atom is ambiguous. For the latter, the gauge invariance,
 Chapter 16.4 of [98], comes to play. The presence of the external field affects the states, but their
 form depends on the choice of the gauge. Although this problem seems subtle at the first sight,
 it has been a stimulus for further research as there is something non-trivial unclear about this
 fundamental term in our area.


The idea to use quantum mechanics to treat ionisation using static fields came early with the
 foundations of quantum mechanics in 1928 [99], where is proposed a correction of the perturbative
 series for the Stark effect. Practical quantitative calculations became important later with the
 development of the laser technique generating optical fields strong enough to ionise atoms. Works
 from that time [100,101,102,103] successfully estimated the ionisation rate; however, they use ad
 hoc assumptions starting with a fixed gauge. The resulting description provides a rate equation,
 which lacks the coherence of the process or re-collisions essential for HHG.


To overcome these complications, we develop a novel methodology based on the invariantly
calculated energetic distribution of the wavefunction of the electron [104]. We use the formalism of
the resolvent operator to find a convenient expression of the energy distribution. This allows us to do
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a numerical analysis based on numerical implementation of the resolvent formalism [105,106,107].


The importance of the work is in a novel insight in the ionisation process. Having this universal
 tool, we apply it to study the limit pictures of the ionisation explained in the terms of a single-
 photon [108], multi-photon regime [109], or tunnelling regime [100]. Using our method, we both
 get insight in the process and obtain a tool to verify the rate equations.


Thesis organisation & units


To ease the orientation in the thesis, there is a signpost. First, we provide a brief phenomenological
 explanation of the physics involved in all the parts of the multi-scale model in Chapter 1. Then,
 there are two options for the reading: the work continues talking about physics in more detail from
 the microscopic, PartIand macroscopic, PartII, viewpoint. The second option is to move directly
 to Part III of the thesis, for the readers interested only in the implementation of the multi-scale
 model.


The content of all the remaining chapters is the following: Chapter2presents a general quantum-
 mechanical model and the approximations we use. Based on the quantum-mechanical model, we
 retrieve the source term of HHG directly from TDSE or further simplified by the SFA. Chapter 3
 provides a comprehensive picture of ionisation in optical fields. We introduce there the technique to
 unambiguously retrieve ionisation from a solution of TDSE. We put this method into the context of
 usual phenomenological pictures of ionisation. Chapter4introduces formulation of the propagation
 equations, which are shared for both the XUV- and IR-field. Chapter5then treats the propagation
 of the XUV field based on the diffraction-integral formulation. This theory is then applied on the
 problem of optics-less focusing. Chapter 6 completes the physics of the multiscale model. We
 provide the details about the model solving the propagation equations of the IR-field. The full
 model is applied to the problem of the optimisation of the harmonic yield by pre-ionising the
 target. After this chapter, we move to the details about the numerical implementation in PartIII.


Chapter 7 provides the details about the numerical methods to model microscopic physics: the
 Hamiltonians using 1D- and 3D-geometries; the evolution in time and the methods used to compute
 the ionisation by the so-called complex rotation. Chapter 8 provides a brief review of the solver
 we use to model the non-linear propagation of the driving IR-pulse. Chapter 9 introduces the
 diffraction integral used to model the macroscopic XUV signal. The multi-scale model is assembled
 in Chapter10. Finally, Chapter11summarises the work and gives perspectives for possible future
 developments.


The last remark is about the units. According to different suitable units to the physics in
microscopic and macroscopic scale, the usage of the units is part-wise in the thesis (if not stated
otherwise). PartIuses atomic units (see Appendix A). PartIIuses SI units. PartIIIis indifferent



(34)to the units because it discusses only numerical representations for computer modelling. All the
factors are then explicitly in the equations, and we assume all the physical constants evaluated in
SI units.



(35)1. BASIC CONCEPTS


Although the quantitative multiscale model we will describe in this work relies on large numerical
 solutions, basic examples and concepts may provide a picture of the involved physics. We overviewed
 them in the introduction and here we illustrate them by simplified semi-empiric or phenomenological
 models. The main purpose of this chapter is to build a skeleton that will be encased by more
 advanced treatments in the rest of this work.


First, we review the picture of the microscopic response of a single atomic system in Section1.1.


