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Introduction

INCE the 1970s, the fast-paced development of ultrafast laser systems has revolutionized
multiple scientific and industrial fields [1]. Such devices are capable of producing short
pulses of coherent light lasting typically less than one picosecond. Today, most ultrashort

lasers provide pulses of a few tens of femtoseconds using mode-locked Ti:Sapphire oscillators,
and are used routinely in many different applications. For instance, the brevity of femtosecond
laser pulses is employed in femtochemistry to capture ultrafast events in so-called pump-probe
experiments [2]. Femtosecond pulses are also often used whenever fine material processing is
needed, for instance in laser micro-machining [3] or laser eye surgery [4]. In such applications,
the electric field of femtosecond pulses is used to locally generate a plasma on the target surface

without transferring too much energy—and heat—to the surrounding material.

The key-idea behind ultra-intense laser experiments is to concentrate as much optical energy
as possible in an ultrashort femtosecond pulse, before focusing it in a micrometer-scale area.
The peak intensity Iy (or peak irradiance, in W/cm?) achieved at focus is used to immedi-
ately ionize the target material and accelerate its particles to tremendous speeds. The exact
nature of the subsequently emitted radiation depends on the actual peak intensity, but also on
the target composition and on its state (solid, gas, plasma) before ionization. Starting from
Io = 10 W/em?, attosecond XUV pulses can be generated from the non-linear response of
atoms, molecules or even solids to the ultra-intense pulse [5-7]. Such extremely short pulses
are typically used in highly resolved pump-probe experiments to study the attosecond-timescale
dynamics of electrons [8]. From Iy = 10'® W/cm?, electrons and ions are accelerated by the
pulse electric field to relativistic speeds. Laser wakefield acceleration [9-11] is used to produce
mono-energetic electron beams which recently reached an energy of 8 GeV [12]. ITons, for their
part, can also be accelerated up to a few tens of MeV [13-15]. Today, one of the most challenging
goals resides in reaching the Schwinger limit of Iy = 10 W /ecm?. This intensity value consti-
tutes the theoretical frontier to new quantum electrodynamics (QED) regimes, where vacuum

is ripped apart and electron-positron pairs are produced in the strong electric field [16, 17].

In order to achieve these objectives, high-power laser systems [18] are used to generate amplified
femtosecond pulses which are then focused in experimental chambers. Many different facilities
are spread over the world and combine various technologies with the objective of achieving the
highest peak powers to explore new regimes of physics [19]. At CEA, UHI-100 delivers 25 fs
pulses and reaches the peak-power of 100 TW. The Apollon laser, for its part, is planned to
provide 150 J pulses of 15fs duration, which should therefore generate peak powers of 10 PW
in 2020 [20].
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Despite the complexity of high-power femtosecond systems, the maximum peak intensity is
ultimately limited by only a few fundamental obstacles. One of the most challenging limit
has been the damaging of optics in the laser itself, before pulses had any chance of reaching
the experimental target. Very high peak powers were experienced along the laser chain, which
caused non-linear self-focusing and laser-induced breakdown in amplifying crystals, mirrors and
lenses. Chirped Pulse Amplification (CPA) was applied to high-power lasers in 1985 [21-23]
in order to overcome this major difficulty. The principle of CPA can be understood quite
intuitively: low-power femtosecond pulses produced by the Ti:Sapphire mode-locked oscillator
are stretched in time at the very beginning of the laser chain. This enables their amplification to
high energy while keeping the instantaneous power sufficiently low. In this situation, laser optics
are preserved even though the pulse energy is considerably amplified. At the very end of the
amplification chain, the energy contained in individual pulses typically reaches the joule level
and is spread over hundreds of picoseconds. One last step is required to generate high-power
pulses: re-compressing the amplified pulses back to durations of a few femtoseconds. This is
possible because a particular effort is made all along amplification to keep the spectrum of

generated pulses broadband, which is a necessary condition to achieve ultrashort durations.

Let us focus on the subject of interest for this work: ultrafast metrology. Similarly to any
other large-scale instrument like particle accelerators or gravitational-wave observatories, the
good working order of high-power lasers is subject to numerous critical parameters that have
to be monitored closely. Well before the advent of lasers, Lord Kelvin delivered a lecture about

electrical measurement [24, p. 73], and started his presentation by a very universal statement:

When you can measure what you are speaking about, and express it in numbers,
you know something about it; but when you cannot measure it, when you cannot
express it in numbers, your knowledge is of a meagre and unsatisfactory kind: it may
be the beginning of knowledge, but you have scarcely, in your thoughts, advanced

to the stage of science.

This quote remains truthful when speaking about high-power lasers : advancing to the stage
of science would not have been possible without careful measurement and interpretation of pulse
properties. For this purpose, measurement of the temporal intensity profile has historically
played a decisive role. Temporal characterization became challenging since pulse durations got
lower than a few picoseconds because shorter time-scales are not resolved by photodiodes or streak
cameras. This fundamental limitation of electronic response times led to the development of
several measurement techniques in order to follow the successive improvements in pulse duration
up to the attosecond-scale [25, 26]. Among the different temporal measurement techniques, some
of them—such as FROG or SPIDER—are actually standard metrology tools in the field, and

are used routinely to obtain reliable pulse duration measurements.

Because of their very large output diameters—sometimes up to tens of centimeters—high-

power laser beams must also be characterized in the spatial dimension. It is indeed necessary

2 A. JEANDET
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to properly measure and control the wavefront of pulses in order to focus them as tightly as
possible on target, and obtain higher intensities. Corrections of laser wavefront is generally done
using deformable mirrors, and its measurement can be performed using different well-established
measurement device such as Shack-Hartmann sensors [27, 28] or multiple-wave lateral shearing

interferometers [29, 30].

Despite the continuous metrology improvements made in the last decades, chromatic effects
(also called spatio-spectral couplings) is often overlooked in high-power systems. This is a major
issue in high-intensity experiments, because when a chromatic beam gets focused by a perfect
optic, the different frequency components are all focused differently on target, which spreads the
pulse energy over a larger area and decreases the peak intensity. For the moment, this kind of
aberrations cannot be measured quantitatively in a simple way using the previously mentioned
techniques. Chromatism is well-known in various fields—like opthalmology or optical astronomy—
but has a specific consequence when it affects ultrashort pulses. Since temporal and spectral
properties of ultrashort pulses are related by a Fourier transform, the spectral dependence of
pulse spatial properties is equivalent to a spatial dependence of its temporal properties—which
is also called spatio-temporal couplings. It means that in addition to the spatial energy spread
at focus caused by chromatism, the pulse energy is also spread in time. Numerous sources
of chromatism coexist in a CPA laser chain. Some of its constitutive components such are
stretchers and compressors are literally based on the introduction of controlled amounts of
chromatism in ultrashort pulses. In some cases, it can be improperly compensated, which is
the most common reason for residual spatio-spectral and spatio-temporal couplings in the laser
beam. More complex effects can also be generated in amplifiers or in simple telescopes that are

used to resize the beam between each stage of the laser chain.

Nonetheless, spatio-temporal couplings can also be beneficial if introduced in a controlled
way. The ultrafast lighthouse effect is notably employed in high-harmonic generation to isolate
attosecond pulses using wavefront rotation [31, 32]. Recently, Chirped Pulses with Longitudinal
Chromatism (CPLC)—also called Flying focus—have been extensively studied and enabled
the fine control of intensity peak velocity at focus [33-37]. In more remote fields, transversally
accelerating pulses are for example employed for precise glass nano-machining [38]. Simultaneous
spatial and temporal focusing—which is used in biology for tissue ablation and microscopy—is

also based on femtosecond pulses which are shaped spatio-temporally [39].

To sum up, spatio-temporal couplings are detrimental for effective intensity on target, but can
also be beneficial if controlled accurately. In either case, experimentalists need to have reliable
spatio-temporal measurement devices at their disposal. Many different techniques have been
developed to provide quantitative information about the spatio-temporal profile of measured
pulses [40]. However, none of them are widely adopted or considered as a metrology standard.
This is partly due to the fact that most of existing techniques are complex to implement and

provide results that prove to be difficult to interpret rigorously. However, the main obstacle
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to standardization of spatio-temporal measurements—and to global awareness about spatio-
temporal couplings—is the absence of any commercial measurement device on the market.
This implies that each published spatio-temporal measurement is carried out using different
homemade techniques which all have varying weaknesses and precision. In this situation, fixing
spatio-temporal couplings in ultra-intense lasers is impossible, and estimating the actual peak

intensity on target is highly speculative.

TERMITES is a spatio-spectral characterization technique that has been developed since
2014 at the CEA LIDYL laboratory. This device, based on Fourier Transform Spectroscopy
(FTS), has the advantage of providing full 3D information about the measured pulse while
remaining simple in terms of optical set-up. Previous PhD theses were conducted on this
subject. V. Gallet notably worked on the technique principles and contributed to develop a first
prototype of the instrument at the end of his thesis [41]. G. Pariente continued the development
of TERMITES [42] and vastly optimized the instrument. He chiefly worked on improving the
design so that the full aperture of the UHI-100 laser could be characterized [43]. This work
also led to a patent for the instrument [44], and to the discovery of a major unanticipated

spatio-spectral coupling on the UHI-100 laser chain.

At this stage of the project, both TERMITES and the associated numerical processing of
measured data were proof-of-concepts. In order to become a standard spatio-temporal char-
acterization technique, TERMITES had to be extensively tested and improved. It had to be
used in various realistic conditions in order to validate its good adaptability to characterize
various types of systems. Then, a new prototype had to be manufactured in order to facilitate
the use of TERMITES in a wide range of high-power broadband laser facilities. This first work
package—oriented towards industrial development of the technique—was the first reason why
Amplitude Laser Group and CEA LIDYL proposed a new joint thesis on this subject (in a
french CIFRE contract).

Moreover, despite the recent increasing interest for spatio-temporal couplings in high-power
lasers, chromatic aberrations generated in the various components of such systems are still
largely unknown. The fact that TERMITES has the ability to retrieve highly-resolved 3D
electric fields instead of solely quantifying specific couplings is crucial. This constitutes a
powerful tool by enabling general spatio-temporal surveys without any assumption. For that
reason, spatio-temporal characterization of various laser systems was the second main objective

of my thesis, which was more oriented towards experimental research.
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Outline

This manuscript describes the results that we obtained in order to achieve the two main object-
ives of the thesis. In the first part, I briefly remind the general principles about the generation of
high-power femtosecond pulses. Purely-temporal and purely-spectral measurement techniques
are then quickly reviewed. Following this introduction, we get to the heart of the matter by intro-
ducing spatio-temporal couplings and their sources. The main spatio-temporal characterization
techniques are finally presented. This part provides—I hope—a clear view of the spatio-temporal

metrology landscape before starting the more detailed study about TERMITES.

The second part of this manuscript is dedicated to the first objective: improving the design
of TERMITES, and studying both theoretically and experimentally its abilities and limitations.
The influence of a few different design parameters is decisive for the good working order of
TERMITES; we explain why in a dedicated chapter. Then, measurement perturbations are
studied numerically and their effects on the retrieved electric field are quantified. The end of
this second part is dedicated to extensive experimental tests that we carried out to validate the

technique in practice.

Finally, the last part relates to the measurements that were conducted with TERMITES in
order to establish the spatio-temporal quality of various laser systems—our second goal. We
decided to firstly present a few crucial experimental aspects that can significantly improve the
quality of measurement with TERMITES. All characterization measurements done during this
thesis are then assembled in a last chapter, wherein the source of each measured spatio-temporal
coupling is investigated. We decided to sort this last chapter in a logical order and to illustrate
the discovered couplings for each of the standard CPA components, starting by the stretcher.
We notably elaborate on the measurement done at the output of the petawatt laser BELLA,

and describe the spatio-spectral couplings that have been observed on this system.
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Chapter 1.

High-Power Femtosecond Laser Systems

This first chapter introduces essential concepts relative to high-power femtosecond lasers. We
open the chapter by a brief description of their main building blocks, which will be particularly
useful later in the manuscript to understand chromatic aberrations that are specific to CPA and
post-compression. Then, ultrashort pulses are described analytically. We first express them in
the temporal and spectral dimensions, and then in the spatial domain. Finally, well-established
metrology techniques are addressed. We chiefly explain the working principles of devices which
are usually used to measure purely-spatial and purely-temporal properties of the ultrashort
pulses.
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Chapter 1. High-Power Femtosecond Laser Systems

1.1. Generation of High-Power Femtosecond Pulses

1.1.1. Chirped Pulse Amplification

During early design of high-power lasers, peak power was limited by optical damage and non-
linear phase distortion caused by the very high optical powers that were experienced by laser
system components. Nowadays, the most intense laser systems are nearly all based on the
Chirped Pulse Amplification (CPA) technique which lifted these obstacles in 1985 [21]. As
illustrated by panel (a) in figure 1.1, the idea of CPA consists of stretching ultrashort pulses
in time—from tens of femtoseconds to hundreds of picoseconds—before amplifying them. This
lowers the peak power while enabling the amplification of pulses to tens of joules. At the very
end of the amplification chain, the pulse is compressed temporally to its initial duration in order
to achieve very large peak powers. This idea was originally filed in a patent at the end of World
War II [45], with the goal of improving the range of radar systems which were also limited by
instantaneous power at the time [46]. Forty years later, the concept was applied to high-power
lasers by Strickland and Mourou [21] and then implemented and tested more extensively [22,
23].

(a) LA_> 1&; LA, LL
| Oscillator Stretcher '—' Amplifiers '—' Compressor
f
b c
(b) / M o ] / ©
G M
G
Top view
7N
CX
G
CC
Side view
CX
G M G

Figure 1.1.: Main building blocks composing CPA-based laser systems. (a) Femtosecond pulses are
stretched in time before being amplified. They are re-compressed at the end of the chain. (b) Dia-
gram of an Offner stretcher, viewed from the top and from the side (inspired from [47, fig.2]).
(c) Diagram of a grating-based compressor. G: Grating, M: Plane mirror, CX: Convex mirror,
CC: Concave mirror

In most current high-power lasers, stretching is accomplished using an Offner stretcher. This
fundamental building block is based on an original imaging system invented by Offner in 1971 [48].
Ten years later, this system was analyzed extensively by Suzuki et al. [49], who notably pointed
out that it is theoretically free from any aberration in the horizontal plane. Offner’s set-up
was then combined to diffraction gratings—as shown on panel (b) of figure 1.1—and applied
to high-power lasers to stretch ultrashort pulses by four orders of magnitude [47, 50, 51]. The
general idea behind this concept consists of adding a strong positive Group Delay Dispersion
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(GDD, quadratic spectral phase) to the low power femtosecond beam. This has the effect of
spreading the pulse energy over a longer period of time, effectively reducing its peak power.
Offner stretchers add this positive GDD by making the optical path of high frequencies longer
than the optical path of low frequencies.

Most of high-power femtosecond lasers currently available [18, 19] employ Ti:Sapphire amp-
lifiers in order to increase the energy of stretched pulses. This solid-state amplifying medium
has indeed great qualities that makes it a solution of choice. Notably, its large bandwidth (640
1100 nm) allows the amplification of very short pulses [52], and it has a large energy storage
density compared to other materials. More recently, projects for multi-petawatt femtosecond
systems [19, 53] have been proposed and use non-linear Optical Parametric Amplification (OPA)
to replace or complement Ti:Sapphire amplifiers. This promising way of producing high-power
femtosecond pulses is however not well-spread for the moment, and all lasers studied experi-
mentally during my thesis were based on solid-state amplification in Ti:Sapphire crystals.

After their amplification by the successive amplifiers, high-power pulses are most of the time
compressed using grating compressors [54]. This set-up is essentially in charge of canceling the
positive GDD added by the stretcher at the beginning of the laser chain, by adding an identical
amount of negative GDD. As illustrated by panel (c) of figure 1.1 on the facing page, grating
compressors are much simpler than Offner stretchers. Optimal re-compression is ensured by
precisely tuning the amount of GDD. This is done experimentally by adjusting the distance
between gratings [55, p. 540].

1.1.2. Post-compression

In Ti:Sapphire based CPA chains, the output pulse duration is usually Fourier-transform limited
to ~ 20fs owing mainly to gain narrowing in amplifiers. Some specific applications—such
as attosecond-pulses generation—highly benefit from even lower pulse duration and higher
repetition rates. Post-compression in non-linear media can be used to broaden the spectrum of
a femtosecond laser beam and decrease its Fourier-limited duration, as illustrated by figure 1.2.

I ~ 20 fs FWHM I ~ 5 fs FWHM
t non-linear medium spectral phase t =
from CPA chain S (glass, hollow-core fiber...) correction S to target
w w

Figure 1.2.: General concept of post-compression in non-linear media. FWHM stands for Full-Width
at Half Maximum.

A few implementations of this idea are in use nowadays, but one of the most efficient method
since 1996 is probably post-compression in Hollow-Core Fibers (HCF) [56, 57]. This technique
consists of focusing amplified mJ-level pulses into a hollow-core (porous) optical fiber filled with
rare gas. During their propagation in the HCF, pulses experience Self-Phase Modulation (SPM)
which broaden their spectrum. After compensation of residual spectral phase, output pulses are
compressed to a few femtoseconds.
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1.2. Description of the Generated Electric Field

Ultrashort pulses generated by lasers—and electromagnetic waves in general—are typically
described in three dimensions as a complex-valued function E. This function depends on time ¢,
and on the two spatial dimensions x and y which are transverse to the direction of propagation:

B(z,y,t) = A(z,y,t) e #ov?) (1.1)

In this expression, E(:L‘, y,t) is the electric field, A(x,y,t) its amplitude and @(z,,t) the phase
expressed in radians. Generally, the intensity I(x,vy,t) (expressed in W/cm?) has more physical
meaning than amplitude, so we will use this quantity far more often in the rest of this manuscript.
In vacuum, I(z,y,t) is written:

I(z,y,t) = 022121(:6,3/,25)2 ; (1.2)

with ¢ the velocity of light, and ¢y the vacuum permittivity!.

Generally, the pulse electric field E (z,y,t) is described either in the temporal domain, or in
the spatial domain. In the next few pages, we will adopt both perspectives independently to
describe the field and explain how it is measured in most laser facilities.

1.2.1. Spatial Description

The pulse electric field can first be considered in a purely-spatial approach. In this case, we
define the field as a complex-valued quantity written:

B(z,y) = \/Flz,y) e #@v) | (1.3)

where F(z,vy) is the fluence, expressed in J/cm? and ¢(z,vy) is the spatial phase in radians.

As its unit suggests, fluence is obtained by integrating intensity along the temporal dimension.
It corresponds to the energy received by a surface, per unit area:

F(z,y) = /dt I(x7y>t) . (14)

Usually, fluence profiles of high-power femtosecond lasers are top-hat, which means that fluence
is nearly-uniform on a central disk, and rapidly goes to zero on the edges.

1.2.2. Temporal & Spectral Description

In a purely temporal approach, we consider that the field is fully homogeneous spatially. In this
case, it is expressed as:

B(t) = \/I(t) é“ot . (1.5)

'In the rest of this manuscript, intensity measurements are never absolute and most often expressed in arbitrary
units. Therefore, we sometimes assume that intensity is simply the square of the temporal amplitude.
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Panel (a) of figure 1.3 shows a typical femtosecond pulse that is Gaussian in time and 20 fs
long at half-maximum power.

w (rad/fs)
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Figure 1.3.: One-dimensional description of ultra-short pulses (simulation). (a) Temporal evolution of
the electric field £(t). Bold black line represents the electric field envelope, /I(t). (b) Spectral
view of the same pulse, wherein energy spectral density S(w) is displayed in red, and spectral
phase ¢(w) is displayed in blue.

Additionally to this temporal approach, oscillating signals are oftentimes described in the
spectral domain. The mathematical operation linking these two domains is the Fourier trans-
form:

“+o0o
Bw) = F (1) = / dt B(t) et = [S(w) ¢ #) | (1.6)
—0o0
In this new equation, S(w) is the energy spectral density—henceforth called spectrum—and
¢(w) is the spectral phase. Note that the reciprocal operation can be performed through inverse
Fourier transform, which means that spectrum and spectral phase fully determine the temporal
distribution of energy.

Because of the time-frequency uncertainty principle, the fact that ultrashort pulses have a
finite duration implies that they cannot be described in the spectral domain by a single carrier
component wp. Instead, the spectrum S(w) is a continuous frequency distribution centered
around the carrier wp, as shown in panel (b) of figure 1.3.

Spectral phase represents the synchronization of frequency components. A flat spectral phase
such as the one displayed in figure 1.3 signifies that the field of all frequency components will
eventually add up constructively at one specific time, triggering the apparition of an ultrashort
pulse. On the contrary, most spectral phase degradation will weaken the peak power by spreading
some energy before or after the temporal peak. In order to differentiate spectral phase effects,
this quantity is generally expressed as Taylor series:

1 1
p(w) = po + ¢y (W —wo) + 5@’0’ (w—wo)® + gw'o” (w—wo)® + O(w?) (1.7)
where , .
Ip(w) 0*p(w) P p(w)
/ /! n
Yo = dw w—w ’ Yo = 80.)2 s ’ and Yo = aw3 _ (18)

are respectively the Group Delay, the Group Delay Dispersion (GDD) and the Third Order
Dispersion (TOD). Spectral phase can be decomposed into an infinite number of terms.
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Figure 1.4.: Effect of group delay (b) and group delay dispersion (c) on an ultrashort pulse.

The temporal consequence of the two first orders—illustrated on figure 1.4—is of particular
importance. ¢y is the first order derivative of the spectral phase and hence has the dimension of a
delay. This particular term shifts every spectral component in time, but keeps them synchronized
with respect to each other. Temporally, this is simply a delay which does not change the shape
of the pulse.