Then in Section 1.2, there are discussed the shaping effects of the IR-driving pulse due to the
 non-linear propagation emphasising the effects in the principal directions: along and transversal
 to the propagation. Corresponding considerations are done for the generated XUV radiation in
 Section1.3. Finally in Section 1.4, there is provided a framework of the coupling used to form the
 final multi-scale model from all the respective components.


1.1 Physics driven by single-atom response: three-step model, spectra, ionisation
We start with the response of a single atom subjected to an external field with a typical intensity
for HHG, which peak value is sufficient to start ionising the atom by few %.



(36)1.1.1 Three-step model


Fig. 1.1: Schematic representation of the three-step model. The electron e− is ejected near the maximum
 of the electric field in the first step, A. Then it propagates driven by the field and due to its periodicity,
 its motion is reversed, and it is accelerated towards the parent ion, B. Finally, the electron recombines
 back while emitting the sum of the excess of the kinetic energy and the binding energy in the form of an
 XUV photon,C. Used from [110] under the CC BY-NC-ND 4.0 licence.


The insight into the HHG within a single half-cycle of the driving laser emerges from the
 aforementioned three-step model. This model is schematically illustrated in Fig.1.1. Because this
 process is precisely triggered by the driving laser, it may provide a highly coherent source.


1.1.2 Harmonic spectra


An XUV source is characterised by its spectrum that is the energy distribution of the generated
 radiation. Figure 1.2(a) shows an example of a numerically computed spectrum of a single atom.


To characterise this process, it is convenient to represent the energyE rescaled in harmonic orders
 of the driving laser, H=E/(ℏω).


The harmonic spectrum can be divided into three regions with two characteristic points sepa-
 rating them. First, there is the perturbative region, where the response is exponentially damped,
 going towards the ionisation potential IP. After this point, the physical mechanism is dominated
 by the freed electrons described by the 3-step model. Classical equations of motion imply the ex-
 istence of a maximal possible energy Ecut-off that may be produced during the recombination [22].


This energy ends a plateau of harmonics between IP and Ecut-off with nearly constant amplitude.


The value of the cut-off deduced from the classical equations of motion is
 Ecut-off≈Ip+ 3.17Up, Up = 2e2


cε0me


I


4ω2 , (1.1)
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Fig. 1.2: The example of a spectrum retrieved from a numerical simulation of HHG in neon for the intensity
 corresponding to cut-off starting by the 49th harmonic in this case. The ionisation potential,IP ≈25.5 eV,
 which lies between the 13th and 15th harmonic in this case. (a) shows the spectrum from a single atom, while
 (b) shows a macroscopic spectrum in a far-field region from a radiating plane of the microscopic emitters
 from a Gaussian beam. (The microscopic response (a) is computed by 1D-TDSE described in Section 7.5
 while (b) is a far-field distribution given as a weighted coherent sum of the emitters in a radiating plane.


See Section5.2for a detailed discussion of the conditions and used methods to compute the spectra.)
 Up is the ponderomotive energy of the field and is proportional to the intensity of the field I and
 inversely proportional to its squared fundamental frequency ω2. Note that the numerical value of
 the pre-factor 2e2/(cε0me) vanishes in the atomic units.


Figure 1.2(b) presents the spectrum of the macroscopic signal. For a basic picture, we may
 consider it as a coherent sum of many microscopic emitters. A notable feature is that this spectrum
 is much more regular with well-defined odd-harmonic orders compared to the more ”chaotic” profile
 in the plateau of the microscopic response. It means that, from the microscopic viewpoint, there
 are more incoherent processes. Generally, these effects may come from the interferences of multiple
 cycles that differs from each other in the case of an enveloped laser pulse. Since the macroscopic
 field is a sum of the elementary emitters, only coherent components prevail leading to more regular
 spectrum as depicted in Fig. 1.2(b). In this sense, the difference of these spectra is an example
 of the macroscopic build-up of HHG.1 For the instant, this provides us the difference between the
 spectrum of a single microscopic emitter, which corresponds to the local field, and the filtered
 spectrum in the far-field.