¢p for its part, is the quadratic term of spectral phase called Group Delay Dispersion. It
can be interpreted as the first order derivative of ¢f, and therefore as a chromatic delay, i.e., a
delay which depends on frequency. As a consequence, pulses having Group Delay Dispersion
are chirped temporally and their carrier frequency depends linearly on time. This reduces the
peak power of the pulse by increasing its duration.

1.3. Spatial & Temporal Metrology of High-Power Laser Systems

In this section, we go over the main instruments that are used routinely by experimentalists
to characterize ultrashort pulses. Generally speaking, quantities derived from energy such as
intensity or fluence are easily measured because these observables can be sensed by various
optoelectronic devices. However, obtaining the phase is always more complicated, because
it is not a physical quantity—despite being essential to describe the pulse shape. Therefore,
clever methods have to be found in order to obtain it indirectly in the spatial domain or in the
temporal /spectral domain.

1.3.1. Purely-Spatial Metrology

Experimentally, fluence—defined in equation (1.4) on page 12—is measured very easily with
image sensors which are based on the Charge Coupled Device (CCD) or Complementary
Metal-Oxide—Semiconductor (CMOS) technologies. Silicon-based cameras typically have pixels
of 5 to 10 pm in width, which gives very good resolution when large beams are measured, like
before focusing. If the beam is too small (at focus for example), then it can be expanded with an
imaging set-up in order to use all the chip of the camera and increase the resolution. Moreover,
silicon-based cameras are usually able to capture all wavelengths contained in the measured laser
pulses, because the bandwidth of high-power laser is most of the time limited to wavelengths
between 700 and 900 nm.

There are many different documented ways to appreciate the spatial quality of a laser beam
in fluence [58, 59] or in phase [60]. For instance, users can extract the mode diameter from
fluence profile in near-field or in far-field and compare it to theoretical values. Secondary
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quantities can also be computed, such as the M? parameter which is a good indicator of spatial
focusability [61].

As we explained before, spatial phase, is actually less accessible than fluence. Its measurement
in ultrashort laser systems is carried out using three main techniques:

Shack—Hartmann wavefront sensor (SHWFS) is a self-referenced device where the input wave-
front is sampled using an array of small lenses [27, 28]. As illustrated by figure 1.5, each
lens focuses its sampled sub-aperture to a camera sensor, where fluence is measured. The
resulting image consists of a matrix of focal spots, of which the individual centroid positions
give an information about the local slope of the wavefront at each sub-aperture. Specific
algorithms are dedicated to the reconstruction of the wavefront from Hartmanngrams.

Quadri-wave lateral shearing interferometry (QWLSI) is similar to the Shack-Hartmann tech-
nique because of the way it is used; QWLSI is also a small standalone device that simply
needs to be placed in the path of the collimated beam to be characterized. However, its
working principle is quite different [29, 30]. The mask used in this technique is not a
micro-lenses array anymore, but a custom 2D transmission grating composed of regularly
spaced pinholes. The fluence profile formed on the camera sensor is classically analyzed as
an interference pattern between vertical and horizontal diffraction orders of the input beam
through the mask. Analysis is similar to classical lateral shearing interferometry, wherein
the phase is retrieved from the interferogram via Fourier processing. Advantage of QWLSI
over Shack—Hartmann devices is its higher resolution and better dynamic range [30].
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Figure 1.5.: Two standalone devices used for laser wavefront measurement. The output of the Shack-
Hartmann sensor is composed of local focal spots, whereas the output of the QWLSI is an
interference pattern resulting from the overlap of the mask array diffraction orders.

Phase Retrieval is a third approach to wavefront measurement, and is strongly based on numer-
ical processing [62, p. 141]. This technique consists of measuring the fluence profile of the
measured beam at multiple optical planes separated by propagation in free space. These
measurements taken individually are only partial views of the actual field because the sole
measured quantity is fluence. However, wavefront can be deduced numerically from the
evolution of profile between each plane, because the relation between each plane is known.
This inversion problem is typically solved using the Gerchberg—Saxton algorithm [63] or
gradient-descent methods [64]. Although this method can theoretically be used on col-
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limated beams, it is actually applied around focal position, wherein the fluence profile
changes faster with longitudinal position and retrieval algorithms converge more easily.

One of the most used figure of merit to assert the quality of a wavefront is the Strehl ratio [65].
This quantity is computed as the ratio between the maximum fluence obtained at focus (max Fy,),
and the maximum fluence achievable at focus (max FY), if the wavefront was perfectly flat:

max Fj,
SRwrs max 7’ (1.9)
with:
o Fj= f( F(z,y) ei@(x’y)>
(1.10)

o F,?zf( F(x,y)eiX())

This definition of Strehl ratio is particularly suited to characterize high-power lasers, where the
goal is to produce the highest intensity at focus. In the approximation that no spatio-spectral
coupling affects the measured field, S Rwrs can be used to estimate directly the intensity loss
caused by wavefront imperfections. We will explain in more details at the end of chapter 2 that
this is not so simple when the wavefront depends on frequency.

1.3.2. Purely-Temporal Metrology

When it comes to optimizing the peak intensity generated at focus of a high-power laser beam,
temporal characterization is as important as spatial characterization, and certainly more chal-
lenging. Because time scales are so small, the fastest photodiodes are far from being able to
measure the properties of any femtosecond pulse. Simultaneously with the general improvement
of ultrafast science in the last decades, new methods had to be found in order to resolve tempor-
ally the pulses. Many different techniques have been designed progressively, and were used to
define new ultrafast metrology standards [66, 67]. In their review of ultrashort characterization
techniques [26], Walmsley and Dorrer state:

The basic elements required for the complete [temporal] characterization of optical
pulses are quite simple: at least one fast shutter or phase modulator, a spectrometer
or an element to temporally stretch the pulse via dispersion, and one or two beam
splitters.

Many different implementations were therefore invented to sample unknown pulses accurately
and retrieve their temporal properties. As these techniques have already been reviewed and
compared extensively [25, 26, 68], we will only go through the most ubiquitous devices to under-
stand underlying concepts. Those will be useful in chapter 2 to understand more complicated
spatio-temporal techniques.
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Intensity Autocorrelation

ACF

Figure 1.6.: Autocorrelation technique principle. ACF: Auto-Correlation Function. Adapted®’ from
G. Steinmeyer’s review [68, fig.6]

Intensity autocorrelation is probably the simplest solution to obtain a rough estimation of
an ultrashort pulse duration. As shown in figure 1.6, the idea of this measurement device is
to use a replica of the measured pulse as a sampling element for the measurement [69, p. 458]
The replica is delayed with respect to the main pulse, and both pulses are then multiplied in a
Second Harmonic Generation (SHG) crystal. The resulting 2w signal depends on delay between
the two pulses, is maximum at zero-delay, and is symmetrical.

The fundamental issue of this technique resides in the fact that the reference is identical in
duration and in shape to the unknown pulse. As a consequence, duration is estimated from the
autocorrelation signal width, by assuming the analytic temporal shape of the pulse. Because
the temporal shape of femtosecond pulses can be very far to Gaussian or sech? distributions,
this method is considered very unreliable. However, intensity autocorrelation can be useful to
do a first rough optimization of compression for instance, before using more complex tools to
precisely retrieve the pulse shape.

FROG

A SERGG (1) A)

spectro.

Figure 1.7.: FROG technique principle. Adapted® from G. Steinmeyer’s review [68]

The SHG-FROG technique—among many other implementations of FROG [70]—can be seen
as an improvement of the intensity autocorrelation technique in the sense that it adds spectral
resolution to the detection device (see figure 1.7). The result of the FROG measurement is the
peculiar 2D image SEES’G, which is simply the autocorrelation function resolved along another

l® IOP Publishing. Reproduced with permission. All rights reserved.
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dimension which is wavelength:

SEHS L (1,0) = ‘/dt E)E(t —1)e ! i (1.11)

This SHG-FROG trace contains much more information than a simple autocorrelation function.
The biggest difference in terms of result resides in the fact that the raw image produced by
FROG can be inversed to retrieve the pulse shape. The algorithm responsible for this operation
is very similar to the phase retrieval algorithm that we briefly described on p.15. Its precise
working principles are described in details in a book dedicated to the technique [25, p. 157].

SPIDER

SSPIDER

| i,

Figure 1.8.: SPIDER technique principle. Adapted’ from G. Steinmeyer's review [68]

Finally, SPIDER [71] is a device which aims to retrieve the same information as FROG—
spectrum and spectral phase—but using an interferometric approach. The set-up of SPIDER is
summarized in figure 1.8. In this technique, two replicas of the beam are separated by a delay
and summed non-linearly with a third replica which is chirped. This generates two frequency-
doubled replicas of the pulse, of which the central frequencies are slightly shifted in relation
to each other. This sheared overlap is then measured with a spectrometer, and the theoretical
expression describing the result is the following:

SSPIDER (W) = S(w) + S(w + Q) + 21/5(w) S(w + Q) cos (p(w) — p(w — Q) —w7) ,  (112)

with 7 the delay, and 2 the spectral shear between the two up-converted signals. The last term
of this equation oscillates in frequency with a period of 27” due to the delay between the two
pulses. Processing this raw measurement is done by Fourier-transforming it in order to remove
the time-series components around ¢ = 0 and ¢t = —7. After an inverse Fourier transform and
removal of the linear spectral phase, the spectral phase of the pulse is retrieved directly. This
technique does not use any iterative algorithm such as for the FROG technique, which makes
it very precise and robust.

In this first chapter, we laid the foundations for the rest of the manuscript, which will be
dedicated specifically to defects called spatio-temporal couplings. This involved explaining the

18 A. JEANDET



1.3. Spatial & Temporal Metrology of High-Power Laser Systems

basic principles about ultra-short pulses and high power lasers. Finally, we went over the main
techniques that are used for the purely-spatial or purely-temporal characterization of pulses in
the absence of spatio-temporal couplings.

Spatio-Temporal Characterization of Femtosecond Laser Pulses Using Self-Referenced IFTS 19






Chapter 2.

Spatio-Temporal Couplings
in High-Power Lasers

In chapter 2, we will introduce the main matter concerning this thesis: Spatio-temporal
couplings. They are firstly introduced in sections 2.1 and 2.2. Instead of developing the
concept of spatio-temporal couplings in a general and exhaustive way, we chose to focus
specifically on some emblematic couplings. The source of each coupling is explained the-
oretically, which will be helpful to understand experimental results in the rest of this manuscript.

Secondly, we will discuss about spatio-temporal measurement in sections 2.3 and 2.4. In the
first section, we explain how spatio-temporal couplings are diagnosed currently and what are
the main principles of spatio-temporal metrology. In the last one, we investigate some ways to
interpret three-dimensional complex-valued datasets obtained from spatio-temporal metrology.
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Chapter 2. Spatio-Temporal Couplings in High-Power Lasers

2.1. Spatio-Temporal Description of the Electric Field

In the previous chapter, we described the laser electric field E(a:, y,t) as

E(z,y,t) oc /I(z,y, 1) € #90) (2.1)

with I(x,y,t) its spatially-resolved intensity profile and ¢(x,y,t) its spatio-temporal phase.
We explained later in page 13 how a field described purely along the temporal domain could
also be expressed along the spectral domain using the Fourier Transform. Similarly, Fourier
transforming a 3D spatio-temporal field such as E (x,y,t) along its temporal dimension outputs
the spatio-spectral field E(x,y,w):

E(,y,w) = Ve(z,y,w) e ?#0) (2.2)

with e(z,y,w) the spatially-resolved spectrum—or spectrally-resolved fluence—and ¢(x,y,w)
the spatially-resolved spectral phase.

Because of the large diameter of beams that are obtained at the output of high-power laser
chains, the energy contained in each pulse is spread over a wide area. Pulses are therefore
focused on the experimental target in order to concentrate their energy spatially and reach the
maximum intensities. For this reason, we will differentiate collimated fields of large diameters—
that we routinely call near-field—from fields which are observed around the focal plane of a
focusing optic—called far-field. Admittedly, the terms near-field and far-field have a broader
definition in optics, but are commonly used to designate those two specific planes in high-power
laser facilities.

Near-field Far-field
Ik (kw ) ky b
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Time
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Angular Frequency

x x

Figure 2.1.: Four domains of interest.

This distinction between the two spatial domains adds a little complexity to our description
because the electric field of an ultrashort pulse can now be described in four different domains,
as illustrated by figure 2.1. Going from the near-field domain to the far-field is simply done
by computing the two-dimensional Fourier transform along the transverse dimensions x and
y—owing to Fraunhofer diffraction [72, p. 101].
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2.2. Definition & Examples of Space-Time Couplings

Before addressing the measurement of spatio-temporal couplings, let us describe what they
are and shed some light upon their repercussion in the context of high-power laser systems.
Conventional measurement devices presented in section 1.3 on page 14 perform measurement of
ultrashort pulses separately in space and in time. These informations about fluence, spectrum
or wavefront are used to estimate the spatial and temporal focusability of a given amount of
energy—in joules—into a spatio-temporal volume—in fs-cm?. In high-power laser applications,
this volume must be as small as possible in order to achieve the highest peak intensities on
target.

In most situations, the electric field E(z,y,w) of the beam before focusing is assumed to be
represented in the spectral domain by:

E(z,y,w) = JF(2,y) S(w) #len) £ (2.3)

Here, F(z,y) is the fluence which is measured with a camera and therefore integrated spectrally.
S(w) is a spectrum which is either measured at one spatial position or integrated by a lens over
the whole aperture. ¢(x,y) is the wavefront measured with a wavefront sensor which integrates
the actual spatio-temporal phase on the frequency axis. Finally, ¢(w) is the spectral phase
which is also measured at one particular position or integrated in space.

The equivalent expression in the temporal domain is:

A

E(x,y,t) = \/F(z,y) I(t) #5020 (2.4)

with I(¢) the temporal intensity profile at one position or integrated spatially, and $(t) the
temporal phase.

Both equations respectfully illustrate the spatio-spectral and spatio-temporal decoupling
approximations, where the field is estimated as a simple product of purely-spatial and purely-
temporal quantities. Alas, in a large number of practical situations, estimating the actual
intensity at focus using this shortcut can lead to overly optimistic numbers. As a matter of facts,
spatio-spectral and spatio-temporal couplings make equations (2.3) and (2.4) invalid. Indeed,
spatial quantities (like fluence or spatial phase) depend in this case on the optical frequency or
on time.

As we learned in the previous chapter, the spectral domain is linked to the temporal domain by
a simple Fourier Transform. Therefore, a laser beam having spatio-spectral couplings also have
spatio-temporal couplings—as demonstrated by G. Pariente in his thesis [42, p. 22]. Because
of this equivalence, different types of spatio-spectral couplings are called by their temporal
denomination and vice-versa, leading to a certain confusion about the definition of each coupling.
Some very comprehensive studies [73, 74| were proposed to describe couplings in a formal way.
While this approach is necessary to design chromatic optical systems carefully, we chose to only
present in the next few pages some couplings which are recurrent in CPA-based laser systems.
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2.2.1. Spatially Linear Spatio-Temporal Couplings

Spatially linear couplings are the most well-known, because they are used in massive amounts
for stretching and compressing ultrashort pulses. In figure 1.1 on page 10, we explained that
frequency components of ultrashort pulses are separated spatially in the stretcher and the com-
pressor devices. Diffraction gratings generate angular dispersion which makes the propagation
direction of the reflected beam depend on wavelength. After some propagation, the relative
angle of different frequency components makes them fan out in the horizontal plane. In the
case of stretchers and compressors, this effect is used to make the optical path length depend on
wavelength, and to manage spectral phase of the output beam. Normally, the angular dispersion
added by these devices is precisely canceled out at their output so that the different frequency
components overlap in space, but also propagate in the same direction.

(b)

Figure 2.2.: Two ways of adding Angular Dispersion (AD) to a broadband laser pulse. (a) Angular
dispersion added by a compressor wherein the last grating is misaligned. (b) Angular dispersion
added by a prism. G3—G4: Compressor gratings. w1, ws,ws: Example wavefronts at three different
wavelengths.

In actual experimental conditions, small horizontal rotation of one of the compressor gratings
can let residual angular dispersion remain in the output beam, as it is illustrated by panel (a)
of figure 2.2. This imperfection adds angular dispersion which consists of a spatio-spectral phase
written:

¢pFT(T,w) = €AD 7 (W — wo) (2.5)

with {ap the angular dispersion coefficient, in fs/mm.

Additionally to the misaligned compressor, figure 2.2 also features—in panel (b)—one of the
simplest ways to introduce angular dispersion in a broadband laser field. Refraction in the prism
adds a tilt to the beam which depends linearly on the considered wavelength. The amount of
angular dispersion can be calculated simply using Snell-Descartes law.

Until now, I defined angular dispersion as a wavefront tilt which depends on angular frequency
through equation (2.5). In this equation, {Ap can also be seen as a spatially-dependent group
delay, as its unit (fs/mm) suggests. As a matter of fact, angular dispersion is better known
under the name of its temporal implication: Pulse Front Tilt (PFT). Examples of PFT are
displayed in panels (a)—(c) of figure 2.3 on the facing page. This illustration shows that despite a
perfectly plane wavefront, the intensity profile is tilted with respect to the wavefront in the (z,t)
domain. In practice, this means that the arrival time of the pulse depends on the horizontal
position.
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Figure 2.3.: Pulse Front Tilt observed in near-field and its consequence in far-field. (a)—(c) Real
part of an ultrashort pulse field of which the pulse front is tilted with respect to its average
wavefront ¢(x,y) (near-field). Values of Pulse Front Tilt are respectively 0, 0.5 and 1.0 fs/mm.
(d)—(f) Real part of the same field at focus, obtained by Fourier-transforming panels (a)—(c) in
the spatial dimension. (g) Intensities measured at center of the focal spot, along dashed white
line in panels (d)—(f).

Figure 2.3 also displays the same pulses in the spatio-temporal domain, after propagation to
the focal plane (panels (d)—(f)). This operation of going to the far-field using a Fourier Transform
actually converts the initial PFT that was visible in the near-field, into a combination of other
couplings. The main effect resides in a spreading of the pulse energy in space and in time.
Panels (d)—(f) demonstrate that the pulse is focused in a volume that goes increasing with the
amount of PFT introduced before focusing. Besides, the net effect on peak intensity is clearly
visible on the intensity plots drawn in panel (g).

The second effect of near-field PFT on the field at focus is wavefront rotation. This feature is
visible in panel (f) of figure 2.3 wherein the wavefront tilt evolves with time. In this case, the
direction of propagation points downwards at the beginning of the pulse and upwards at the end.
Incidentally, this particular consequence at focus of PFT can be controlled and leveraged in

ultrafast lighthouse effect experiments, in the goal of producing individual attosecond pulses [31,
32].

As we said, propagation of an angularly dispersed beam spreads its frequency components in
the dispersion direction. The result is a linear dependence of central frequency wg on the spatial
position, also called Spatial Chirp. Figure 2.4 on the next page features a spatially chirped
beam in near-field, obtained by propagating an angularly dispersed field. Focusing an angularly
dispersed field also generates spatial chirp, but at focus this time. This is why misalignment
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Figure 2.4.: Spatial Chirp generated from angular dispersion.

of compressors is generally done by looking at far-field fluence diagnostics. Ellipticity of the
fluence profile at focus is a direct consequence of spatial chirp, which is itself a consequence of
unwanted angular dispersion in near-field.

Despite the close relation between angular dispersion, pulse front tilt and spatial chirp, these
three spatially linear effects affect three different domains and must absolutely be distinguished.
One common misconception is the strict equivalence between angular dispersion and pulse front
tilt. Although I mentioned that pulse front tilt is a temporal implication of angular dispersion,
it must be clear that PFT can also be generated from other effects. For instance, if a spatially
chirped beam goes through a glass plate and acquire some amount of dispersion, the field will be
delayed by a duration depending linearly on the position [75]. The generated effect corresponds
exactly to the definition of Pulse Front Tilt, yet it does not imply any chromatism in the
propagation direction of the field.

2.2.2. Spatially Quadratic Spatio-Temporal Couplings

The second important spatio-temporal coupling is known as Pulse Front Curvature (PFC). In
near-field this coupling is constructed similarly to Pulse Front Tilt, except that the pulse arrival
time depends quadratically on radius—instead on depending linearly on the horizontal or vertical
position. Figure 2.5 on the facing page shows the curved spatio-temporal profile of a beam for
different values of PFC in near-field (panels (a)—(c)) and after propagation in far-field (panels
(d)—(f)). Similarly to Pulse Front Tilt, the first outcome of PFC is the intensity loss caused by
the global pulse duration being longer than the Fourier-limited local duration. However, since
this coupling is symmetric radially, the wavefront at focus does not rotate like it was the case
for PFT.

The most common way to generate PFC is to introduce chromatic curvature in the beam,
instead of angular dispersion for PFT. Phase added by chromatic curvature is written:

pprc(r,w) = &prer? (w — wp) (2.6)
with &ppe the radial group delay created by Pulse Front Curvature, in fs/mm?.

The simplest way to generate chromatic curvature consists of placing a singlet lens in the
path of a broadband laser beam. As computed by Z. Bor [76, eq.9], the group delay Tppc(r)
added by chromatic curvature after a singlet lens is:

r? dn
Toee0) = gty (4

> (2.7)
A=Ag
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Figure 2.5.: Pulse Front Curvature observed in near-field and its consequence in far-field. (a)—(c) Real
part of an ultrashort pulse field of which the pulse front is curved with respect to its average
wavefront (z,y) (near-field). Values of Pulse Front Curvature are respectively 0, 0.03 and
0.05 fs/mm?2. (d)—(f) Real part of the same field at focus, obtained by Fourier-transforming
panels (a)—(c) in the spatial dimension. (g) Intensities measured at center of the focal spot,
along dashed white line in panels (d)—(f).

with 7 the distance from the center of the lens, f its focal distance, n the refractive index and A
the central wavelength of the beam. For a Ti:Sapphire laser (Ag = 800nm), and a BK7 lens of
2 inches in diameter and 1m in focal length, the supplementary delay is 32 fs at the outer edge
of the beam. The significance of this value depends on the local duration of the pulse and on the
intended application for the laser beam. If the local duration is a few tens of femtoseconds—Ilike
for most current high-power lasers—then the delay we have just computed is significant and
degrades strongly the intensity estimated in the spatio-temporal decoupling approximation.