Complementary to frequency, the XUV field is characterised in time. The components of the
 spectrum are ”mode-locked”, in the sense that the three-step model is repeated every half-cycle. As
 a consequence, the process leads to well-defined attosecond pulses of XUV radiation. (A detailed


1To be rigorous, there is a clarification of some terms. The terms microscopic and macroscopic are related to the
origin of a phenomenon: originating from the single-atomic response or by the collective contribution of many atoms,
respectively. In experiments, XUV is frequently characterised in ”far-field” region defined by the applicability of the
Fraunhofer diffraction (see AppendixD). In the sense that ”near-field” is taken as the opposite of ”far-field”, it still
contains macroscopic effects. The distinctions of various regions is related to different leading terms contributing to
the signal, see Sections 9.1 and 9.2 of [111]. In the limit case being at the position of a single microscopic emitter,
the field and the microscopic response are linked, this is discussed more formally in Section5.1.



(38)study of these effects is the subject of Section5.2.8.) This typical profile is the so-called attosecond
 pulse train.


We conclude this section with a remark about the harmonic orders we observe in the spectrum.


We use a driving field with a single dominant frequency (single-colour field) for all the examples we
 study in detail in this work. This together with the spherical symmetry of atomic targets leads to
 the production of odd harmonics in the spectrum. The spectral properties are changed if some of
 the symmetries is broken. It leads, for instant, to: i) An XUV supercontinuum is generated if this
 process is limited to happen only once, see [112] and references therein. ii) Even harmonic orders
 appears for multi-colour fields, for example [14]. iii) The response differs if there is an asymmetry
 in space which may be caused by chiral molecules or even by dissociating symmetric molecules in
 some circumstances [113].


1.1.3 Ionisation


Ionisation within the quantum description of HHG is an important intermediate step forming the
 3-step model. There is not much of interest in the electrons that recombine. However, they may
 contribute significantly to other processes. Namely, they form a low-density plasma, which is
 important for the propagation of the driving laser. We thus need to estimate the probability of
 ionisation to obtain the plasma density.


Here, we stick with a pragmatic intuitive picture. Quantum mechanics provide the probability
 density, ϱe(r, t), of finding the electron at a given position r. We define the ionisation as the
 probability of finding the electron outside the atomPion = 1−RV


atomϱed3x. To find the evolution in
 time, a dynamical description is needed. A desired outcome is a rate equation,∂tPion=−Γ(|E|)Pion,
 that provides a way to compute the plasma density based only on the time evolution of the electric
 fieldE(t).


1.2 Driving laser: propagation in a non-linear medium


The macroscopic HHG-field is given by the collective contribution of all atoms of the generating
 medium. As the intensity of the laser must be high enough to induce highly non-linear HHG, other
 non-linear effects are naturally present as well.2 These effects significantly reshape the driving
 pulse. Here, we provide some simple models to get the insight in the principal non-linear effects
 in our case. We separate two characteristic directions of the problem: along the propagation axis
 (∥,longitudinal) and transversally to the propagation (⊥,transversal).


2Generally, a pulse in time is dispersed already due to the linear effects as estimated in the introductory to the
wave propagation in Chapter 7.9 of [111].




    
  




      
      
        
      


            
    
        Odkazy

        
            	
                        
                    



            
                View            
        

    


      
        
          

                    Stáhnout nyní ( PDF - 271 Stránka - 7.14 MB )
            

      


              
          
            Outline

            
              
              
              
              
              
                              
    Driving laser : propagation in a non-linear medium
                              
    Adiabatic external field
                              
    Invariant energy & energy measurements
                              
    Invariant picture of ionisation : Linear, multi-photon, tunnelling processes
                              
    Continuous on-axis model
                              
    Unidirectional pulse propagation equation (UPPE)
                              
    Time aspect of the generation
                              
    Numerical methods for TDSE : representation of |ψ⟩
                              
    Krylov-subspace methods
              
              
            

          

        

      
      
        
  Související dokumenty

  
    
      
          
        
            Bakalářská práce
        
      

        Bachelor´s thesis is composited from information about technological principles of faultless  welding and from description and evaluation of the technical devices used for welding.

    
      
          
        
            2 The Czech Education System and our Data
        
      

        Table 2 lists least-squares female-dummy coe¢ cients from admission regressions conditioning on both the Czech and the math ‘Maturita’test score, the secondary-school type, the

    
      
          
        
            Emigration from the Perspective of the School-to-Work Transition in Bulgaria
        
      

        This article explores the labour emigration of young people in Bul- garia both from the perspective of their intentions to make the transition from  education to the labour market

    
      
          
        
            Strukturální příčiny poklesu sňatečnosti a nárůstu svobodných v České republice v průběhu devadesátých let
        
      

        Mohlo by se zdát, že tím, že muži s nízkým vzděláním nereagují na sňatkovou tíseň  zvýšenou homogamíí, mnoho neztratí, protože zatímco se u žen pravděpodobnost vstupu

    
      
          
        
            Undergraduate programme
        
      

        Description:  The goal of this course is to give the students a basic orientation in modern monetary economics. The first part is devoted to the role of money in the economy and to

    
      
          
        
            č ková Brigita Bakalá ř ská práce Vedoucí práce: Autor práce: Mgr. Švábová Veronika 2011 Jane Edukace pacient ů s antikoagula č ní lé č bou ě sociální fakulta Jiho č eská univerzita v Č eských Bud ě jovicích Zdravotn
        
      

        The aim of our work is to find and quantify the extent to which patients adhere to the  principles  achieved  through  education,  to  compare  the  results  in  men  and  women,  and

    
      
          
        
            2 Plan of the review
        
      

        II Midisuperspace models in loop quantum gravity 29 5 Hybrid quantization of the polarized Gowdy T 3 model 31 5.1 Classical description of the Gowdy T 3

    
      
          
        
            2 Description of the model
        
      

        Key words: Shell models of turbulence, viscosity coefficient and inviscid models, stochastic PDEs, large deviations.. AMS 2000 Subject Classification: Primary 60H15, 60F10;

      



      

    

    
            
                        
             Nahrajte své studijní materiály ke stažení všech dokumentů.

            
              

                        
  

                
            
            
        
        Nahrát
                

            Váš dokument bude obohacen, sdílen na 9PDF CZ, aby vám pomohl při studiu.

          

                    
      
  Související dokumenty

  
          
        
    
        
    
    
        
            Koncept active city: plán rozvoje města
        
        
            
                
                    
                    1
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            Bc. Michal Kučera Master Thesis Review Qualitative Comparison of Methods for Example-based Style Transfer
        
        
            
                
                    
                    1
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            The Easter In The UK And USA
        
        
            
                
                    
                    9
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            The Fault in Our Stars
        
        
            
                
                    
                    8
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            Form´aln´ısyst´emaimplementaceOtakarSmrˇz Funkˇcn´ıarabsk´amorfologie
        
        
            
                
                    
                    35
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            1.Introduction OtakarSmrž FunctionalArabicMorphology
        
        
            
                
                    
                    26
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            A Comparison of Flow Field Characteristics from PIV Experiment Measurement to Numerical Simulation
        
        
            
                
                    
                    10
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            1Introduction R -MatrixRealization RepresentationsofQuantumAﬃneAlgebrasintheir
        
        
            
                
                    
                    25
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

      


              
          
            
          

        

          

  




  
  
  
    
      
        Společnost

        	
             O nás
          
	
            Sitemap

          


      

      
        Kontakt  &  Pomoc

        	
             Kontaktujte Nás
          
	
             Feedback
          


      

      
        Legal

        	
             Podmínky Použití 
          
	
             Zásady Ochrany Osobních Údajů
          


      

      
        Social

        	
            
              
                
              
              Linkedin
            

          
	
            
              
                
              
              Facebook
            

          
	
            
              
                
              
              Twitter
            

          
	
            
              
                
              
              Pinterest
            

          


      

      
        Získejte naše bezplatné aplikace

        	
              
                
              
            


      

    

    
      
        
          Školy
          
            
          
          Témy
                  

        
          
                        Jazyk:
            
              Čeština
              
                
              
            
          

          Copyright 9pdf.info © 2024

        

      

    

  




    



  
        
        
        
          


        
    
  
  
  




     
     

    
        
            
                

            

            
                                 
            

        

    




    
        
            
                
                    
                        
                            
  

                            

                        
                            
  

                            

                        
                            
  

                            

                        
                            
  

                            

                        
                            
  

                            

                    

                    
                        

                        

                        

                        
                            
                                
                                
                                    
                                

                            

                        
                    

                    
                        
                            
                                
  

                                
                        

                        
                            
                                
  

                                
                        

                    

                

                                    
                        
                    

                            

        

    