The most intriguing effect of chromatic curvature is visible in the (k,,w) domain. Since the
divergence of the beam in near-field varies with the angular frequency, the focusing position
after a focusing element of fixed focal length is different for each spectral component of the
beam. This effect is called Longitudinal Chromatism or Chromatic focal shift. As displayed by
figure 2.6 on the next page, there is no distance z for which all frequencies are fully focused.
Additionally to the increase in global pulse duration, this is another way to explain the peak
intensity loss in presence of chromatic curvature. This chromatism also leads to an extended
frequency-integrated Rayleigh range as illustrated by the dashed black line on figure 2.6 on the
following page. When combined with a global temporal chirp, chromatic curvature is used for
producing Chirped Pulses with Longitudinal Chromatism (CPLC)—also called Flying focus—and
to control the speed of the intensity peak at focus [33-37].
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Figure 2.6.: lllustration of Longitudinal Chromatism (or chromatic focal shift). The three colored
outlines represent the outer edges of three frequency components of a chromatic pulse at focus.
The three wavelengths are not focused at the exact same position along the z axis. Dashed
black lines represent the outline the fluence profile—i.e., spectrally-integrated intensity—at each
z position.

To sum up, table 2.1 classifies the low-order couplings that we presented, and their corres-
pondence in the four Fourier domains. In the next section, we will introduce spatio-temporal
couplings which are more complex to define formally.

Fourier Domain  Spatially Linear Couplings Spatially Quadratic Couplings

(z,w) Angular Chirp Chromatic Curvature
(z,t) Pulse Front Tilt Pulse Front Curvature
After some propagation or (k,,w) Transverse Spatial Chirp Longitudinal Spatial Chirp

(kz,t) Wavefront rotation Flying Focus *

Table 2.1.: Consequences of near-field angular chirp and near-field chromatic curvature in
the other Fourier domains. *When associated to a quadratic spectral phase

2.2.3. Spatio-Spectral Streak

In section 1.1.1 on page 10, the CPA technique was introduced and the working principles
of stretchers and compressors were explained. We showed in section 2.2.1 on page 24 that
the optical elements constitutive of these devices introduce large amounts of spatio-spectral
couplings—namely, angular dispersion and spatial chirp—which can lead to significant intensity
losses if canceled improperly. In this last example, we will show that spatio-spectral couplings
can arise from angular dispersion—based devices even after having perfectly canceled the angular
dispersion.

Panel (a) of figure 2.7 on the facing page illustrates the first kind of error susceptible to affect
the spatio-spectral profile of a pulse in a compressor. In this case, the laser profile is clipped
by the edge of the mirror or grating because its size is not properly matched, or because of a
misalignment in the preceding optics. Since the beam is spatially chirped in the plane we are
considering, the different frequencies are not all clipped the same way.

Panel (b) shows a second type of spatio-spectral degradation, which also concerns mirrors
or grating where the laser beam is spatially chirped. If the surface of such optics is degraded,
modulations are added to the phase profile of the reflected beam. In the same way as for the
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Figure 2.7.: Spatio-spectral couplings created on compressor optics. (a) Spectral clip caused by bad
centering of the beam in presence of spatial chirp. (b) Spectrally-dependent wavefront defect
caused by bad quality of a mirror, in presence of spatial chirp.

previous defect, the horizontal position of these modulations depends on the beam wavelength.
This is also a spatio-spectral coupling because in this situation, the focusability of the beam
depends on wavelength, and this cannot be easily corrected. It is worth noting that after
some propagation, phase modulations generated by such degraded optic also affect the spectral
fluence profile of the beam, and have an influence on the maximum achievable intensity at
focus. Z. Li et al. notably concluded in their numerical study [77] that laser manufacturers need
to have strong requirements on the surface quality of compressor grating, in addition to only
adapting their size to the pulse energy.

Both kinds of spatio-spectral defect produce modulation patterns that travel in the direction
of the compressor or stretcher dispersion plane. The speed at which the patterns travel depends
on the spatial chirp value (in pm/nm) in the plane of the defective optical component. In spatio-
spectral views of fluence or phase, traveling modulations are easily distinguished as oblique
streak of more or less strong slope.

Let us understand the consequence of spatio-spectral streak on the actual intensity profile
at focus, using a simple model. From now on, we consider that the transfer function of the
defective optical component is described by a function f(x) written:

flz)=1+¢€(x), (2.8)

where €(z) is the amplitude or phase error added by the component. In this demonstration, we
consider that the error is purely sinusoidal of period A in the direction x of the compressor
spatial dispersion:

e(x) = €o sin(27 Aex) . (2.9)

At the output of the compressor of spatial dispersion s, the degraded field EP (z,w is of the
form:

EP(z,w) = E(z,w) f(z — sw) , (2.10)

Spatio-Temporal Characterization of Femtosecond Laser Pulses Using Self-Referenced IFTS 29



Chapter 2. Spatio-Temporal Couplings in High-Power Lasers

which, after spatial Fourier-transform, gives the expression of the far-field:

EkD(kx,u)) = By (ky,w) [fk(kx) eiskzw} 7
= Ek;(k?z,W) + Ek(k‘x’w) * [Ek(kx) eiskww} 7

2 .
EP(ky,w) = Ep(ka,w) + o i (ke,) 5(@1;) giskos (2.11)
: delay

main focal spot
satellite foci

This result shows that the field obtained at focus is composed of the main focal spot, and of
two secondary foci on both sides. It is interesting to note that the foci are delayed with respect
to the main pulse, and that the amount of delay depends on the spatial dispersion s. This has a
direct influence on the temporal contrast of the pulse since a fraction of the initial beam energy
is spread before and after the main pulse. If the same spatial modulations were introduced in an
optical plane without any spatial dispersion, the satellite foci would still be present in far-field
but would not be delayed.

Our simple model is analogous to the study published by J. Bromage et al. in 2012 [78]. In this
paper, the authors analyze the influence of surface roughness of stretcher mirrors on temporal
contrast. The main difference with our case is that the authors modeled mirrors roughness
whereas we focused on the effect of lower spatial frequency aberrations. Instead of creating
delayed satellite foci in far-field, stretcher mirror roughness produce a diffusion pattern at focus,
of which the time of arrival depends linearly on the distance to the main focal spot. This effect
has been observed experimentally on petawatt laser facilities [79, 80], and is one of the most
challenging limit for obtaining better contrasts.

2.3. Spatio-Temporal & Spatio-Spectral Characterization

The examples developed in the last few pages showed that spatio-temporal couplings can be
caused by various optics and lead to very different effects after some propagation. Some
couplings—chiefly those generated in spatially dispersive components like compressors—can be
arbitrary and of high order both spatially and spectrally. Since the measurement techniques
presented in chapter 1 only concern purely-temporal or purely-spatial characterization, supple-
mentary devices had to be designed so that spatio-temporal couplings could be measured and
fixed. Although some low-order couplings can be estimated using clues of their presence—e.g.,
elliptical focal spot caused by PFT—a much more precise knowledge of the laser field is needed
in order to truly achieve the best possible intensities on target.

When looking for ways to characterize spatio-temporal couplings, one could think of simply
measuring the temporal properties of the beam at multiple positions across its spatial profile.
This can be done quite simply by spatially selecting which part of the beam is measured using
an optical fiber or a simple aperture. The fiber or aperture can then be moved sideways to
characterize another position of the beam. We demonstrate in figure 2.8 on the next page why
this technique would work only partially. This approach is not able to measure wavefront or
spatially-dependent group-delay, because purely-temporal measurement techniques are blind to
the CEP phase and to the time of arrival of the pulse. This includes Pulse Front Tilt and Pulse
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Front Curvature couplings which are quite predominant in high-power lasers. Higher-order
couplings, such as spatial variations of the pulse width, could however be characterized.

Measured beam Reconstructed beam
xT xT

[temporal / spectral measurement]

!

[temporal / spectral measurement]

\

[temporal / spectral measurement]

e e

t t

Figure 2.8.: Regularly-spaced temporal measurements is not a full spatio-temporal measurement.
Scanning the spatial profile of a laser pulse with a purely-temporal characterization device does
not provide spatially-dependent group-delay couplings, although higher order spatio-temporal
defects would be correctly measured.

Full spatio-temporal characterization not only requires to extend the dimensionality of existing
techniques, but also to find a proper way to reference spatio-temporal samples between each
other. Since this challenge dates from the beginning of ultrafast science, a profusion of spatio-
temporal techniques were developed to characterize spatio-temporal couplings. They all have
their issues and benefits, and some are better-known than the others, but none is considered as
an absolute reference technique—e.g., like Shack-Hartmann is for wavefront sensing, or FROG
for temporal metrology.

A comprehensive review of existing spatio-temporal measurement devices has recently been
published by C. Dorrer [40]. In the next pages, we will rather try to focus on some chosen
examples, and to find some common characteristics for the different methods, before providing
a summary table on page 35. For instance, two main groups of techniques can be defined: some
techniques are based on spatially-resolved spectral measurements and some others are based on
spectrally-resolved spatial measurements.

2.3.1. Spatially Resolved Spectral Measurement

As we said, the issue with scanning the spatial profile of the beam with a temporal characteriza-
tion device is the absence of reference and the subsequent blindness to the most common types
of couplings. The idea behind STARFISH and SEA-TADPOLE consists of solving this issue by
performing a relative spectral phase measurement between two positions in the beam profile.
Spatial sampling is usually done by using one fixed optical fiber (e.g., at center) to capture a
reference pulse, and a scanning fiber to capture the unknown spectral phase.

The exact implementation used to retrieve the relative spectral phase between the test pulse
and the reference then depends on the technique, but both techniques hinge on spectral in-
terferometry [81]. In STARFISH [82, 83], a small delay is introduced between the two pulses,
producing interference fringes in the spectral domain. The spectrum is recorded using a one-
dimensional spectrometer. Numerical processing then consists in retrieving the spectral phase
from the interferogram for each spatial position, using Fourier processing.

'@ Optical Society of America. Reproduced with permission. All rights reserved.
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Figure 2.9.: Layouts of the STARFISH (a) and SEA-TADPOLE (b) techniques. STARFISH figure
reprinted from article by B. Alonso et al. [82]. SEA-TADPOLE figure reprinted from article by
P. Bowlan et al. [84].

Although being based on the same principle, SEA-TADPOLE [84] uses a different optical
implementation which provide better quality measurements. Outputs from the sampling fibers
are overlapped and measured using an imaging spectrometer. Because of the small angle between
the two pulses, spatial fringes are formed on the sensor of the imaging spectrometer. In this
technique, the Fourier processing carried out to extract the encoded phase is done in the spatial
dimension, which remove some constraints on the spectral resolution, and the need to introduce
a delay between the two pulses. Thanks to this technical trick, SEA-TADPOLE provides better
quality measurements in terms of dynamic range and spectral sampling than traditional spectral
interferometry.

The spatial scanning techniques that we have just presented propose a quite intuitive solution
to the issue explained in figure 2.8 on the preceding page. Yet, scanning a fiber over two
spatial dimensions of the whole beam profile reveals to be very tedious in practice. Moreover,
some technical difficulties linked to spatial phase wrapping can lead to some ambiguities in the
result.
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Figure 2.10.: Spectral and spatial shearing interferometry in SPIDER-2D. Top-panels illustrate the
spectral shearing interferometry measurement. Bottom-panels show the spatial shearing inter-
ferometry measurement done in a second step. Figure adapted from figures 1-3 by C. Dor-
rer et al. [85].

SPIDER-2D [85] uses an imaging spectrometer to perform a measurement of the pulse shape
resolved along one spatial dimension. This measurement is done following the same principle
as SPIDER—explained in section 1.3.2 on page 16—and returns the spectral phase gradient g—i
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resolved spatially. Because of the issue illustrated by figure 2.8 on page 31, a second measurement
is done to obtain the phase relation between each spatial sample. As illustrated by figure 2.10
on the preceding page, the spatial phase gradient g—i is measured through spatial shearing
interferometry this time. Spatial and spectral phase gradients are then integrated to return
an absolute measurement of the spatio-spectral phase along the entrance slit of the imaging
spectrometer.

Other spatially-resolved temporal characterization techniques exist and will be mentioned in
the summary table on page 35. It is worth noting that TERMITES—to which a substantial part
of this manuscript is dedicated—is listed among the spatially-resolved spectral measurement
techniques. This device will be described for its part in chapter 3 on page 43.

2.3.2. Spectrally Resolved Spatial Measurement
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Figure 2.11.: Layout of the HAMSTER technique. FM: Flipping mirror. AOPDF: Acousto-Optic Pro-
grammable Dispersive Filter. SH-WFS: Shack-Hartmann Wavefront Sensor

The second approach to spatio-spectral characterization consists of performing multiple fluence
and wavefront measurements at different wavelengths. As its name suggests, HAMSTER—as in
Hartmann—Shack Assisted, Multidimensional, Shaper-based Technique for Electric-field Recon-
struction [86]—employs a Shack-Hartmann sensor to measure quasi-monochromatic wavefronts
selected from the unknown pulse.

As depicted in figure 2.11, the different wavelength are selected sequentially by an Acousto-
Optic Programmable Dispersive Filter (AOPDF), or using narrow-band filters. Each time, the
wavefront is measured thanks to a Shack-Hartmann sensor, of which the working principles are
explained in section 1.3.1 on page 14. These measurements provide spatial slices of p(z,y,w)
which are not related to each other, as Shack-Hartmann sensors are blind to constant spatial
phase (piston).

A last measurement is performed to fix this uncertainty. The goal is to provide the local
spectral phase of the unknown beam at a fixed spatial position (for instance at the center of
the beam profile). This measurement is then used to determine the constant phase value of
wavefronts obtained with the Shack-Hartmann sensor.

Finally, INSIGHT [87] is another technique that can be qualified as an extension to the
spectral domain of a purely spatial method. Indeed, the basic concept of this technique consists
of measuring the fluence profile of the unknown beam at multiple points around far-field, and
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to extract the wavefront information from these raw measurements. This is done using phase-
retrieval algorithms, which has been already described in section 1.3.1 on page 14, when we
explained how phase retrieval can be used to retrieve the average wavefront of a laser beam.
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- . . . . -
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—_— : -_—
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Figure 2.12.: Working principle of the INSIGHT technique [87]. Imaging Fourier transform spectroscopy
is carried out at multiple positions around focus, in order to obtain the spectral fluence at each
of them. Then, phase retrieval (see section 1.3.1 on page 15) is applied to the fluence profile
of each wavelength in order to retrieve the full spatio-spectral profile of the pulse at focus.

The key-idea behind INSIGHT is to apply this phase retrieval method to several spectral
samples of the broadband beam, in order to reconstruct the full electric field of the pulse. For this,
it is necessary for each fluence measurement taken around focus to be resolved spectrally. The
method that was chosen to perform each spectral fluence measurement is the Imaging Fourier
Transform Spectroscopy (IFTS). As FTS is also a fundamental principle of TERMITES, it will
be explained in more details in chapter 3 on page 43.
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Chapter 2. Spatio-Temporal Couplings in High-Power Lasers

2.4. Interpretation of Spatio-Temporal Measurements

Thanks to spatio-temporal measurement techniques, users are able to obtain the three-dimensional
complex field of ultrashort pulses, resolved in any of the four domains described in section 2.1

on page 22. Unlike for purely-spectral or purely-spatial measurements, there is no ISO stand-
ard defining figures of merits for spatio-temporal measurements. After all, what is the point of

measuring E(z,y,t)? What quantities should laser users compute in order to retrieve intelligible

information from the full electric field of a pulse?

The first way to use the measured data actually does not require to interpret the results, but is
worth mentioning here. In the context of ultrahigh intensity experiments, the measured electric
field can be directly fed into Particle-in-cell (PIC) simulations, in order to simulate the behavior
of particles in the target during its exposure to the high-intensity laser beam. Generally, the
field of the input laser beam is modeled by its theoretical expression, but an increasing number
of computational physicists are interested in using the output of actual measurement devices as
initial conditions for simulations.

2.4.1. Spectrally-Resolved Zernike Polynomials

All other approaches to ease the interpretation of our measurements involve reducing the dimen-
sionality of data by either projection or more advanced computations. In some cases, the only
interesting information for the user is the quantity of a specific spatio-temporal coupling such
as Pulse Front Tilt. The best way to retrieve this information consists of fitting the measured
field to the spatio-temporal coupling of interest, in order to get its magnitude.

o
o
Amplityge

Astigmatism 0

Astigmatism 45

Figure 2.13.: Spectrally resolved Zernike polynomials. For each angular frequency, the wavefront is projec-
ted on the Zernike polynomials basis [88]. Data of this particular plot are from a TERMITES
measurement, but the same diagnostic can be computed for virtually any complete spatio-
spectral measurement device.

Spectrally-resolved Zernike polynomials are very informative in this type of situations, because
they discriminate the different aberration basis of a 3D phase profile, and help noticing imme-
diately each specific spatio-spectral coupling. Figure 2.13 shows the kind of Zernike plot that
can be computed from a complete spatio-temporal measurement. In this specific case, it is very
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apparent that the measured beam has two major couplings: Angular Dispersion and Chromatic
Curvature. Indeed, the plot displays a linear evolution of both the horizontal wavefront tilt and
of the wavefront curvature.

2.4.2. Spatio-Temporal Strehl Ratio

Spectrally-resolved Zernike polynomials represent a very practical way to understand the precise
nature of spatio-spectral couplings measured in an unknown beam. However, it is sometimes
useful to assert the general quality of a spatio-temporal profile without going too deep into the
interpretation of data. Experimentalists should be able to quickly compute a score that takes
into account the general spatio-temporal profile and represent its quality. This concept exists
for purely-spatial measurements and is called Strehl ratio. We presented it in equation (1.9) on
page 16. Can we extend this idea to qualify our spatio-temporal ultrashort pulses?

As a matter of fact, measuring the full electric field of ultrashort pulses gives the powerful ability
to compute the actual peak intensity on target, instead of simply getting a peak fluence as it was
the case with purely-spatial diagnostics. Therefore, we can now compute the spatio-temporal
Strehl ratio which is a ratio of intensities, and constitute a perfect candidate for the score we
were looking for. As for the traditional achromatic Strehl ratio, the idea is to provide a ratio
between the peak intensity on target max I—computed from the measurement—and the peak
intensity on target if the beam were perfect, max IY:

SR — maxI;S ,
max I}

(2.12)

By definition, this ratio is always less than or equal to one. Each intensity distribution is
computed from the spatial Fourier transform of collimated fields.

The challenge in this definition is to settle on what we consider as a perfect beam in near-field,
and to define it with respect to the measurement. The easiest solution is to consider all phase
errors, by comparing the measurement E(x,y,w) to a perfect field Ey(z,y,w) which has the
same spectral fluence distribution, but a flat phase for all angular frequencies:

o E(x,y,w) = ez, y,w) e P@Y)

. 2.13
o B%(x,y,0) = ez, y,w) e 219

The Strehl ratio SR, computed from these two fields takes into account any deviation from
zero of the phase. This includes purely spectral phase and purely spatial phase.

While this number can be interesting, the user might want to quantify only the impact of
spatio-temporal couplings on intensity at focus. In this case, the purely-spectral and purely-
spatial phase of E(z,y,w) can simply be subtracted before computing the spatio-temporal Strehl
Ratio SRsrc:

o B(z,y,w) = &(z, y,w) e P@v«)—0@y) o)

ix0

2.14
. Eo(x, yyw) =e(z,y,w)e ( )

In this equation, ¢(x,y) represent the purely-spatial phase that is computed from the spatio-
spectral measurement. We decided to compute this quantity by simulating its measurement by
an actual wavefront sensor. In experiments, the phase profile measured by a Shack-Hartmann
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or QWLSI device (see section 1.3.1) from a broadband laser beam can reasonably be considered
as a frequency-average of the spatio-spectral phase. This quantity is computed as the average of
the spatio-spectral phase p(x,y,w) over the frequency axis w, weighted by the spectral fluence

e(r,y,w):

F(x,y) ’

with F(z,y) the beam fluence which is used here to normalize the obtained 2D phase profile.

o(z,y) (2.15)

Both SR, and S Rgre represent accurately the intensity loss caused by phase couplings such
as angular dispersion or chromatic curvature. However, they will always be 1 in presence of pure
spectral fluence couplings, such as spatial chirp. Defining a Strehl ratio that indicates accurately
the intensity loss due to spectral fluence couplings is a lot more challenging than Strehl ratios
based on the phase. This is because a perfect phase is flat, whereas a perfect spectral fluence
profile depends on what is really achievable experimentally.

A reasonable solution would consist of deciding that the perfect spectral fluence profile is the
frequency-integrated fluence multiplied by the spatially-integrated spectrum. After taking the
precaution of normalizing the resulting spectral fluence by its energy, this could be one of the
best solutions to compute a Strehl ratio based of spectral fluence.

E(z,y,w) E%z,y,w)
SRwrs VF(z,y) e ¢y F(x,y)e>?
SRfull s(x,y,w) eicp(x,y,w) 5(x7va) eiXO
SRSTC E(IE,y,W) éw<x7y7w)_m_m E(xava) ei><0
. F(z,y) S(w) .
SR en €(x,y,w) ip(z,y,w) ip(z,y,w)
fluence JJJ dadydw e(2,y,w) c [[[ dzdydw \/F(x,y) S(w) c

Table 2.3.: Summary of the fields derived from spatio-temporal measurement and used to
compute different types of Strehl ratios

Table 2.3 sums up the different Strehl ratios that can be computed from the same spatio-
temporal measurement. The last line concerns the possible fluence Strehl ratio which was tested
far less than the others, and should therefore be used carefully.

In this chapter, we have introduced spatio-temporal and spatio-spectral couplings by providing
examples of widespread chromatic aberrations. Some of them—Ilike Pulse Front Tilt and Pulse
Front Curvature—are well known by experimentalists and generally avoided. Some others,
like spatio-spectral streaks generated in CPA compressors, often go unnoticed and are hardly
measurable by traditional measurement devices. We then explained the general principles linked
to spatio-temporal measurement and provided a few examples of devices which are dedicated
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to this specific task. Finally, we explained how spatio-temporal couplings can be interpreted
despite their sometimes complicated nature. We notably introduced spectrally-resolved Zernike
polynomials and proposed a few ways to compute spatio-temporal Strehl ratios.

Since the beginning of chapter 1, we went through increasingly complex aspects of high-
power laser systems and attempted to demonstrate that current laser pulses are far from being
definable by their sole duration anymore. The different spatio-temporal characterization devices
we showed are often complex and each of them has its limitations. For this reason, finding new
innovative ways to fully characterize high-power systems is crucial. Finally, we believe that it
is necessary to elaborate relevant figures of merit that could be used as universal standard to
assert the spatio-temporal quality of high-power systems. Spatio-temporal Strehl ratio is a good
candidate, but some work is left to do in order to check the robustness of its computation.
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Chapter 3.

Fundamentals of the Technique

Before analyzing in details the specifications of the instrument as well as its technical limitations,
let us first describe the basic principles of TERMITES in the present chapter. We start the
study by explaining the general concept of the instrument and how the signal is acquired. All
numerical steps required to process the raw signal are then explained in a second part. All
figures presented in this chapter are numerical simulations.
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3.1. Experimental Setup: Concepts & Legacy

3.1.1. Imaging Fourier Transform Spectroscopy

Many techniques provide knowledge about spatio-temporal
M2  Dproperties of ultrashort pulses and each of them rely on dif-
ferent underlying methods. TERMITES, for its part, largely
relies on Fourier Transform Spectroscopy (FTS) and more
specifically on spatially resolved FTS, here called Imaging
- Fourier Transform Spectroscopy (IFTS) [89-91]. This tech-
nique is described in figure 3.1 and essentially consists of
a Michelson interferometer and a camera sensor. During
BS __an IFTS scan, the delay between the two arms is changed
step-by-step while the camera records images at the output
of the interferometer. Spectrally-resolved—or hyperspectral—
images are obtained after numerical post-processing of this

M1

2D sensor

Figure 3.1.: IFTS implementation,
based on a simple Michelson in-
terferometer. M1 and M2 are plane Let us understand the basic principles of IFTS. At each
mirrors, BS is a beam splitter. M2is  delay 7, the field of the input pulse E(r,t) overlaps with a
gradually translated in order to gen- qo]aveq replica of itself. In the case of IFTS, the two pulses
::r? SU\Ilsaer}g:j icz;alfgpﬁcgetween the are identical because the replica is generated using the plane
' mirror M2 in figure 3.1. Henceforward, we will differentiate
the two pulses and note them Ej(r,t) and Es(r,t) for the

purpose of a more general demonstration.

measurement.

The signal W(T) measured at each pixel of the sensor is the squared amplitude of the total
field, integrated over the exposure time (a few milliseconds), which is considered infinite in
comparison to the pulse length:

N +oo N N 2
W(r,7) :/ dt |By(r, ) + By(r,t = 7)
oo

(3.1)

The dependence on the spatial variable r is implicit in the next equations, in order to lighten
the notations. This is inconsequential because IF'TS is only a 1D technique, applied the same
way on all pixels of the sensor. Equation (3.1) is developed as follows:

A +oo . . . . . .
W= [ dt[|BF + 1Bt - P + BB - 1) + B{ 0 s - 7)) |

+o0

— P+ F +/_;°°dt Ev(t) B3t —7) + (/ dt Ey(t) E5(t — r))* ,

—00

= F) + Fy + (E1(t) x B2 (1) (1) + (BE1(t) % Ea(8)) (1),

W)= F+B +2Re[(Eut)E51)(7)] (3.2)

incoherent term

coherent term

where F; and F> are the respective fluences of E‘l(t) and F» (t), and the * symbol represents the
cross-correlation product.
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This result demonstrates that the signal measured by the camera along the whole scan is the
sum of an incoherent term—always constant—and a coherent term evolving with the delay .
The latter is the only term that depends on the input beam temporal profile. This oscillating
part contains the information used by Fourier Transform Interferometry to retrieve the input
beam spectrum.

Raw signals obtained by IFTS at each spatial position are then processed numerically in order
to obtain the input beam spectrum. The Cross-Correlation Theorem [92, p. 951] implies that
the Fourier Transform of the recorded time signal is defined in the spectral domain, as the
product of the input field and of the reference complex conjugate:

F (/m dt Ba(rt) Bi(r.t =) ) = F (Ea(r.1)) F (Balrst)

. (3.3)
= El(’l",W) E;(’I", (.U) = W(Ta LU) ’

with Ej(r,w) and Fy(r,w) the two fields resolved in the spatio-spectral domain, and w the

angular frequency. The resulting signal W (r,w) is defined as the Cross Power Spectral Density

(CPSD), and its spectrum and phase are related to those of the two pulses by the following
expressions:

2

° ’W(r,w)’

. Arg(W(r,w)) = p1(r,w) — pa(r,w) .

=e1(r,w) e2(r,w) (3.4)

The spatially-resolved spectrum of the input field F;(w) is simple to retrieve from W (w),
because the input pulse is identical to its replica in this IFTS technique. Therefore:

2
W)
e1(r,w) = — (3.5)
However, the phases o1 (w) and ¢2(w) of the two fields are also identical for all frequencies w. As a
consequence, the spectral phase of the CPSD is always flat, for any input field (see equation (3.4)).
Because it inherently looses the phase information, Imaging Fourier Transform Interferometry

is not sufficient to retrieve the full spatio-temporal structure of the laser pulse.

3.1.2. From IFTS to TERMITES

TERMITES can be seen as an evolution of the IF'TS scheme considering that it is intended to
bypass the fundamental phase-blindness issue we just described. Since its origin, the core-idea
behind this new device has been to use one of the two interferometer beams as a spatially
homogeneous reference. The goal was to make the input pulse interfere with a well-known and
consistent reference instead of a replica of itself. This new device is able to retrieve the spatio-
spectral phase of the input beam, in addition to the spatially resolved spectrum. Therefore,
TERMITES is able to produce data that can be used to fully reconstruct the spatio-temporal
structure of the beam.

A first way of generating the homogeneous reference was notably introduced by Point Dif-
fraction Interferometry (PDI) [93] and consists of using a centered pinhole in order to create
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a point-source diffracting reference. This method was used by Miranda et al. to build an al-
ternative technique to TERMITES [94]. Their spatio-temporal characterization device and
TERMITES were developed simultaneously and independently in Lund and in Saclay.

TERMITES, for its part, is a self-referenced technique where the homogeneous reference
is created by replacing the M2 plane mirror of the IFTS device by a convex one. As shown
by figure 3.2, the Es(r,w) beam—which is written Fr(r,w) from now on— is expanded as
it propagates towards the sensor, where it interferes with the input beam FE(7,w). This new
optical scheme is very similar to Radial Shearing Interferometers [95, 96], in which the wavefront
of the beam to be characterized is compared with a magnified version of itself.

a M1 b
(a) M2 (®) (- Reference plane (M1 & M2)
E(r,w) 5
___________ o
— g - g
of i T Er(r E
) ) o
o) Ir =3
>
o
BS [ | 2
L Lr 0
2D sensor

Figure 3.2.: Simplified drawings of the optical paths inside TERMITES. (a) Schematic representing
the Michelson interferometer of TERMITES, which uses a convex mirror (M2) in lieu of a plane
one used in the IFTS technique (figure 3.1 on page 44). (b) One-dimensional projection of the
same schematic, featuring the unknown input beam (in red) and the homogeneous reference (in
blue). The reference is a diverging copy of the input beam, generated at the reference plane by
the curved mirror of focal length fr. Object plane is the optical plane that the user needs to
characterize. Its position L is arbitrary.

Only a central portion of the dilated reference actually interferes with the input beam. As
illustrated in figure 3.2, this useful part is generated in the reference plane from a sample of
the input beam. The ratio between the size of this sample and the size of the input beam is
the reference size ratio and is noted 5. This reference size ratio is a parameter of paramount
importance for all studies related to TERMITES. As shown by figure 3.2, 5 dependence on
other design variables is simply dictated by the intercept theorem:

__Ir
frR+ LR’

with fr the curved mirror focal length and Lr the propagation distance between the reference
plane and the measurement plane. Ideally, 8 should be very small in order to generate a reference
as homogeneous as possible, and exempt from any significant spatio-temporal coupling in the
measurement plane. Unfortunately, the value of 3 is limited by experimental constraints which
will be described in details in the next chapter (section 4.1.1 on page 67). As a result, 3 typically
ranges from 0.3 to 0.7 depending on the exact implementation of TERMITES.

B (3.6)

Adapting the IFTS signal development made in equation (3.2) on page 44, we obtain the
expression describing the CPSD signal recorded by TERMITES, where F(r) and Fr(r) are
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respectively the fluence of the input beam and of the reference:

A

W(r,7) = F(r) + Fr(r) + 2Re [(E(r) * E;(r))(f)] . (3.7)

incoherent sum

coherent sum

At the measurement plane, the reference is expanded spatially and still diverging. Therefore,
its spatio-spectral phase is dominated by a curvature term defined as:

SOQZM(T’W) = ggblrv ‘7”2(,0, (38)

with w the angular frequency, and &7, the Radial Group Delay caused by wavefront curvature,
expressed in fs/mm?. The major part of the phase difference between the input beam and the
reference stems from this curvature.

The most visible consequence of this curvature resides in circular fringes formed on the
camera sensor of TERMITES at measurement plane. They are displayed on figure 3.3, where
we computed the fluence profile measured by the camera of a TERMITES device. The input
beam used in this first simulation is purely monochromatic so that only spatial effects are
displayed for the moment.

Fluence (arb. units.) Phase (rad) Measured Fluence (arb. units.)
0 1 -n/2 0 +m/2 0 1

Incident beam
y (mm)
o
o
(ww) A

Reference
y (mm)
o

-5 0 5 -5 0 5 -5 0 5

x (mm) X (mm) X (mm)

Figure 3.3.: Interferogram generated by a simulated monochromatic input beam and its correspond-
ing reference, observed at measurement plane. (a)—(d) Fluence and phase profiles of the
input beam and the reference. (e) Circular interferogram resulting from the overlap of the input
beam and the reference.

Experimentally, TERMITES is in fact employed to characterize ultrashort (broadband) pulses,
as opposed to the monochromatic input used in figure 3.3. Radial Group Delay &7, of the
curvature at measurement plane has a direct influence on the raw signal W(r, 7) because the
envelope of the cross-correlation E’(r, t) % E}E(r, t — 7) is maximum when the delay between the
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input beam and the reference is zero.

t (fs) t (fs)
-50 0 50
— 1
(a)
2
- 3
E o0
>
m
_2 rju
3
<
@
E)
(d) 5
Z
0
-2 0
x (mm) X (mm) x (mm)

Figure 3.4.: A simulated input beam and its reference, interfering on the measurement plane at
three different intermediate delays 7. The top panels display the intensity of the resulting

field, resolved in space and time: Iy (r,t) }E y,t) + Er(y, )| . The bottom panels display

the fluence W (r, 7) as seen by the camera sensor and described by equation (3.7) on the previous
page. Note how the spatial fringes radial position evolves with delay.

As shown in figure 3.4, the temporal overlap between the input beam and the reference depends
quadratically on the radius, and so does the maximum fringe contrast. During a TERMITES
scan, the contrast of the spatial fringes is first maximum at the center of the beam. As delay 7
changes, the zone of maximum contrast travels radially to the outer edge of the image.

The final output data is a three-dimensional array of the interferograms, resolved in the two
spatial dimensions of the camera sensor (z and y), and also resolved in delay 7 by the motorized
translation stage. A schematic TERMITES raw dataset is shown by figure 3.5 on the next
page. The right part of this figure shows a "spatio-temporal" slice of the measurement, which
incidentally illustrates that the maximum contrast delay depends quadratically on the transverse
position.

3.2. Numerical Retrieval of the Pulse Structure

Now that the technique and its implementation are described, let us focus on how to retrieve
the desired information from raw TERMITES measurements. Some very basic properties
of the input beam can be guessed directly from the raw interferograms. For example, its
spectral bandwidth can be estimated from the input beam coherence time, which is deducible
from temporal interferograms envelope. Some simple spatio-temporal couplings can also be
approximated from 3D features of measurement datasets. Examples are developed in the thesis
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Figure 3.5.: Representation of a typical TERMITES measurement output W(r,T). On the left are
represented examples of 2D spatial interferograms. The right panel shows a spatio-temporal
view of the same cube of data, taken at x = 0 and resolved along the second spatial dimension y
and the interferometer delay difference 7.

of V. Gallet [41, pp. 79-82], and are analogous to Time-of-Flight techniques [97, 98] previously
applied to ultrashort pulses. It is also possible to go much further and to compute the full
spatio-spectral complex field of the input beam E(r,w) from the raw TERMITES signal W (r, 7).
The next few pages will detail the five main processing steps required to achieve this much more
precise and quantitative comprehension of pulses structure.

3.2.1. Going Back to the Spectral Domain

We determined that the signal measured by TERMITES is the sum of an incoherent term—i.e.,
the fluence of the pulse and its reference—and of an interference term, which is defined in time
and contains the pulse structure information (equation (3.7) on page 47). This coherent signal
is the real part of the cross-correlation between the unknown beam and its reference, at a given
transverse position 7.

As most spatio-temporal couplings are more easily processed in the spectral domain, the
first step of TERMITES data processing is to convert the pulse information from its original
"time-encoded" format to a spectral quantity, as in the IFTS technique. This is done similarly
with our device, by relying on the cross-correlation theorem that was defined in equation (3.3)
on page 45. It is now applied to the TERMITES raw signal W(r, 7). The Cross Power Spectral
Density (CPSD) W (r,w) that results from the Fourier Transform of W (r,7) is a function of
the input and reference fields:

W(r,w) = E(r,w) Ep(r,w), (3.9)
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and its spectral fluence and phase are:

° ‘W(r,w))2 =e(r,w) er(r,w) (3.10)

. Arg(W(r,w)) = ¢(r,w) — pr(r,w) |

Considering that the resulting phase is the difference between the phase of the beam and the
phase of its reference, any identical term in the beam and in the reference is canceled. Specifically,
the spectral phase at the center of the beam should normally be flat because the beam and its
reference are identical at this position (see middle-right panel of figure 3.6). Similarly, if the
incident beam shows a constant spectral phase term across all of its profile—a large quadratic
phase for example—then this will not have any impact on the measurement because the reference
will possess the same average spectral phase. This has a strong repercussion on the measurement
device: TERMITES is able to characterize the spatio-spectral phase of ultrashort pulses (unlike
IFTS [89-91]), nevertheless this result is obtained up to an unknown global spectral phase of
the beam. The positive side is that TERMITES can be used to measure the spatio-temporal
couplings at any position along the Chirped Pulse Amplification chain, because it is not sensitive
to the average dispersion of pulses.
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Figure 3.6.: Visualization of the 1-D Fourier Transform step of TERMITES data processing. The 1D
temporal Fourier Transform is applied on all spatial pixels of the measurement data W(r,r). As
proved by the cross-correlation theorem, Fourier transforming the temporal signal provides the
cross power spectral density W (r,w) (right panels of this figure & equation (3.10)). Dashed
green curves represent the temporal and spectral filters (hyper-Gaussian windows) which are
applied to the signals.

The operation linking W (r,7) to W(r,w) is a 1D Fourier Transform, applied along the
temporal dimension of W (r, 7). Nowadays, the method of choice to perform Discrete Fourier
Transform (DFT) operations on a uniformly sampled array is the Fast Fourier Transform
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algorithm (FFT) [99]. The result obtained from applying the FFT algorithm on our raw
TERMITES data is illustrated by figure 3.6 on the preceding page. For the sake of clarity, this
example is voluntarily displayed for only three transverse positions. Note that the 1-D Fourier
Transform is run on all N, x NN, pixels of the dataset in order to obtain the necessary spectral
amplitude and phase for all positions the beam profile.

As illustrated by figure 3.6 on the facing page, the result of the Discrete Fourier Transform is
an array of values spanning from —wmax 10 Wmax, With wmax the Nyquist angular frequency. The
central peak gathers the continuous part of the signal recorded by the camera, and corresponds
to the Fourier Transform of incoherent terms in equation (3.7) on page 47. The only valuable
part of this spectral result is the band around wy—central frequency of the input beam—which
contains informations about the beam and the reference. This band is therefore filtered out and
kept for further processing.

In practice, the most straightforward way to obtain the desired result would consist in loading
the full raw data in memory and then computing the 1-D FFT of our 3-D volume, along its
temporal dimension. This solution works, but is actually quite slow. Because of the high spatial
resolution of TERMITES—see section 4.1.1 on page 67—waiting for the whole raw dataset to
be loaded into memory before actually computing the FFT on one CPU core would be very
inefficient. Instead, a sub-task was designed to be applied to N, spatial slices by a pool of
available CPU cores, thus parallelizing efficiently the process. Each 2-D vertical slice of the
dataset is resolved along the y and 7 dimensions, and are only one pixel thick in z. For each of
them, the five following steps are applied:

Load raw data from disk: Depending on hardware specifications and actual data resolution,
this can be the most time-consuming step.

Optionally zero-pad the raw data: By adding null values to the end of the temporal recording
hence enlarging the range, zero-padding virtually increases the output spectral resolution.
This method is harmless to the actual spectral content of the output signal, and can
be necessary to make some large scale spatio-spectral features easier to distinguish by
eye. This artificial interpolation of the signal should be used cautiously, by keeping in
mind that the resolution of the actual information is limited by the physical range of the
interferometer delay stage (see section 4.1.1 on page 65).

Apply a temporal filtering window: Because of the finite nature of our temporal recording—
interpretable as a rectangular or Dirichlet window—mnon-physical frequencies show up as
lobes in the spectrum. In order to avoid this undesired effect, an apodization window is
applied on the temporal raw data. This ensures that the fluence signal smoothly goes to
zero, hence effectively filtering out the artefact high-frequency components.

Compute the actual 1-D FFT: This is simply done thanks to the Python numpy library [100],
in its version optimized for Intel CPUs.

Apply a spectral filtering window: We are only interested in the amplitude and phase values
that are contained in the laser spectral bandpass. The FFT algorithm returns all frequency
components, from negative to positive Nyquist frequency. A band-pass filter—properly
adjusted around the incident laser spectrum—is applied to the FFT result in order to only
keep the useful information and reduce the memory footprint.
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Computing this Fourier Transform in parallel performs faster and only takes less than 5
minutes for a typical TERMITES dataset. This value globally scales linearly with spatial
resolution (in number of pixels), and as N log(N) with temporal sampling. It also consumes
much less memory—only the space taken by one vertical slice, multiplied by the number of
cores, instead of the complete raw dataset.

Since the beginning of this chapter, TERMITES has been described as a fundamentally 1D
measurement, which is made independently over all pixels of the camera sensor. The Fourier
Transform step that we just explained is a purely temporal/spectral process as well. Now that
we made the jump from the temporal measurement of W(T,T) to the cross power spectral
density W (r,w), it will be more suitable to talk and to process spatial quantities, resolved along
a frequency axis. From now on, we will therefore perform operations on fluence profiles or
wavefronts to obtain the desired result.

3.2.2. Curvature Removal & Data Resampling

The output of the previous Fourier Transform step is the complex quantity W (r,w). The phase
of this cross power density is the difference between the incident beam wavefront—mostly flat—
and the reference wavefront—strongly curved. This strong curvature is the largest component
of the retrieved cross power density W (r,w), as seen in panel (a) of figure 3.7 on the facing page.
Additionally, the spatial resolution of W (r,w) is very high because of experimental constraints:
depending on the setup dimensions, some spatial fringes can be very small and need to be
resolved by the camera.

Neither the curvature nor the high spatial resolution is a fundamental issue for the meas-
urement. Yet, both of them considerably overload the next computational steps, and are not
necessary for interpreting the spatio-temporal profile of the measured beam. The curvature can
be considered as a measurement artifact because it does not contain any information about
the pulse spatio-temporal structure, and is only linked to the TERMITES optical layout. It
can therefore be removed without degrading the results. Subtracting the theoretical reference
curvature o7 (r,w) from the CPSD is the most straightforward way to go. Wy(r,w) is the
result of this operation and is used for the subsequent processing steps.

Wo(r,w) = W(r,w) exp (—igg,(r,w)) . (3.11)

Even if the value of ¢, (r,w) can be deduced from design characteristics of TERMITES
(appendix A.1 on page 137), we prefer to obtain it from the two-dimensional polynomial fit of the
curvature at wg. This method does not depend on experimentally measuring the propagation
distance in the device and is much more accurate. When executed correctly, subtraction of
the fitted value of ¢, (r,w) removes the exact amount of curvature from W (r,w). The fit
operation itself is done by minimizing the least-square residual € written as:

€= ‘ Arg(W (r,wp)) — (C’x(wo) 4 Cop(wo) 2% + Cy(wo) y + Cyy(wo) yz) ? , (3.12)

with Arg(W (r,wp)) the wavefront at central frequency of the CPSD, and C(wg) the coefficients
of the polynomial fit at central frequency.
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Figure 3.7.: Evolution of the central frequency wavefront, along the curvature removal process.
(a) Arg(W(r,wp)). (b) Corresponding unwrapped phase. The dashed circle represents the fit
zone, used for next image. (c) 2D polynomial fit (degree 2) of the unwrapped phase. The
vertical and horizontal line show the roots z. and y. of the fit i.e., the center of curvature
measured with sub-pixel precision. (d) Arg(Wy(r,wp)) (Wavefront obtained after subtraction
of the fit).

In equation (3.12) on the facing page, the two interesting fitted values are Cy,(wo) and Cyy(wo)
because those coefficients respectively refer to the horizontal and vertical curvatures at central
frequency. The reference mirror is considered stigmatic so the curvature that should be removed
is the average of Cyy(wo) and Cyy(wp). Moreover, the center of curvature r. can be extracted
from the first linear coefficients. As a result, the quadratic phase that is finally subtracted
from W (r,w) is:

Cira(wo) + Cyy (wo) w
2 wo

Socurv(ryw) = ”l“ - TC|2 . (313)
In equation (3.13), the w/wy factor is necessary to scale the curvature wavefront obtained at
central frequency to each frequency of the spectrum. The full curvature removal operation is
illustrated by figure 3.7 for the wavefront of a simulated CPSD, at wy.

After subtraction of the curvature from the dataset, camera sampling is oftentimes far larger
than the wavefront modulations of Wy(r,w). This high resolution is excessive at this point,
but was necessary during interferograms acquisition because the pixels of the sensor have to be
smaller than the smallest spatial fringes. A first way to reduce the data size would have consisted
in keeping only a fraction of the sensor pixels from the start. Oftentimes, decimation is even
directly available on industrial cameras, and allows for sending only the necessary pixel values
to the processing computer. By reducing the data size from the start, this method eradicates
our high resolution issue, and considerably accelerate the measurement as well as the Fourier
Transform step previously described.

Even though the simplicity of this first approach is rather tempting, the resampling method
described in G. Pariente’s thesis [42, p. 103] provides better signal-to-noise ratio. Relying on
well-known signal processing filtering techniques—see [101] or [102, pp. 403-411]—this process
is comprised of two steps: Conwvolution and Decimation.

Convolving the measured complex quantity has the immediate effect of reducing the noise, by
computing a weighted sum of all neighbouring pixels. This method replaces one output pixel
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by a macro-pizel, made of N]%S pixels (Npg being the adjustable downsampling ratio). Given
the large initial dataset resolution, it is common to use macro-pixels formed by thousands of
physical pixels in order to measure the average fluence and phase at one (x,y) position. This
has a significant positive impact on the Signal-to-Noise ratio of the measurement, making this
method more robust than simply selecting relevant pixels from the initial data.

Initial profile Convolved profile Resampled profile

5 14 - E

s

>

2

2

w 0 T T T
m
>
D)
g

z <

£ &

> c
3.
s”n'

-5 0 5
X (mm) X (mm) X (mm)

Figure 3.8.: Resampling of the beam spectral fluence profile (r,w), at one frequency. The noisy
measured profile (@) is convolved with a Lanczos kernel in (b) and then decimated to a more
appropriate resolution in (c). Upper plots are horizontal slices of the profiles. The same steps are
applied separately on the phase profile. In this realistic example, the input resolution is 1600x 1600
and the output resolution is only 32 x 32. Each macro-pixel is composed of NZ¢ = 2500 physical
pixels.

The convolution is performed with a Lanczos kernel of Npg x Npg pixels, which has a nearly
perfect impulse response—explaining why it is commonly used for this type of image processing
tasks. As explained in details in Gustave Pariente’s thesis [42, p. 105], directly performing
the convolution on complex data can imprint phase defects on the amplitude and vice versa.
This would constitute a strong numerical artifact, as the spectral fluence and phase profiles are
separate physical quantities which can be measured independently in experiment. That is why
we rather perform the convolution separately on spectral fluence and phase before decimating
spatially the data. Finally the downsampled fluence and phase profiles are recombined in the
output complex array.

Figure 3.8 illustrates the convolution and decimation of a fluence profile. Doing the same
thing on the phase is a bit more delicate, because of phase jumps. Those are visible on the
phase profile because our interferometric device returns the phase of the beam, modulo 2x. It
means that if large aberrations (Z Ag) are in the incident beam, then numerical jumps will
appear on the wavefront. This ambiguity—well known in the field of optics e.g., in holography
or tomography—is generally not an issue, but has to be eliminated at this point because
computing the convolution of a wrapped phase does not have any physical meaning. Several
phase unwrapping techniques exist and I chose to use the quality-guided path method developed
by Herraez et al. [103] because of its high reliability and thanks to its implementation in the
Python module scikit-image [104]. After having applied this unwrapping step, the resampling
of the wavefront can be done following the same steps as for the fluence profile.
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3.2.3. Reference Compensation

A common problem in metrology lies in the fact that
most of diagnostic devices do not return absolute quant-
ities. TERMITES is no exception. As a self-referenced
technique, our device performs a comparative measure-
ment using a reference generated from a central part of
the unknown beam—which by nature is not defined. The
reference can therefore also suffer from unknown aberra-
tions and be impaired. In the case where the reference
size ratio f—defined in equation (3.6) on page 46—is
significantly small, then the spatial aberrations of the
reference can be considered negligible over its diameter,
and the assumption E(r,w) = Wy(r,w) can be considered
valid. However, design constraints—developed later in sec-
tion 4.1 on page 64—require that most configurations of
TERMITES have to use a large part of the incident beam
to construct the reference. In those cases, the measured
cross power density Wy (r,w) obtained after the previous
processing steps cannot be directly used to get to the
incident beam E(r,w).
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Figure 3.9.: Influence of the refer-
ence on the measured beam. The up-
per panel shows the phase profile of a

Figure 3.9 shows that the main effect caused by the im-
perfect reference comes from the magnified beam profile

being imprinted on the cross power density Wy (r,w). As
it was developed in equation (3.10) on page 50, the meas-
ured spectral fluence is the product of the incident beam

simulated beam at the optical plane of
measurement. The bottom panel shows
the phase which is actually measured by

TERMITES wherein the square shape is
magnified by 1/ and subtracted from the
desired wavefront. The white square vis-
ible in the bottom panel is directly caused
by the subtraction of reference wavefront.

spectral fluence (¢) and of the reference beam spectral
fluence (eg). Equivalently, the measured wavefront is the
difference between the phase of the input beam profile,
and the phase of the reference. Depending on the input
beam features, and on the parameters of the instrument,
this can have a more or less strong effect on the resulting
measurement. In the situation that is simulated in figure 3.9, the square-shaped aberration
visible in red on the incident beam is magnified by a factor 1/5 and then subtracted from the
actual wavefront in the TERMITES measurement. This is where the white square comes from
in the bottom panel of figure 3.9, and this is why the retrieved field can represent imperfectly
the true input beam field at this stage.

The different methods used to address this inverse problem mainly come from the Radial
Shearing Interferometry (RSI) community. Indeed, after the first step of our data processing,
the signal resulting from a TERMITES measurement can be seen as a spectrally resolved
RSI measurement. In this well-established interferometry technique, the reference is usually
compensated using iterative algorithms as explained e.g., in [105, 106] (applied only on phase)
or [107] (applied on phase and spectral fluence profiles). It is possible to estimate how the
beams propagate in the instrument because TERMITES is a relatively simple linear device.
The reference can be defined in the optical plane of the curved mirror (reference plane) as being
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equal to the input beam at this position, with an added curvature:
Eg(r,w) = E(r,w) exp (i ¢l (7,0)), (3.14)

with ¢l (r,w) the phase curvature created by the convex mirror, in the reference plane
(see appendix A.1 on page 137 for its exact expression). The diverging reference then propagates
linearly to the measurement plane, without further alteration.
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Figure 3.10.: Schematic diagram of the current reference compensation algorithm. Wy(r,0) is the

measured signal, which is used as a first guest of E. for the algorithm. Eé:fc) is the estimated
incident beam, computed at the measurement plane and then at the reference plane, at each
step of the computation. E(r,0) is finally the best estimated field, after the reference has been
compensated by the iterative algorithm.

A first implementation of iterative algorithm was developed and adapted to TERMITES by
G. Pariente during his thesis [43, p. 105]. His algorithm is based on the approximation that the
reference observed in the measurement plane is an homogeneous dilation of the input beam. The
algorithm works by computing the dilation of the measured phase profile and then subtracting
it from successive estimation of the input beam. In this work, we improved further this idea in
order to take into account the effects of the free-space propagation and to extend the algorithm
so that it corrects not only the wavefront but the spectral fluence profile as well. Despite being
more complicated, this version does not rely anymore on any approximation and is closer to
reality of the instrument. Let us go into the details of the most recent solution.

As illustrated in figure 3.10, compensating for the reference mainly consists of computing the
estimated input beam step-by-step, by going through an iterative algorithm. The general idea
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is to compute at each step n the reference that would be generated by the beam estimated at
the n — 1 step. The cross power density Wy(r) serves as the first guess Ee(gt) and is divided
at each step by this corrected reference, after having computed the latter in the measurement
plane (z = 0):

Wo(r)
Ex" V)

This algorithm is applied independently on each spectral sample, as it is purely spatial. After a
few (< 15) iterations, the estimated beam eventually converges to the true input beam profile
with a reasonable accuracy.

(n)

Eest (T) - (315)

At each step of the process, the reference Eg(n_l) (7) is computed as precisely as possible. While
the previously mentioned implementations approximated the reference as a simple dilation of the
estimated beam, we chose to simulate accurately the true propagation of the beam and to use
plane-wave decomposition when going back and forth between the measurement plane and the
reference plane. Spending this extra computation time has two profits. First, this method takes
into account the free-space propagation occurring between the two optical planes. Even if this
effect can be neglected in some cases, we found that not taking it into account has a noticeable
negative effect on the retrieved beam profile in a standard TERMITES configuration. Secondly,
using plane-wave propagation has a practical benefit. As the device is never perfectly aligned,
it is important to take into account the center position of the reference beam in the reference
plane. This information is measured experimentally for calibration, and simply translated into
a virtual tilt which is added to the estimated beam before propagation during the iterative
algorithm.

Assessing the absolute convergence of the algorithm is not trivial, since it cannot be summar-
ized as a purely arithmetic progression. Nevertheless, it is possible to understand it intuitively
by reasoning like if the computed reference was only a dilation of the beam, as in simpler
versions of the algorithm. Let us adapt the convergence demonstration made by Lopez Lago
and Fuente [107, p. 373] to our situation. The successive estimated fields can be computed
iteratively from equation (3.15), by developing each time the previous estimation:

_( Wi (6r) )
B (82r) >

Wo(r) g2 (527“) ’ (3.16)

Wo*(Br)
Wo(r) ( Wo(8%r) )
Wor (Br) \ B9 (83r) )

est

Let us recall the approximation we made about the reference which is considered to be a simple
dilation of the input beam:

W(r)=E(r)E(pr)".
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Equation (3.16) therefore simplifies to:

E(r) Wo(B"r) / E(f"r) when n is even.
B (r) = (3.17)
E(r) E(B"r) /| Wo(p"r) when n is odd.

In both cases, terms that depend on S"r end up being spatially homogeneous as their mag-
nification tends to infinity, because lim, ., " = 0 (for § < 1, which is verified in our case).
This means that the iterative algorithm theoretically always converges to the E(r) field, up
to an irrelevant scalar multiplicative constant. The derivative of the root-mean-square differ-
ence between consecutive estimations is a good stopping criterion to determine that no further
improvement can be brought by the iterative method.

E(r,wo) Wo(r,wo) Eest (7, wo)

1 m
=}
[0}
= e
€ —
€ 2
~ o
> e
C
3
-10 z

0

n
o
—_ >
€ &
E [0}
> o
2

-10
- — -
-10 0 10 -10 0 10 -10 0 10
x (mm) X (mm) x (mm)

Figure 3.11.: Reference effect in the measurement plane, and correction by the reference compens-
ation algorithm. The left column shows the fluence and phase profiles at one wavelength
of a simulated beam E(r,wy) that went through a square-shaped phase defect in the object
plane, before being measured in the plane of the camera. The central column shows the
field Wo (7, wp) that is actually measured by TERMITES. Lastly, the right column shows the
estimated field Eest (7, wq), retrieved from Wy (r,wp) by the reference compensation algorithm.

Figure 3.11 is an example of a successful compensation of the reference by the iterative
algorithm. As figure 3.9 on page 55 was already illustrating, the influence of the reference
can badly alter the field Wy (7r,wp) which is measured by TERMITES. After the algorithm
has converged, the retrieved field Eest (7, wo) is significantly closer to the expected input beam,
both in appearance and in magnitude. Even if most of the bias linked to the reference is
canceled, some additional filtering steps might be necessary so that the retrieved profile can
be even closer to the expected result, in particular in situations where the measured beam is
noisy. Nevertheless, considering that this simulated aberrated profile is already quite exotic
compared to typical experimental aberrations, the present simulation shows that the reference
compensation method is well suited for obtaining a correct TERMITES measurement in the
general case.

58 A. JEANDET



3.2. Numerical Retrieval of the Pulse Structure

3.2.4. Retropropagation

Now that the field E(r,w) is accessible and disentangled from the reference, we can analyze it and
start to draw some conclusions about the laser beam properties. However, the experimentalist
should understand that this field is measured in the camera plane, and that it does not necessarily
represent the field in the plane of interest (i.e., in the object plane, illustrated in figure 3.2 on
page 46). When spatial aberrations are limited, propagation effects occurring from the object
plane to the measurement plane can be considered negligible. However, if features of relatively
high frequency are affecting the complex field in the object plane, they will diffract and will not
be easily recovered in the measurement plane.
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Figure 3.12.: Retropropagation of the measured field to the object plane. This example shows how the
object field can be modified by diffraction in certain conditions. In this case, numerically imaging
the object plane thanks to plane-wave retropropagation of —1500 mm from the measurement
plane restores completely the initial patterns.

Fortunately, TERMITES unravels the full spatio-spectral profile of the beam in amplitude
and in phase. It is therefore rather straightforward to numerically retropropagate this result
to the plane of our choice—by plane-wave decomposition—so that the object plane can be
numerically imaged. Figure 3.12 is an example of retropropagation from the measurement plane
to the object plane. This case is rather exaggerated because we overprinted some letters on the
profiles, in order to see their evolution across 1500 mm of propagation in free-space. The letters
possess some high spatial frequencies, which tend to evolve faster over distance, changing the
profiles significantly. Nevertheless, I observed experimentally during validation measurements
that retropropagating the measured fields could be crucial for a correct interpretation, even in
realistic test-cases (see chapter 6 on page 89 and part Il on page 103).

This step cannot retrieve the original beam if too large aberrations affect it. In such cases, some
portions of the laser energy can diverge too much and be filtered out by the instrument pupil.
Information is then lost because this signal does not contribute to the interferogram measured
by the camera. This is not a critical issue because those hypothetical strong aberrations would
already be noticed and corrected for in the early stages of the laser alignment, thanks to more
simple wavefront-sensing techniques, or even by simply looking at the near-field profile of the
beam after some propagation.
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3.2.5. Spectral Phase Stitching

The complex field E(r, L,w) that is retrieved after the three previous steps now describes
accurately the spatio-spectral profile of the input beam seen at the object plane. The main
remaining issue lies in the fact that TERMITES is blind to any global spectral phase, i.e.,
any spectral phase component present at all positions in the beam. By principle, the result
retrieved by our instrument is known up to an unknown spectral phase, because TERMITES
is a self-referenced technique. For example, TERMITES would be unable to tell if the input
beam was uniformly chirped due to a bad compression, because the chirp would affect both the
input beam and the reference, at all positions of their profile.

(peJ) aseyd
(peJ) aseyd

X X
(mm, 4 2.10 (mm, 4 2.10

Figure 3.13.: Forcing global spectral phase using an independent measurement. Several spatially re-
solved phase profiles are extracted from a 3D dataset and plotted on panel (a), for different
frequencies. The red curve highlight the arbitrary spectral phase at one position along x, which
arose from previous steps of the post-processing. In order to get a rigorous representation
of the input beam, the spectral phase is forced to match a local measurement made at this
position with an independent diagnostic tool (green curve in panel (b)).

Fortunately, this difficulty is easily surmounted experimentally. We explained that the output
of a TERMITES measurement can be considered as a spatial measurement which is resolved
in spectrum. The current problem is explained by the fact that at the end of the data pro-
cessing, the spectral wavefront samples are unrelated between themselves, because they were
processed independently through retropropagation and iterative algorithm. The independent
wavefronts can be stitched back together thanks to an independent measurement of the spectral
phase ¢(zo, yo,w), at one position across the beam profile.

Spectral phase stitching is usually carried out using FROG [70] or SRSI [108] devices, which
easily provide the required local spectral phase. As illustrated in figure 3.13, a spatially in-
variant spectral phase is then added to the TERMITES result E(z,y,w), so that the spectral
phase of the TERMITES measurement matches perfectly the local spectral phase measured
at position (xg,yo). This operation do not change the spatio-temporal properties of the beam
because it affects the phase at all positions in the same manner. Es(z,y,w) is the field resulting
from this adjustment:

Ey(z,y,w) = E(z,y,w) exp| i (¢(z0, yo,w) — Arg(E(z0, yo,w)) | - (3.18)
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Figure 3.14.: Spectral Phase Stitching of the result. Panel (a) represents the spatio-temporal slice of a
simulated input beam which is affected by a Pulse Front Tilt coupling, and also by a non-flat
global spectral phase. Panel (b) shows the field which is retrieved by a simulation of the
TERMITES instrument, using the previous field as its input. Finally, panel (c) shows the
TERMITES result, corrected by an independent spectral measurement, made between the
dashed horizontal lines.

Figure 3.14 illustrates the effect of this correction on a simulated TERMITES measurement.
The input beam we used to generate this particular figure exhibits a combination of purely-
temporal and spatio-temporal effects. Panel (a) shows that the input profile is temporally
dispersed and also tilted spatio-temporally (by Pulse Front Tilt). Panel (b) shows that Pulse
Front Tilt is retrieved without any problem by TERMITES. However, the general temporal
spread—due to Group Delay Dispersion (GDD) and Third Order Dispersion (TOD)—is not
obtained. After spectral phase correction, the resulting field (in panel (c)) is closer to the real
input beam and can be safely used to estimate the intensity at focus or assert other secondary
results.

However important this step can be to truly characterize the input field, it is generally
not mandatory if the user only needs to measure spatio-spectral couplings (i.e., chromatism).
Oftentimes, the phase can simply be forced to zero for all frequencies at one spatial position.
While simulating a perfect compression at this position, this fast method effectively stitches the
spectrally resolved wavefront for further examination of space-time couplings, without the need
to perform an independent measurement each time.

A

In this first chapter concerning TERMITES, I focused on the in-depth description of its
working principles. This was done by understanding the raw signal measured by our modified
interferometer (section 3.1 on page 44), and by going through the whole numerical processing
used to extract the desired input field (section 3.2 on page 48).

The simplicity of design of TERMITES is undoubtedly one of its biggest strength compared

Spatio-Temporal Characterization of Femtosecond Laser Pulses Using Self-Referenced IFTS 61



Chapter 3. Fundamentals of the Technique

to other characterization techniques. Using linear optics and simple optical components reduces
the number of error sources to the minimum, while enabling full spatio-spectral characterization
of the laser at any point along its amplification chain. This would not be possible without
careful post-processing of measurements. However fastidious it may seem after these few pages
of detailed explanation, each step of the process relies on simple concepts, and is based on
well-established signal processing techniques.
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Chapter 4.

Specifications & Performance

Making careful choices about the instrument design was essential to optimize the quality of
measurements. Going from proof-of-concept to the final device requires studying the theoretical
limits of TERMITES and optimizing its design variables accordingly.

Theoretical constraints of the instrument are related to signal acquisition limits and to hardware

limitations. They will be fully described in the first part of this chapter. We explain in a second
part the optimization choices that we made to build the prototypes of TERMITES.
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Chapter 4. Specifications & Performance

4.1. Design Parameters and their Constraints

As for any other optical instrument, the design of TERMITES depends on a set of independent
variables which are themselves constrained by various physical limits. In the case of our instru-
ment, its design parameters are linked to three elements: the optical layout, the camera sensor,
and the piezoelectric delay stage. In addition to these parameters, the input laser beam also
has properties that have to be considered. Those are not directly linked to TERMITES itself,
but should nevertheless be defined by their limits in the instrument specifications and taken
into account for the optimization. All independent variables, which are described in table 4.1,
were studied so that TERMITES can deliver the best performances for specifications as broad
as possible.

Laser Beam Specifications Design Parameters

Amin (nm)  Minimum wavelength Optics Layout

Ao (nm) Central wavelength fr (mm) Reference mirror focal length

Tmax (Mm) Input beam radius Lr (mm) Reference propagation distance
Camera

Az (mm) Sensor width
0x (pm) Pixel size
Translation Stage

Az (pm) Scan range
0z (pm) Scan step size

Table 4.1.: The nine main independent variables for the design of TERMITES.

Even though the number of variables is somewhat limited, optimizing such a system without
any method is burdensome. This is due to multiple secondary variables which are directly
linked to these design parameters, such as device footprint, components cost or acquisition
time. There is no perfect configuration fully satisfying each specification. Instead, a few optima
exist, depending on which parameters is of particular importance for the end-user. In order to
understand the choices we made for the final solutions, let us examine the constraints of this
problem.

I chose to divide them into two categories: hard constraints—which absolutely have to be
met, because they are linked to some fundamental physical limits—and soft constraints—which
are parameters we would rather keep in certain ranges, even though no hard threshold exists
on their values.

4.1.1. Hard Constraints

Hard Constraint #1: Temporal Sampling Resolution

TERMITES is a modified Fourier Transform interferometer. Some of its fundamental limitations
are therefore linked the temporal sampling of its coherent signal. The most obvious limitation is
the delay step size needed to resolve the full spectrum of the laser beam. The following relation
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is implied by the Nyquist—-Shannon sampling theorem:

_27T

Aw = 1
v o’

with 67 the delay step size and Aw the output frequency range, from —wmax t0 Wmax. Expressing
this relation as a function of the minimum wavelength Api, instead of wax (Wmax = >\21:1Cn) leads
to:

)\ .
0T max = 2rn;n

and after converting this maximum delay step size dTmax to the spatial translation of the

reference mirror 0z (with 6z = C‘STT), it comes:

)\min
(5Zmax = T . (41)

This equation has a significant implication on the technological choice of the translation stage:
it means that in order to resolve correctly the minimum wavelength of the input laser spectrum,
the translation steps shall not exceed a fourth of the wavelength in question. Using larger steps
would produce aliasing artefacts and could seriously distort the retrieved signal. The maximum
delay step dTmax is represented on figure 4.1 on the next page.

Solving this constraint is straightforward: based on the desired input beam specifications, and
in particular on its minimum wavelength, the motorized stage model needs to be chosen so that
the necessary step size can be achieved.

Hard Constraint #2: Delay Range

After having defined the maximal delay step size dTmax, let us determine the necessary delay
range A7 of a TERMITES measurement. This parameter has notably a direct impact on the
durations of measurement and processing, as well as on hardware decisions. The delay range
should therefore be limited to what is necessary for obtaining a good quality measurement,
without taking too large margins and risking to reduce the global efficiency of the device.

As defined by equation (3.7) on page 47 the signal recorded by TERMITES is the sum of an
incoherent signal and of a coherent one that will be noted We(r, 7). This coherent term contains
all the information about the pulse and is defined as:

We(r,7) = 2Re [E(r,t) x Bp(r,t = 7)] . (4.2)

As illustrated by figure 4.1 on the next page, this coherent signal corresponds to the temporal
oscillations in the raw TERMITES data. The problem of deciding the temporal range of a
TERMITES measurement comes down to determining for which interval of delays At the
coherent signal Wc(r, 7) has a non-zero value. Two specific delay ranges are indicated on this
figure, and are noted A7c¢ury and A7.. They add up to give the minimum delay range A7pin:

ATmin = ATeury + AT, . (4.3)

Spatio-Temporal Characterization of Femtosecond Laser Pulses Using Self-Referenced IFTS 65



Chapter 4. Specifications & Performance

[y

m
>
o
3
E <
=
£ 2
< S
> o
>
E}
4
0

x (mm) T (fs) ST

Figure 4.1.: Views of a typical TERMITES dataset W (r,7), exposing the strong dimensioning con-
straints of the device. A spatial slice is shown on panel (a), taken at 7 = A7, and showing
high spatial frequency fringes. On panel (b), a spatio-spectral view of the same dataset is
displayed, illustrating the temporal constraints.

ATeury is the delay range that is linked to the reference curvature. As derived in more details
in appendix A.1.3 on page 138, a laser pulse of which the wavefront is curved exhibits a group
delay Ttury(7), which is zero at center and increases monotonically with radial position 7:

R 1
Tcurv(r) = z 1l —— . (44)

with r the radial position and R the radius of curvature of the wavefront. In the measurement
plane of TERMITES, R is the sum of the curved mirror focal length fr and of the propagation
distance Lp (see figure 3.2 on page 46). Therefore, the radial group delay of the reference at
measurement plane of TERMITES is:

™ (r):fR+LR 1— 1 . (4.5)

curv 2
1+ (7)

C

This has the direct effect of also delaying the cross-correlation in W, and therefore the zero
delay of interferograms. In order to fully measure all temporal interferograms at all positions
without clipping any useful information, this delay must be taken into account. ATcyry is simply
the maximum delay caused by the curvature at the edge of the input beam:

A7'curv = Tgﬁrv ('rmax) . (4'6)

AT, for its part, is the delay range associated with coherence of the input laser. For a fixed
position (e.g., at image center) the coherent signal has indeed a certain delay span 7., which
is linked to the spectral contents of the input beam and of the reference. In order to estimate
roughly this delay, let us consider that the beam and the reference pulses are both Gaussian
in time. The FWHM duration of the cross-correlation signal is the same as the duration of a
convolution. In our Gaussian profile approximation, the FWHM duration of the convolution
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(see [25, p. 616] and [109, p. 168]) is:
A2 =1.(E) %2+ 1.(FER) %, (4.7)

with TC(E ) the coherence time of the input beam and TC(E r) the coherence time of the reference.
If we consider that because the spectral contents of E and Ep are very similar, their coherence
time is similar too, then:

V27

AT, ~ QTC(E)N AN
c

with A\g the central wavelength of the input beam and A\ its spectral bandwidth.

(4.8)

The duration A7, we found by considering a temporally Gaussian input beam is an absolute
minimum. Any pulse having a non-Gaussian spectrum also have a longer coherence time com-
pared to this best-case scenario. TERMITES is designed to characterize space-time couplings,
on laser beams that have big chances to be imperfect at some positions across the beam. This
means that some spectral information can be measured even quite far from the zero delay
position. Some comfortable delay margin should be taken to include as much signal as possible
in the measurement.

At which point should a tumultuous spectrum be a concern for the user? Our temporal meas-
urement is the product of the actual physical signal Wp(r, 7), with an apodization window A(7)
that is applied during data processing (see figure 3.6 on page 50). In the spectral domain, the
measurement is therefore the physical Fourier transform of the physical signal, convolved by the
Fourier Transform of the apodization window:

. (4.9)
W(r,w) =Wp(r,w) x A(w) .

Choosing a too small delay window for the measurement unavoidably wipes out some informa-
tion. However this is only translated in the spectral domain into a convolution by the Fourier
Transform of the apodization window, which in most cases simply smooths the spectrum without
adding complex artifacts and degrading further the signal. Rapidly oscillating spectral modula-
tions are indeed lost, but the general shape of the pulse—as well as low order couplings—can
still be measured. This means that the answer to our question depends on the required spectral
resolution of the end result. The user shall suit the temporal range of the measurement to the
level of spectral resolution he needs, following the simple law:

2

ow=R7"

(4.10)
with dw the spectral resolution and A7 the chosen delay range. If the ambition of a given
measurement is to characterize a first-order coupling such as Pulse Front Tilt, then A7 can be
fixed to a very small value, as long as it is kept higher than A7cyy.

Hard Constraint #3: Spatial Resolution

This temporal sampling relation is not the only strong requirement of TERMITES. Because the
wavefront of the reference is curved, some circular fringes are also visible in the spatial domain
of the measured signal, and their spacing evolves with radius. It was shown by figure 3.4 on
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page 48 that the smallest spatial fringes occur when the reference overlaps with the outer part
of the incident beam.

Why could this be an issue? In principle, it is not necessary to resolve the small spatial fringes,
because TERMITES performs the measurement of a temporal signal which is then converted
to the spectral domain with a 1-D Fourier Transform. The subsequent processing steps do not
depend on the spatial fringes being resolved either. The issue rather comes from the fact that
the camera pixels are not punctual. At each delay step 7, each one of them returns a signal
value W(x, y,T) expressed in number of electrons, which actually corresponds to the integral
of the physical signal Wp(x, y,T) over their spatial extent (dz,dy), weighted by the quantum
efficiency of silicon 7:

. z+ox  pry+oy
W((L’,y,T) :/ / HWP(-TC,y,T)- (411)
x Y

If the spatial variations of W(a:,y, 7) over the pixel area happens to be non-negligible, then
the temporal oscillations of the signal are less contrasted. Pushing the idea even further, if
the spatial fringes were significantly smaller than the pixel size, then the measured energy at
a given position would be average and constant over the whole temporal scan. The spectral
information would be totally lost.

In order to avoid this artefact, choosing the TERMITES parameters so that the outer spatial
fringes are significantly larger than the sensor pixels is absolutely essential. A quick geometrical
analysis (detailed in appendix A.2 on page 138) shows that the spatial fringes get smaller as

radial position 7 increases:

5 fin = i (LR T R) (4.12)

T'max

with Apin the minimum wavelength of the laser, fr the focal length of the reference, Lg its
propagation distance, and ryax the radius of the input beam. As demonstrated in the PhD thesis
of G. Pariente [42, p. 80], it is wise to sample the minimal fringe spacing with at least ten pixels
so that the impact on temporal measurement contrast is negligible. As a consequence, the
maximal spatial pixel size for TERMITES can be written:

)\min(fR + LR) )

4.13
10 rmax ( )

0Zmax =

This equation is the main constraint linking together the input beam specifications, the optical
layout variables and the internal hardware features.

4.1.2. Soft Constraints
Soft constraint #1: Magnification of the reference

A central parameter in our technique is the reference size ratio, 5. This parameter designates
the size of the input beam portion used as a reference after being magnified by the convex
mirror. Even though [ is not one of the primary physical variables of the set-up, and is not
directly linked to a strong limitation of the device, it has a significant importance in the design
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of TERMITES. The reference size ratio 8 was defined in figure 3.2 on page 46 and is written:

fr

P FatIn

(4.14)

Modifying the reference magnification has two major consequences on the measurement. The
most obvious is the interferogram maximum contrast (also known as interferometric visibility).
In a Michelson interferometer, the maximum contrast of the fringes depends on the relative
fluence Fi(r) and Fy(7) of both interferometer arms at a single wavelength, and is defined as:

2\ Fi(r) F5(r)

Cmax = (e 1 Far)

(4.15)

This equation is true in the approximation that both arms have the same dispersion, which is
verified because the experimental set-up includes a dispersion compensation plate in one arm.
Furthermore, if the beam splitter and both plane mirrors are balanced, the throughput of both
arms is equally 25 % of the input beam power. It means that at zero-delay, the contrast should
in theory be perfect (Cphax = 1) and that the interferogram intensities distribution should fill
the whole dynamic range of the sensor.

The magnification of the reference has an influence on maximum contrast, because total
energy of the reference is conserved while its spatial profile is expanded by a factor 5. This
means that, at measurement plane, the fluence of the reference is inversely proportional to 52,
and the maximum contrast of the device ends up being

28

Cmax = .
1+ 8

(4.16)
In practice, this contrast loss is only an issue that happened during the development of
TERMITES prototypes, when the tested magnification was too high. As soon as the design of
the device—and particularly its § parameter—is frozen, the relative throughput of interfero-
meter arms can be balanced in a permanent way pretty easily. This is done by adjusting the
reflectivity of one of the two mirrors.

Now, let us detail a more complex issue linked to the reference magnification. When f is
large, the influence of the reference on final measurement is compensated for using an iterative
algorithm which was referred to in section 3.2.3 on page 55. In order for the algorithm to
converge as closely as possible to the input field, it is advisable to keep [ as low as possible.
Equation (4.13) on the preceding page can be combined to equation (4.14) in order to express
the relation linking multiple key parameters of TERMITES, and in particular 3:

LR )\min

10 rmax (1 _/3) ‘ a7

0Tmax =

This equation clearly summarizes a trade-off of particular importance for our device. For a fixed
input beam diameter, decreasing 3 requires to either increase the propagation length L or to
decrease the camera pixel size dzpax (by using a higher resolution camera). These solutions

are not ideal because they contribute to increase the instrument footprint or its direct cost, or
both.
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Soft constraint #2: Input Pupil, Sensor Size, Device Footprint

One of the first questions coming to the mind when thinking about the specifications of
TERMITES is the input beam size. Generally, the entrance pupil of a diagnostic device is
the kind of parameters which should be kept as small as possible for the practical reasons of
cost and device footprint. Concerning our spatio-temporal diagnostic, it is not only practical
but essential to characterize the input beam over a section as large as possible, and preferably
over its whole spatial profile.
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Figure 4.2.: Three different imaging configurations dealing with various beam diameters. (a) Standard
configuration of TERMITES for beams smaller than sensor area. (b) Scaled up device, with
interferograms forming on a diffusing screen, while a camera and its objective image the screen.
(c) Standard configuration of TERMITES with accompanying refractive or reflective telescope.
The telescope is used to reduce the input beam and to comply with TERMITES input pupil

specification.

An important element to consider is the maximum achievable size of image sensors, and
their cost. The vertical size of standard industrial cameras ranges from a few millimeters to
2.4cm (photographic Full frame format). This means that any pupil size up to 24 mm can
be chosen without making any strong modification to the layout of TERMITES, as shown in
panel (a) of figure 4.2. This is the preferred situation because optics are kept within reasonable
dimensions, and no additional component is required. Interferograms are directly projected on
the sensor and recorded along the scan.

However, it is not sufficient to simply hold maximum input beam diameter below the size of
the sensor chip. Most of the time, users employ TERMITES in order to characterize challenging
systems which are susceptible to exhibit spatio-temporal couplings. Those systems are oftentimes
high power lasers with large apertures. How can such large diameter beams be measured in full

using our device?

The first way of doing so is illustrated on panel (b) of figure 4.2 and consists of scaling up all
optics to adapt to the higher pupil size. As the beam could not possibly be contained on the
chip of a camera, interferograms are diffused by a screen which is then imaged by a photographic
objective on an image sensor. The resulting set-up involves large optics and usually have a
big footprint due to the propagation of a large beam in the instrument, which is hard to fold

efficiently.
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The second way of measuring a large beam is probably the most obvious: reduce its diameter
using a telescope, so that interferograms can fit on the camera sensor of a tolerably sized
TERMITES. This method is illustrated on panel (c) of figure 4.2 on the facing page and was
first rejected because of the initial ambition of TERMITES. As previously explained in chapter 2
on page 21, our device was originally designed to characterize ultrashort lasers in space and time,
using the simplest set-up as possible, so that the measurement would be the closest to reality.
Reducing the beam using a refractive telescope is highly susceptible to introduce undetermined
aberrations that would add some uncertainty to the measurement.

4.2. Settling for an Optimal Set of Parameters

4.2.1. Optimization Procedure

The design parameters of TERMITES are now defined. Instead of providing one example of
design, I suggest here a simple procedure that can be used to design TERMITES in accordance
with the input beam properties and the physical constraints that were just described.

Step 1: Establish input beam specifications and imaging configuration
Estimation of {7 mazs Aoy Amin, Az, 0x}.

In order to establish the properties of TERMITES, defining the input beam specifications is
essential. Its central wavelength, bandwidth and diameter are the three principal parameters,
and were already listed in table 4.1 on page 64.

The beam properties are easy to find if the TERMITES device is built for a specific usage,
i.e., characterizing a particular system at a known position along its amplification chain. If the
goal is rather to obtain a versatile instrument, which can be adapted to multiple systems, then a
more elaborate study must be made to determine for which category of systems the instrument
have to be designed.

Knowing the beam diameter, the imaging configuration of TERMITES can be chosen among
the three possibilities shown in figure 4.2 on the preceding page. Then, the required sensor size
can also be established, and a first choice of camera model can be made. If needed the model
will be modified at the end of the first computations, and the typical pixel size value dz = 9 pm
can be used for now.

Step 2: Optimize spatial dimensions
Estimation of {5, fr, Lr}.

Using the parameters established during the previous step, we can now compute the allowed
spatial design parameters of TERMITES, thanks to equations (4.14) and (4.17) on page 69.

Figure 4.3 on the following page shows that all combinations of parameters 8, fr and Lg
are not achievable. They are mainly limited by resolution power of the camera, and by the
minimum inter-fringes spacing of the interferograms. This constraint was explained on page 67
and is expressed by equation (4.17). All configurations placed along this resolution limit (black
curve in the figure) are optimal because they make full use of the camera resolution.
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Figure 4.3.: Example parameters space of TERMITES, for fixed input beam specifications (rn.x =
5mm, Amin = 750nm) and fixed camera pixel size (dx = 9pm). The black linear curve
correspond to equation (4.17) on page 69, and delimits a forbidden zone (in gray) where
no measurement is possible due to spatial sampling requirements. Optimal configurations
are found along this black curve. Depending on the curved mirror focal length fr, 8 can
be chosen as needed. The green curves represent all solutions (8, Lr), achievable by simply
increasing propagation length in a given TERMITES device, without modifying the curved mirror
(see equation (4.14) on page 69).

At this stage, the only parameter to choose is the focal length fr which determines the
position of the instrument configuration along this limit. The trade-off between 8 and Lg is
governed by this choice. Using a small focal length reduces the propagation length and allows
a small device footprint. On the contrary, choosing a large focal length reduces the reference
size ratio 8 (which is desirable, see page 68) but imposes a large instrument footprint.

It is always possible to increase Lp after TERMITES configuration has been chosen, by
moving the camera away from the interferometer. In this case, the solution is not at the
resolution limit anymore, and moves along its corresponding green curve (equation (4.14) on
page 69, with fg fixed). This change can be useful to set § to another value, without changing
any optics to the setup. Doing so was particularly useful in experiment, to easily try different
magnification values.

Step 3: Check consequences on temporal scan properties and on the device
Estimation of {Az,0z}, as well as total cost and achievable footprint.

During the two previous steps, the design of TERMITES was adapted to input beam properties
and to the most critical constraints. After having drafted this preliminary configuration, it is
necessary to check a few more elements. Namely, the temporal sampling and range should be
computed from the beam specification and from the dimensioning values. These constraints
are crucial but have been left for the end of the optimization because they are generally less
restrictive.

If the choice of 8 and Ly does impose too large constraints on the required delay range
of the motorized stage (equation (4.5) on page 66), then the curved mirror focal length fr
can be adjusted down by going back to step 2. After a few iterations of this protocol, the
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best configuration can be determined and implemented afterwards in the actual prototype of
TERMITES.

4.2.2. Two Input Requirements, Leading to Two TERMITES Designs

Depending on the requirements imposed by the input laser beam and by cost or footprint wanted
by the user, TERMITES set-ups can be totally different.

The starting point of this work was the proof-of-concept developed by G. Pariente during
his thesis [42]. His prototype was designed to measure as directly as possible a large input
beam such as UHI-100 at the output of its compressor (80 mm in diameter). As a consequence,
this first version used configuration (b) of figure 4.2 on page 70, wherein spatial interferograms
are projected on a screen and imaged by a camera objective. Following steps 2 and 3 of the
optimization we just described, and playing with the trade-off between reference size ratio 3
and propagation length Lg, the specifications of this first prototype were established to the
values shown in table 4.2.

Laser Beam Design
Specifications Parameters
Tmax = 40 mm Optics Layout
(8 =0.54)
Ao = 800nm frR= 52m
Amin = 770nm Lr= 45m
Camera
(KAI-29050)
Axr = 24mm
dr = 20pm*
Translation Stage
(PI P-622)
Az = 130pm
6z = 150nm

Table 4.2.: Set of parameters chosen for TERMITES proof-of-concept. *In this particular
configuration, the spatial sampling value does not match the actual pixel size of the
camera (5.5 pm in this case). Interferograms are indeed projected on a screen which is
then imaged by the camera objective, which explains why éx is larger.

Although this version did fit the bill for the successful measurement of UHI-100 [43], some of
its characteristics made it impossible to distribute as a product. The large beam size inside the
device was the source of all issues : its footprint was very large (1500 x 750 mm) and TERMITES
was not portable at all. Additionally, it used large costly optics and the mirror placed on the
nanometric translation stage was too heavy, making the interferometer unstable.

In the end, the instrument had to be modified so that we could test it on other laser systems
providing available space for diagnostics. The choice was made of building a device with a much
smaller input pupil to relax the constraints on the design. The particular diameter of 20 mm is
very convenient, because it fits on full frame camera sensors and on standard 1 inch optics at
normal incidence, thus reducing a lot the total direct cost of the instrument.
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300 mm

Figure 4.4.: New prototype of TERMITES. Panel (a) is a view of a Computer-Assisted Design of the
device, as implemented by Amplitude Laser Group mechanical engineers. Panel (b) is a picture
of the assembled device, installed in a laser chain and ready for a measurement. This version
has an input diameter of 20 mm and was used for most of the measurements presented in this
work.

This new configuration has the practical advantage of being very versatile. Small laser beams
can be characterized as long as their diameter is smaller than the input pupil of TERMITES
(configuration (a) in figure 4.2 on page 70). Larger systems can be measured as well, using the
exact same instrument in configuration (c), by adding a carefully designed reducing telescope.
Even if this solution seems inconvenient, large laser systems often feature areas dedicated to
diagnostics at the end of the chain, wherein the full energy beam is attenuated and reduced
in size in order to be characterized. Another option is to re-collimate the beam just after the
experimental focal plane thanks to a parabola or an achromatic lens. Although it requires to
use some space near the experimental vacuum chamber, this case is probably the most desirable
because only one optical element and a few centimeters separate TERMITES from the target
plane where we need to characterize the laser beam. An experiment has been done to test this
option and results will be explained in chapter 9 on page 132.

Laser Beam Design
Specifications Parameters
Tmax = 10mm Optics Layout
(8=0.57)
Ao = 800nm fr= 600mm
Amin = 750nm Lr= 450mm
Camera
(KAI-11002)
Axr = 24mm
dx = 9pm
Translation Stage
(PI P-622)
Az = 130pm
6z = 150nm

Table 4.3.: Set of parameters chosen for new industrial version of TERMITES.

This new version of the instrument is visible in figure 4.4 and its specifications are shown
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in table 4.3 on the facing page. Reducing the constraint on pupil size was mainly used to
reduce Lr and fit the instrument on a 450 x 300 mm breadboard. Minimum admissible
wavelength A, was also decreased from 770nm to 750nm so that shorter pulses can be
measured without issues.

1.0
Spatial resolution limits
m— 80Mm input pupil

0.8 4 First prototype m— 20mm input pupil
@
o
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Figure 4.5.: Two possibilities for the design of TERMITES. As in figure 4.3 on page 72, this figure shows
spatial resolution limits, but this time for both 20 and 80 mm prototypes. The two dots illustrate
the focal length choice that has been made in each case. Reducing pupil size from 80 mm to
20mm has the direct effect of changing the slope of the spatial resolution limit, thus allowing
lower propagation lengths if 3 is kept the same.

In the end, the two prototype configurations are illustrated on figure 4.5. This figure can
be used to estimate a new version corresponding to other needs. For example, obtaining a
new version with a very low [ ratio could be done by sliding down the plain red curve. This
would translate into a reduction of the focal length fr and then a growth of the propagation
distance Ly so that interferograms can be correctly resolved.

e

In this chapter, we explored further the design details of the instrument, and developed
the tools to taylor its characteristics to the studied laser system. Constraints linked to signal
acquisition limits and hardware constraints were developed in section 4.1 on page 64. We drew
conclusions about the design of TERMITES in section 4.2 on page 71.

Provided that an inspection of the few aforementioned constraints is done properly, TERMITES
can be adapted to pretty much any currently available high-power laser. The product developed
in the context of this work was designed with flexibility in mind. This has been particularly
useful for experimental measurements, because the set-up was able to characterize a broad range
of small systems, while remaining portable. In more specific cases, when other constraints like
footprint or measurement speed are declared critical, the set-up can be optimized at will.
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Chapter 5.

Numerical Study of Potential Error Sources

Following chapters 3 and 4 which described the technique in itself and its expected performance,
let us now focus on the consequences of potential complications. Indeed a number of
experimental or numerical errors can accumulate along the long path from the measurement
to the end of the processing. To study the occurrence of these independent sources of errors,
I have developed during my thesis a simulation program that will be used heavily in this chapter.

First, the principles of the simulation library will be described. Then, we will study independently
the measurement errors caused by input beam properties and by instrument properties.
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5.1. Numerical study of TERMITES measurements

5.1.1. Simulating TERMITES measurements

Numerically reproducing the behaviour of TERMITES is essential to the improvement of its
design. The principal purpose is to determine the main independent sources of errors, and to
quantify their respective effects on final results.

Figure 5.1 shows the key aspects of the program. Initialization mainly consists of reading the
simulation variables and generating the input beam E(z,y,w) according to its main character-
istics (diameter, spatial shape, spectral bandwidth...). Potential aberrations are then added to
this ideal beam if requested. Then, computing TERMITES interferograms essentially follows
the physical description of the instrument that was developed in section 3.1 on page 44.

[Initialization [ U U S - o | o
1%
e Generate input beam E(z,y,w) . . C . . Toeee _:
wn
e Add chromatic/achromatic aberrations L 72 T3 T4 75 76 ™ |7
o Pre—compute random fluctuations (
l/ CPU1 CPU2 CPU3 CPUA4 CPU N %
4 . Al WG W L ALl c
So|ES[o|ES[o|ES[o]E --- FolE|
A -4 A -4 A -4 A -4 S -4
|Sub—task TTTTT TTTTT TTTTT TTTTT TTTTT o
e Add fluctuations to the beam I I
e Add fluctuations to the reference
e Propagate reference
e Compute interferogram S(z, y, 7) o

S(z,y,T)

Figure 5.1.: Simplified diagram of a TERMITES measurement simulation

The simulation library is intended to manage as many input variables as possible while
avoiding to make any strong assumption about the system. Input beams can have arbitrary
aberrations and all design parameters of the interferometer can be tuned. Several sources of
input fluctuations or instrument instabilities are implemented and their respective strength are
tunable as well.

Because the program is intended to model the fluctuations of our system—e.g., pulse-to-
pulse beam fluctuations or interferometer instabilities—the beam and the reference have to
be corrected and propagated to the measurement plane at each delay T of the scan. In order
to keep the computation time manageable, the full process is optimized to run on multi-core
architectures. I chose to split the total workload in N, sub-tasks which are processed by a pool
of N CPU cores. Each sub-task computes the interferogram produced by TERMITES at a
single interferometer delay. As the number of sub-tasks is well above the number of CPU cores,
a queue is created and fed to a process pool, as illustrated by figure 5.1. Each time a CPU
finishes computing a sub-task, it is assigned to a new one until the queue is eventually empty.

The parallelization of this calculations is based on the multiprocessing standard Python
library. In the case where parametric simulations are needed—e.g., to study the influence of
one parameter on the TERMITES results—it is necessary to also perform multiple simulations.
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On the laboratory cluster (2x Intel Xeon Gold 6152 CPU and 380 GB RAM), the most efficient
configuration consists of running 16 TERMITES simulations in parallel, each one disposing of
four CPU core. In this configuration, the 16 simulations take one hour to run with standard
TERMITES design parameters. This means that for the parametric studies developed in this
chapter, each simulation took a little less than four minutes to run.

5.1.2. Interpreting the Generated Results

Generated data follow the exact same file format that is used by the TERMITES acquisition
interface to save experimental data. This ensures that numerically generated TERMITES
measurements can be managed by the same post-processing library as real measurements. The
spatio-spectral spectra and phase resulting from the processing of numerical measurements are
therefore directly comparable with experimental results.

Now that measurement results can be simulated, let us think about interpretation. We need
to assert the influence of a few simulation parameters on the results quality. How should we
quantify the difference between data obtained from a perfect TERMITES simulation, and data
obtained with numerically-introduced perturbations? Most imperfections of the input beam
properties or in the measurement set-up have undesirable effects both on the retrieved spectral
fluence £(7,w) and on the phase ¢(r,w). Variation of continuous quantities such as spectrum
can be quantified using the Root-Mean-Square (RMS) difference. In our case, it is applied as
follows:

Aerns =V (e(rw) —es(mw))? (5.1)

with ;(r,w) being the spectral fluence of TERMITES results obtained in perfect conditions.
As described in appendix A.3.1 on page 139, the average operation visible in this equation is
done spatially and spectrally to return a scalar value. The resulting RMS difference Aegrms
has the dimension of a spectral fluence (J/m?/(rad/fs)), and is zero if e(r,w) and &;(r,w) are
identical.

In order to express this RMS deviation in a more intuitive manner, Aecgryg can also be
normalized by the average spectral fluence of the field retrieved in perfect conditions. The result
is the normalized spectral fluence deviation Aengms given in percentage:

Aerms

o (5.2)

AenrMs =

Aenrums is null if both spectral fluence distributions are exactly the same and increases as errors
rise. A value of 50 % indicates that the most of the spectral fluence errors are between —50 %
and 50 % of the average spectral fluence of the beam. While it does not give any information
on the shape of fluence errors nor on the spatial frequency of the aberrations, it is a good
figure of merit to determine how well the input beam is retrieved by TERMITES. There is no
absolute way to determine the limit at which fluence errors make the measurement worthless
because it highly depends on their distribution in space and frequency. Nevertheless, we noticed
empirically that spectral fluence deviation of 20 % or below generally does not degrade too
badly the computation of far-field energy distribution or spatio-temporal Strehl Ratio (detailed
in section 2.4.2 on page 37). We will therefore use this value as a threshold to determine if the
simulated perturbations are acceptable or not.
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Assessing the robustness of phase measurement is also done using RMS deviation. As phase
is a cyclic quantity, it must be unwrapped before any RMS value can be computed. Therefore,
the RMS phase deviation Apgrumg is written:

A(PRMS = \/ (go“(r,w) - pr(rvw))g 5 (53)

with ¢"(r,w) the unwrapped phase of the TERMITES output field obtained with perturbations
and ¢}(r,w) the same quantity obtained in perfect conditions. Because phase is dominated
by noise when intensity signal is too low, values which are outside of the beam aperture or
outside of the spectrum bandpass are ignored. For each simulation, this Apgryg value gives the
deviation—expressed in radians—of the retrieved 3D phase profile compared to the simulated
input beam. In the case of phase, giving a normalized figure of merit would have no meaning
because a phase considered perfect is zero for all positions and frequencies.

5.2. Errors Linked to Instrument Properties

5.2.1. Delay Fluctuations

The first kind of error that could occur in an interferometer is a pulse-to-pulse delay fluctuation.
Fluctuation of the optical path difference z between the two arms of a Michelson interferometer
can be caused by either variations of the air refractive index in the device (turbulences), or by
the unwanted movement of mirrors. We unfortunately encountered both sources of instabilities
during the experiments with the prototypes of TERMITES. Turbulences are generally caused
by improper airflow management in the laboratory, but this problem was easily overcome by
designing a custom case for our device, and closing it during every measurement. On the
contrary, unwanted movements of mirrors are harder to totally cancel. They are usually caused
by vibration of the optical table or by imprecise translation of the piezo-electric stage. At each
step of the scan, the interferometer optical path difference z is modeled as:

z =27+ % , (5.4)

with z7 the ideal targeted path difference and z. a random error following the Gaussian prob-
ability function f, (2):

fr(2) = ———¢ %(5)2 ) (5.5)

The issue with pulse-to-pulse fluctuations in a Fourier Transform Spectrometer is linked to the
processing of raw data. Cross-power spectra are retrieved after the measured cross-correlation
signal has been Fourier Transformed. The details about this steps were explained in section 3.2.1
on page 49. By nature, Fourier transform operation expects uniformly sampled input arrays. In
the event of an irregular sampling of delays during a FTS—or TERMITES—scan, raw signal is
distorted which leads to the output spectrum being recovered incorrectly.

80 A. JEANDET



5.2. Errors Linked to Instrument Properties

1D study

Let us determine the maximum acceptable fluctuations of the optical path difference that can
be sustained by TERMITES without notably distorting the retrieved spectra. This study can
be done in one dimension as a first approach. Figure 5.2 shows the result of F'TS measurement
simulations that were done with the parameters of a typical TERMITES scan, which is degraded
by varying levels of fluctuation in optical path difference o,. The main noticeable effect is the
spectral leakage of signal information to other neighbouring frequencies, leading to a loss of
gain in the spectrum window of interest, and to a higher noise floor. Total energy of retrieved
spectra (red curves in panel (a)) are normalized so that the signal strength can be compared
between different levels of fluctuations.
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Figure 5.2.: Effect of interferometer delay fluctuations on FTS output spectrum. Panel (a) shows
four simulated retrieved spectra, for different values of RMS fluctuations of the interferometer
optical path difference. Panel (b) displays normalized energy deviation (Aenrms defined by equa-
tion (5.2) on page 79) of simulated measurements for an increasing amount of delay fluctuations
in the interferometer. Energy errors have been computed over twenty measurements for each
value of RMS delay fluctuation. The optical path fluctuations follow the random Gaussian
distribution written in equation (5.5) on the preceding page, and their RMS value is expressed
In nm.

As seen on panel (b) of figure 5.2, total energy error is strictly increasing with the level
of delay fluctuation. According to this 1-D simulation and considering standard TERMITES
design parameters, it is necessary to keep optical path difference fluctuations below 30 nm RMS
in order to be sure that retrieved spectrum error is under 20 %.

3D study

Thanks to the simulation program that was developed during this work, it is also possible to
study the effect of delay fluctuations on the three dimensional results given by TERMITES.
Following the same principle as in the 1D study, we simulate TERMITES measurements with
varying levels of delay errors in the interferometer. The energy and phase errors are expected to
rise as the delay errors increase because TERMITES is strongly based on FTS. Using the 3D
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simulation enables deeper inspection of possible spatial and/or spatio-spectral features generated
by the fluctuations.
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Figure 5.3.: Effect of interferometer delay fluctuations on the laser profile retrieved by TERMITES.
(a)—(c) Vertically resolved spectra obtained respectively with delay fluctuations of 0, 10, and
20nm RMS. (d)—(f) Line-outs of the fluence profile at central angular frequency wy. (g)—(h) Flu-
ence and phase profiles at central angular frequency wq, corresponding to the worst case simulation
(20nm RMS).

In order to study the dependence of this spatial artifact
/10 on the amount of delay fluctuation, 32 experiments were
50{ 4 Energy  ; - simulated using values of RMS fluctuations ranging from 0
20 o Phase @ & &  to 20nm. For each of them, we ran simulated experiments

- (0]
_ AAA‘A z followed by standard TERMITES data processing. Views of
9\; 30 AA“ | /20 2 the results are displayed in figure 5.3. According to this 3D
E 20 4 AAAA % study, a ring-shaped artifact appears on the spatial fluence
< AAAA 140 § profile, and does not depend significantly on the wavelength.
10 AAAA " 3 Although its peak-to-valley magnitude is very small, this
0 - W < artifact is also visible on the retrieved phase profile (see
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Figure 5.4.: Fluence measurement
error for different values of delay
fluctuation.

panel (e) of figure 5.3). The concentric rings are very similar
to the interferogram fringes both in shape and in size.

As shown in figure 5.4, the artifact strength clearly depends
linearly on the amount of delay fluctuations. Note that it
probably depends on other parameters of the device as well,
but we decided to set them to typical design values such as
those we used for the new prototype of TERMITES.

Analyzing this artefact in 3D helps drawing conclusions about the influence of delay fluctu-
ations. Even if strong signal scrambling appears for variations of 30 nm or more in the purely
spectral analysis, finer spatial defects actually start to appear much sooner. The consequences
of a given artifact depends on the signal that the user is actually looking for. Even with very
strong fluctuations in delay, a first-order coupling such as spatial chirp remains easily measur-
able. However, it makes more advanced calculations—such as spatio-temporal Strehl Ratio—Iless
reliable because propagation of the retrieved beam can be strongly affected. As we explained
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earlier, we hence consider that the normalized spectral fluence deviation should not exceed the
value of 20 %. In this case, this means that the amount of RMS optical path fluctuations should
be kept below 10nm RMS for the measurement to remain exploitable. Albeit rather arbitrary,
this boundary ensures that fluctuations of delay in the device have no chance to cause any
strong fluence modulation on the final result.

5.2.2. Reference Pointing Errors
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Figure 5.5.: Effect of yaw fluctuations of the reference on the laser profile retrieved by TERMITES.
(a)—(c) Vertically resolved spectra obtained respectively with tilt fluctuations of 0, 10, and
20prad RMS.  (d)—(f) Line-outs of the fluence profile at central angular frequency wy.
(g)—(h) Fluence and phase profiles at central angular frequency wy, corresponding to the worst
case simulation (20 prad RMS).

During a TERMITES scan, one of the plane mirror in the

interferometer is translated over a range of typically tens of /10
microns. In order to allow this degree of freedom in the set- 409 4 Energy & -
up, a custom mount is designed to place the mirror on the o Phase | & 8
surface of a piezo-electric translation stage. Due to technolo- 307 AA‘A %
gical aspects of this motor, the moving mirror is exposed to % AA‘A [ /20 by
small tilt variations over travel range of the temporal scan. E‘ 207 AAA‘A " g
A simulation is done to determine the maximum acceptable < i AAA‘ §
level of reference tilt variation over a TERMITES scan. 10 ““AAAA [ /a0 fg‘
Figure 5.5 illustrates the results of this study, where hori- 01 / -0

zontal tilt of the reference is slightly different at each sample 0 10 20

of the measurement. Horizontal tilt is a random variable Reference yaw (prad RMS)

following a normal distribution. TERMITES measurements Figure 5.6.: Fluence measurement
were computed numerically for increasing levels of tilt fluc- gpror for different values of refer-
tuation, by adjusting standard deviation of the normal dis- ence pointing fluctuation.
tribution.

Similarly to delay fluctuations, horizontal tilt fluctuations
principally generate achromatic artifacts. Panels (b) and (c) show that spatial fluence modula-
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tions are the same for all frequencies. According to panel panel (d) which shows the retrieved
spatial beam profile, generated artifacts also have a circular shape. Yet, contrast of circular
modulations depends on the horizontal distance to the center of the beam: the artifact is more
visible at the left and right edges of the beam than at its center. To appreciate this particularity,
panel (d) of figure 5.5 on the previous page can be directly compared to panel (d) of figure 5.3 on
page 82. This difference can be explained intuitively: tilt adds a random delay of which standard
deviation depends linearly on the horizontal position. As described generally in section 5.2.1 on
page 80, intensity errors increase with level of delay fluctuations. In the particular case of tilt
fluctuations, it therefore means that the amount of intensity error depends on the horizontal
position.

Figure 5.6 on the preceding page is a quantitative plot of the error magnitude in energy and in
phase, for increasing amounts of fluctuations. The effect on phase is noticeable but very limited,
even for large fluctuations. Also, we learn from this figure that the amount of tilt fluctuations
should be kept under 10 prad in order to preserve measurement quality—and stay below our
20 % normalized spectral fluence limit.

5.3. Errors Linked to Beam Properties

5.3.1. Energy Fluctuations
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Figure 5.7.: Effect of input energy fluctuations on the laser profile retrieved by TERMITES.
(a)—(c) Vertically resolved spectra obtained respectively with energy fluctuations of 0, 5, and 10 %
RMS. (d)—(f) Line-outs of the fluence profile at central angular frequency wy. (g)—(h) Fluence
and phase profiles at central angular frequency wg, corresponding to the worst case simulation
(10% RMS).

Similarly to TERMITES alignment, pulse-to-pulse variations of the input beam during the
measurement can be strongly detrimental and should be avoided. Here, we estimate numerically
the effect of pulse energy variations of the input beam, which are always encountered on laser
systems. The same simulation program was used, but this time the changed parameter is the
input pulse energy
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Figure 5.7 on the preceding page represents spatio-

temporal effects of input beam energy fluctuations. Similarly 509 4 Energy A /e -
to measurement artifacts that were previously studied, en- wod ° Phase AAAAA 2
ergy fluctuations generate concentric circular modulations A >
both in fluence and in phase profiles (see panels (d)—(e)). 5’\; 30 1 L E
In the previous cases, these concentric modulations did not é‘ . AAAAA [ /20 g
depend on the wavelength, which made them easy to nu- < A“‘ §
merically compensate. In contrast, features generated by 10 y [ /4o 3
energy fluctuations highly depend on wavelength as it can o L =
be observed on panels (b) and (c), which makes them more T T 0
detrimental. 0 > 10

Input Energy Fluctuation (% RMS)

Figure 5.8 shows the influence of input beam energy fluctu- Figure 5.8.: Measurement errors
ations on energy and phase RMS errors. As for other types of for different values of input energy
error sources, energy and phase errors increase steadily with fluctuation.
the amount of fluctuation. In this specific case, we learn that
in order to keep the amount of energy fluctuations below our
tolerance limit (20 % RMS), it is desirable to avoid exceeding 5 % input energy fluctuation.

Energy fluctuations highly depend on the technologies that are used in the laser chain. Diode-
pumped lasers generally deliver pulses more stable in energy than flash-pumped systems, and
lasers amplified by multiple small lasers are also more stable than systems pumped by one big
laser. As most high-power laser systems have pretty low energy fluctuations (percent-level)
compared to the tolerance of TERMITES, this parameter is not critical for our spatio-temporal
measurements. However, it is important to keep in mind that TERMITES measurements will
be severely impinged for energy fluctuations of more than 5 % RMS, as displayed by figure 5.8.

5.3.2. Pointing Fluctuations

The last source of errors we propose to describe here are pointing fluctuations of the input beam.
Pointing fluctuations are random variations of the beam propagation direction principally caused
by vibration sources along the amplification chain, causing small cumulative alignment errors.
Depending on the considered optical plane, they can be described as random tilt of the wavefront
(near the source of perturbation) or as random beam centering variation (at focus). Most often,
pointing fluctuations affecting TERMITES are a combination of these two manifestations at
the same time. For simplicity, we consider in this simulation that pointing fluctuations only
consists of random wavefront tilt.

As for previous studies, we modeled the effect of such pointing fluctuations on the quality
of TERMITES measurements. In the study concerning pointing fluctuations caused by the
TERMITES translation stage (section 5.2.2 on page 83), we only simulated horizontal variations
of the beam direction because there were mechanically more susceptible to occur. In this case,
the input beam is randomly tilted in both vertical and horizontal directions.

Figure 5.9 on the next page shows how input pointing fluctuations degrade spatio-temporal
profiles retrieved by TERMITES. Artifacts are again circular in shape both for fluence and
phase profiles.
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Figure 5.9.: Effect of input pointing fluctuations on the laser profile retrieved by TERMITES.
(a)—(c) Vertically resolved spectra obtained respectively with pointing fluctuations of 0, 15,
and 30purad RMS. (d)—(f) Line-outs of the fluence profile at central angular frequency wy.
(g)—(h) Fluence and phase profiles at central angular frequency wy, corresponding to the worst
case simulation (30 prad RMS).
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Figure 5.10.: Measurement errors
for different values of input point-
ing fluctuation.

As already discussed in section 5.2.2 on page 83, tilt fluc-
tuations generate delay errors that depend on the transverse
position in the beam profile. Because reference yaw gener-
ated only horizontal tilt fluctuations, the amount of delay er-
rors depended only on the horizontal position. In the present
case, tilt is both vertical and horizontal and delay errors dir-
ectly depend on radius. Figure 5.9 demonstrates that the
importance of artifacts depends on the distance to the center
of the beam.

Comparably to studies developed previously in this
chapter, the effect of pointing fluctuations on retrieved flu-
ence and phase profiles is quantified by figure 5.10. Once
again, fluence and phase errors increase with the amount of
perturbation. We learn from this plot that the maximum
acceptable level of pointing fluctuations is 15prad. As a

comparison, this limit is fifteen times higher than the pointing fluctuations observed in actual
experimental conditions on the BELLA petawatt laser [110] and on other high-power femto-
second lasers. Pointing fluctuations should not constitute a strong limitation to spatio-temporal

measurement with TERMITES.

In this chapter, we focused on the numerical tools that I developed during my thesis, with the
goal of fully simulating a full TERMITES measurement, in arbitrary conditions. The algorithm
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5.3. Errors Linked to Beam Properties

principles were first defined in section 5.1 on page 78. We also explained in this section the
method that was used to quantify fluence and phase errors in the retrieved spatio-temporal fields.
We then interpreted the independent influence of common perturbations that can arise from the
instrument itself (section 5.2 on page 80) or from the input beam (section 5.3 on page 84).

Noise Source Maximum acceptable level
Optical path difference fluctuation 10 nm

Reference pointing errors 10 prad

Input beam energy fluctuations 5%

Input beam pointing fluctuation 15 prad

Table 5.1.: Summary of maximum acceptable level of fluctuation for each identified source.

These results were particularly instructive when compared to actual experimental measure-
ments, because they helped understanding the source of noisy features on data acquired in
actual experimental conditions. Ultimately, the resulting measurement error is the sum of all
possible artefacts coming from TERMITES and from its environment. It is worth noting that
a lot of different sources of error could be studied with our numerical tool, but we limited the
scope of this chapter to the ones that we think are the more susceptible to occur. Good quality
measurements can be ensured by keeping the sources of noise as low as possible and below
the limits that we defined numerically and summed up in table 5.1. This is done by choosing
carefully TERMITES hardware and by performing experiments in steady conditions.
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Chapter 6.

Experimental Validation of TERMITES

In order to close this part dedicated to the design of TERMITES, let us focus on some actual
experimental measurements. More specifically, we need to determine if the device meets
the expected performance in real-life conditions, taking into account the main experimental
perturbations susceptible to occur in a laboratory.

First, a simple test is performed to identify possible delay fluctuations in the interferometer,
and check if they comply with the limits we defined in the previous chapter. Then, some
secondary quantities measured by TERMITES are compared to the data produced by other
well-established techniques, in order to assert the general reliability of our results. Finally, we
study the measurement of well calibrated spatio-temporal couplings with TERMITES, to check
that the device is able to retrieve them correctly.
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6.1. Measurement of Interferometer Delay Stability

We studied in section 5.2 on page 80 how vibrations and delay fluctuations in the interferometer
can affect the retrieved data and the output quantities. In parallel of this numerical study, we
took profit of one of the characterization measurements done in this thesis to check that typical
fluctuations occurring along a standard TERMITES scan are reasonable. This was done by
using our device to measure optically the optical path variation at each mirror position step.

In order to perform the measurement, the convex mirror was replaced by a plane mirror so that
the replica delay could be the same across the full beam profile. Additionally, an interferometric
bandpass filter was used to select wavelengths of (800 + 5) nm. This increased the coherence
time, allowing us to characterize the fluctuations during a longer scan. One of the mirror is
slightly tilted vertically and horizontally so that 45° spatial fringes are generated on the camera.
This ensures that the pulse-to-pulse energy fluctuations from the source laser could be canceled
out by spatial Fourier filtering, and that the only measured fluctuations in phase come from the
variation of delay steps between the two arms.
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Figure 6.1.: Experimental delay fluctuation measurement using TERMITES. (a) Spatial interferogram
obtained at zero-delay. Spatial fringes are necessary to discriminate the coherent signal from
potential energy fluctuations of the laser source. (b) Fluence slice, taken on the white dashed
line in panel (b), and resolved along the scan. (c) Mirror shift per step, computed from the
instantaneous phase of panel (b) after some Fourier processing.

The optical path step is measured from the instantaneous phase contained in panel (b).
Extraction of this instantaneous phase involved Fourier transforming the data displayed in
panel (b) along its horizontal axis, filtering the signal in the frequency domain and then going
back in the time domain using the inverse Fourier transform.

From the measurement shown in figure 6.1, we measure a mean step size of dz = 159 nm, to
be compared to the targeted step of 160 nm. Along the scan, the step size fluctuated by 4 nm
RMS. This instability corresponds to \g/160 and is well below the levels of fluctuation at which
artifacts start to appear, according to numerical simulations (section 5.2 on page 80).

Ideally, this validation test should be conducted with a continuous wave laser so that the whole
translation range could be tested. This measurement should also ideally be tried in various
places and conditions. Nevertheless, the results are already giving a first idea of the kind of
fluctuations affecting the new TERMITES prototype over a limited range of its translation
stage. According to the numerical study developed in section 5.2 on page 80, the measured
level of variations would generate around 1.4 % normalized modulations on the intensity spatial
profile. Eliminating any obvious vibration sources nearby (vacuum pumps, hard disk drives...)
and calibrating correctly the piezoelectric stage are mandatory steps to achieve this stability.
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6.2. Comparison with Simpler Measurement Devices

6.2.1. Spectrally Averaged Profiles

In the process of measuring the spatio-temporal characteristics of different laser systems, a
measurement campaign was performed on the petawatt laser BELLA [110], located in the
Lawrence Berkeley National Laboratory, USA. The goal of this campaign—and of the related
publication [111]—was to assess its spatio-temporal qualities, and, as a secondary objective,
to validate TERMITES in field conditions. As it is illustrated by figure 6.2, a large bay is
dedicated to laser diagnostics, and many different measurement devices were already installed
on the system. TERMITES was implemented in this bay and it was therefore particularly easy
to directly compare its results to the quantities measured on a daily basis by other instruments.

BELLA Attenuation & imaging TER@CM

laser I*T )
K ‘ § N L N

BELLA Output Diagnostic Area W =—=
INSIGHT
/ U \ / / ——
CM*
N INSIGHT TERMITES 7 HASO[ k7

BS
Spatio-spectral Spatio-spectral Wizzler H/ |:| \ \/4—
measurement measurement GrenouilleH7 <_FS>
N

in far-field in near-field -Ca meral—»
Spatio-spectral diagnostics Routine diagnostics

Figure 6.2.: Experimental layout of the BELLA laser measurement Sketch of the experimental set-up.
The left panel shows the path of the BELLA laser beam from the compressor output to the
experimental chamber, attenuation and imaging chamber, and finally to the diagnostic area. Here
the INSIGHT and TERMITES devices have been installed, together with traditional space-only
or time-only diagnostics used for such lasers. The right panels display sketches of the INSIGHT
and TERMITES devices, which for practical reasons had to be used successively on two different
weeks. The * symbol indicates retractable elements. OAP: off-axis parabola, T: target, G: gold
foil, W: vacuum window, CM: convex mirror, BS: beam splitter, TS: translation stage.

The main interesting quantities to compare TERMITES results with are the fluence and
phase profiles. Retrieving accurately those 2-D maps of the beam by a simple integration of the
TERMITES 3-D data is a strong confirmation that no big artifact distorted the measurement
and that the spatio-temporal structure also has good chances of being accurate. At BELLA,
the fluence and wavefront images are retrieved by a Shack—Hartmann wavefront sensor (WFS)—
introduced in section 1.3.1 on page 14—which was separated from TERMITES by only a few
plane mirrors. The measurement campaign was also the occasion to use INSIGHT, which is a
device that returns the same information as TERMITES, and that we described in section 2.3.2
on page 33. Even if this technique is still under development, it has been extensively tested and
was also used as a comparison with TERMITES.

Figure 6.3 on the following page shows a comparison between the fluence and wavefront profiles
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Figure 6.3.: Spectrally averaged fluence and phase profile, as measured by TERMITES and other
measurement techniques. Results derived from TERMITES (third columns, obtained after
frequency-averaging of the spectrally-resolved measurement outputs) are compared to the ones
provided by a standard Shack—Hartmann wavefront sensor (HASO by Imagine Optics, left column),
and by INSIGHT (middle column). The top row shows the frequency-averaged spatial intensity
profile of the collimated BELLA beam, and the bottom row its frequency-averaged spatial phase
profile. Note the small clip on the right edge of the beam: this is due to a small hole in the
first wedge of the attenuation line, normally used to collect the accelerated electron beam in
laser-wakefield experiments. This hole is usually placed at the center of the laser beam, but
was moved to its edge for this measurement campaign. The resulting clip is well retrieved by
TERMITES, after retropropagation of the field to the correct plane.

retrieved by TERMITES and by the two other techniques. Obtaining the spectrally averaged
fluence and phase maps from TERMITES and INSIGHT spatio-spectral datasets required to
use the computations described previously in section 2.4 on page 36. Additionally we removed
tilt and defocus aberration modes from TERMITES and INSIGHT data in order to correctly
compare the wavefronts, as this was also the case for the provided WFS wavefront. This
validation test shows that the average spatial profiles retrieved by TERMITES are significantly
close to those measured by the two other techniques. Fluence features such as the experimental
round clip on the right edge of the beam as well as the generally top-hat energy distribution
are well retrieved by TERMITES. Similarly, the phase patterns measured by our instrument
match well with the reference techniques wavefronts, both in shape and in magnitude.

6.2.2. Spatially-Resolved Spectrum

As explained in section 3.1 on page 44, the only difference between TERMITES set-up and
Imaging Fourier Transform Spectrometry (IFTS) resides in one of the interferometer plane
mirrors being replaced by a convex mirror. This enables the retrieval of the spatio-spectral
phase in addition to the spectral fluence of the input beam. Before checking that the recovered
phase is correct, let us ensure first that TERMITES is at least capable of performing the same
task as [IFTS—retrieving spectral fluence couplings.
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In order to do that, we used the first stages (oscillator-booster—stretcher) of a petawatt laser
under construction at Amplitude. The beam at this position is around 10 mm wide and is easily
measurable. We generated a strong intensity coupling by arbitrarily translating by 10 mm the
convex mirror of the Offner stretcher—see figure 1.1 on page 10—along its optical axis. This
introduced some spatial chirp—among other weaker aberrations—at the diagnostics position,
roughly 2 meters after the stretcher. We checked with a fiber spectrometer that the spectrum
of the pulse, and in particular its central wavelength, depended significantly on the horizontal
position at which the measurement was done.

The beam was then measured with both TERMITES and the IFTS method, in order to
compare their respective outputs. Switching between the two techniques is easy because it only
consists of replacing the curved mirror of TERMITES by a plane mirror. This change between
the two techniques being very small, alignment between the two datasets is nearly-perfect and
spatially-resolved spectra can be directly compared.
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Figure 6.4.: Measurement of a spatially-chirped pulse with TERMITES and with an Imaging Fourier
Transform Spectrometer (IFTS). The two left images are spatio-spectral intensity distributions
measured by TERMITES & IFTS, across a centered horizontal line. The three plots on the
right side display the spectra extracted from these 2D distributions, at three different horizontal

positions (a), (b), & (c).

The output of both measurements is shown in figure 6.4. Both techniques are able to measure
the horizontal spatial chirp with fine details and without any noticeable artifact. The spectrum
line plots show that even if some small spectral intensity differences are visible between the two
techniques, those are not affecting the interpretation for such low order space-time couplings.
The small differences could also be caused by the two experimental datasets being not exactly
superimposed.

Naturally, this validation test is one among many possible verifications, and does not demon-
strate the validity of the technique in its entirety. Nevertheless, it constitute an experi-
mental example of a strong low-order intensity coupling measurement made without issue
with TERMITES.
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6.3. Characterization of Calibrated Defects

6.3.1. Calibrated Pulse Front Curvature

A critical step of the experimental validation of TERMITES consists of actually checking that
the spatio-temporal couplings measured by the device are quantitatively accurate. Generat-
ing a beam which is spatio-temporally distorted and comparing the information retrieved by
TERMITES to independent measurements is one of the most direct method to check this.

Pulse Front Curvature (PFC) can be generated from a
S-TIM2 (Ohara) singlet lens very easily and in a quantifiable way. A more ad-
vanced optical system—displayed in figure 6.5—has been de-
signed in the laboratory by O. Gobert, and introduces PFC
in the beam, without adding any achromatic curvature (see
the detailed design in Supplementary Materials of [33]). Con-
trarily to a simple lens, this optical element can simply be ad-
ded in the collimated beam without changing its achromatic
properties. It consists of two singlet lenses of which ma-
terials and curvatures are optimized to produce the desired
effect. This optic is principally used as one of the compon-
ents required to generate Chirped Pulses with Longitudinal
Figure 6.5.: Effect of the PFC lens Chromatism (CPLC) and to control the speed of the intens-
doublet on an ultrashort pulse. The ity peak at focus [33-37]. Incidentally, this well-calibrated
two lenses of the doublet are plano- component was also the perfect candidate to help quantify

convex and plano-concave, and made the ability of TERMITES to measure PFC.
from different glass types. The optical

design is optimized so that the sys- A numerical study of the doublet effect is provided in the
tem is afocal at central frequency but Supplementary Materials of [33]. The study was done us-
chromatic, adding a theoretical PFC  jjg the design parameters of the doublet and anticipated
O,f 0.059 f_S/me' Adet?”ed d.escrip— a delay of Tprc = 95fs at a radial position r = 40 mm
tion of this system is available in [33] which corresponds to a design Pulse Front Curvature £ppc
of 0.059 fs/mm?. This theoretical value is already a good
point of comparison for our TERMITES measurement, but we chose to perform an independent
measurement, of the PFC to provide a direct complementary evaluation of the PFC quantity.

N-PSK53A (Schott)

This independent measurement consists of overlapping a first reference pulse with a replica
of itself which went through the PFC doublet. Adding a small temporal delay between the
two pulses generates spectral fringes, which are then resolved spatially and measured with an
imaging spectrometer. Our experimental set-up—visible in figure 6.6 on the facing page—also
includes TERMITES, which is placed next to the imaging spectrometer to measure the same
chromatically curved pulse. This way, spatio-temporal results coming from TERMITES can be
directly compared against the results measured by the imaging spectrometer to validate or not
that TERMITES is able to measure the artificial Pulse Front Curvature. The expected value of
PFC as measured by both techniques is twice the theoretical value of the doublet, because of the
necessary double-pass of this experimental layout. Both TERMITES and spectral interferometry
method should return experimental estimations of ppc close to 2 x &ppc = 0.119fs/ mm?

Post-processing the images produced by the imaging spectrometer mainly consists of Fourier
Transforming the signal along its frequency axis, and then demodulating the information con-
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Figure 6.6.: Experimental set-up used for validating the quantitative measurement of PFC by
TERMITES. MM: Moving Mirror, BS: Beam Splitter, L1—Ly: Afocal telescope, FM: Flip-
ping Mirror, VS: Vertical Slit, RB: Removable Blocker. This experiment is designed so that the
imaging spectrometer and TERMITES are measuring the same beam, and are only separated by
plane mirrors. During the spectral interferometry measurement, a delayed replica is generated
from the input beam, in order for the PFC beam to be measured relatively to a perfect reference.
During the TERMITES measurement, this interferometer arm is blocked because our method is
self-referenced. The demagnifying telescope is made of achromatic doublets and considered to
have a negligible effect on the measurement.

tained in the fringes by removing the constant and negative components in the time domain
(see figure 6.7 on the next page). This step is facilitated by voluntarily generating small fringes,
so that the information can be filtered out of the laser spectral fluctuations. Going back to the
spectral domain then gives the spectral amplitude and phase of the measured beam resolved
along the vertical entrance slit of the spectrometer. This spatio-spectral phase represents the
difference between the phase of the pulse that went through the PFC doublet, and the phase of
the reference pulse. Therefore, this quantity precisely represents the chromatic phase added by
the PFC doublet.

How to quantify the amount of PFC added by the doublet then? First, line-outs of the
measured spatial phase are plotted, for each frequency. Left panels of figure 6.8 on page 97 show
that the line-outs mostly exhibit a quadratic dependence with the position. This curvature
is fitted at each frequency by a second order polynomial, and results are plotted on the right
panel. The second part of the process consists of extracting the PFC quantity from the retrieved
curvatures. As explained in details in section 2.2.2 on page 26, the phase curvature pppc(r,w)
depends linearly on w.

W — Wo
pprc(r,w) = &ppe |r]? ———, (6.1)
wo
with &ppe the Radial Group Delay generated by PFC (in fs/mm?), and ¢ppc(r,w) the corres-
ponding phase profile. The linearity of the curvature with frequency is verified in this experiment
by both techniques, as seen on figure 6.8 on page 97. Obtaining the PFC estimation is done by

simply computing a linear fit of the retrieved curvatures.

Figure 6.8 on page 97 shows that both techniques are able to measure the chromatic curvature
accurately. The PFC value retrieved by TERMITES (éppc = 0.125 fs/mm?) is 4 % lower than
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Figure 6.7.: Spectral Interferometry data processing. (a) Single-shot raw interferogram acquired by the
imaging spectrometer. (b) Discrete Fourier Transform of the raw interferogram, showing the
negative and positive frequencies, as well as the DC component. Only the positive frequencies
(between green lines) are kept. (c) Spatio-spectral amplitude and phase images, obtained after
performing an inverse Fourier Transform of the previously filtered image. It is worth noting here
that the chromatic curvature is clearly visible on the phase profile.

the independent measurement (£éppc = 0.130 fs/mm?) and 5% higher than the expected PFC
value (0.119 fs/mm?).

Furthermore, the spectral interferometry measurement shows that the w-intercept of the
measured PFC is 0.04rad/fs higher than the input laser central frequency wy = 2.355rad/fs.
This offset is likely caused by a wrong distance between the two lens of the doublet at the time
of the measurement. It was fixed easily by manually correcting the distance between the lenses.
This error cannot be measured by TERMITES because our device is blind to curvature.

In this test, the high quality results obtained from spectral interferometry could make us
question the gain of using TERMITES in the general case. This technique is indeed far simpler
than our instrument while being single-shot, which is a great advantage. However, several
drawbacks definitely exclude spectral interferometry from TERMITES competitors. The biggest
is its inability to characterize the input beam over its full aperture. Because only a slice of
the field is measured, it is not possible to propagate the characterized beam to other optical
planes in a reliable manner. This limitation prevent any computation of the intensity at focus,
which is one of the most needed results. Furthermore, even though measuring simple space-time
couplings like PFC is done very accurately, more complex couplings are oftentimes invisible
to spectral interferometry. It also makes use of an imaging spectrometer which has a large
footprint and is usually high-priced.

6.3.2. Calibrated Streak from a Square-shaped Phase Defect

TERMITES is able to retrieve the input field in 3D and with high resolution. This makes it
particularly suited to characterize high order couplings, as opposed to more accessible features
such as Pulse Front Tilt or Pulse Front Curvature. Typically, high frequency structures can
be generated in temporal shaping units like stretchers or compressors. In such elements, the
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Figure 6.8.: Measurement of the generated PFC using spectral interferometry. Left panel shows line-
outs of the measured spatial phase at different optical frequencies, measured after the PFC
doublet. The main phase order is a curvature of which the radius changes with respect to the
frequency. The second order polynomial fits of the spatial phase are plotted for each frequency on
the right panel. The slope of the linear evolution of the curvature is directly the PFC value, given
in fs/mm?. The expected curvature slope is also illustrated on this right panel for comparison.
It simply corresponds to twice the theoretical PFC value, because of the inherent double-pass of
the set-up.

frequency components of pulses propagate along different paths and small mirror defects can
induce spatio-temporal couplings [77]. Those couplings can have complicated shapes with high
spatial frequency, while generally being very small in magnitude.

In order to demonstrate the ability of our instrument to resolve such subtle defects, we designed
a validation set-up where a small phase defect is induced in the beam. This was done by using
a flat BK7 glass plate on which a custom coating is applied. As shown in panel (a) of figure 6.9
on the following page, the two-layers anti-reflection coating is applied everywhere except for
a square of 10 x 10mm. An appropriate mask was used during vacuum deposition in order
to produce the desired effect. The custom optic is then used as shown in (b) of figure 6.9
on the next page. By placing it in the compressor between dispersion gratings G2 and G3,
the square-shaped phase defect is applied on the beam. The horizontal position of this phase
aberration depends on the considered optical wavelength: this is a spatio-temporal coupling
of which the shape and magnitude can be reliably predicted. We have introduced this type of
couplings in section 2.2.3 on page 28.

Panel (c) of figure 6.9 on the next page displays the result of a characterization measurement
of the phase plate. It was conducted to validate that the square-shaped uncoated area had been
correctly applied by the manufacturer, and to precisely measure the phase shift. This image
was obtained by using the UHI-100 laser oscillator as a large aperture 800 nm collimated source,
and by placing the custom optic in one of the arms of a purpose-built Michelson interferometer.
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Figure 6.9.: Design, characterization and positioning of the square defect phase plate in the UHI-100
compressor. (a) Slice view of the custom phase plate. Panel (b) shows how this optic was
placed in the UHI-100 compressor, with G1-G4 designating the gratings and SD the square
defect optic. The optic is placed at a position where all frequency components are normal to the
beam path, but where they are spatially dispersed. (c) Interferometric wavefront measurement
of the calibrated square defect optic, which confirms the shape of the defect and its phase value.
From the measurement, the local phase jump provided by this phase plate is around 7 /4, and
the defect is a 40 mm wide square.

After processing the resulting interferograms, this wavefront is obtained and confirms that the
desired specifications are met. The phase defect is roughly a square of 10 x 10 mm in which the
phase is offset by ~ 7/4rad at 800 nm.

The intentional space-time coupling is measured by simply placing TERMITES at the output
of the UHI-100 compressor. After obtaining the confirmation that no major coupling is visible
in the beam in normal condition by characterizing it with TERMITES, the phase plate is added
in the compressor as planned.

TERMITES measurement of the resulting field is displayed in figure 6.10 on the facing page.
Panels (b) to (e) clearly show that the added phase plate affects frequencies that are between
2.32 and 2.5rad/fs, and that the expected square shape of size 10 x 10 mm is visible on their
wavefronts. In addition to this defect, a magnified copy of the square is also visible. This
supplementary feature is an artefact created by TERMITES, and caused by the reference. A
more detailed explanation of this artefact was provided in section 3.2.3 on page 55. Unfortunately,
the square duplicate could not be removed by the reference compensation algorithm. The high
frequency components of the defect were indeed very difficult to propagate multiple times in a
row. In this particular case, the interpretation of the phase profile has to been done without
removing the artefact.

Despite this drawback, panel (a) of figure 6.10 on the facing page clearly shows that the square
defect travels horizontally on the wavefront, leaving a linear streak on the spatio-spectral slice
of the phase. The traveling speed of the phase defect across the beam profile directly depends
on the spatial chirp and therefore on the compressor geometry. If frequency components are
highly spread horizontally at the phase plate position, then the phase defect will only be visible
on a small subset of the laser spectrum. In this case, the square shape will cross the beam very
fast and the slope of the streak in panel (a) will be very steep. On the contrary, the geometry
of UHI-100 compressor allows for the phase defect to embed in ~ 50 % of the beam spectrum,
making the created spatio-spectral coupling very easy to notice with TERMITES. The value
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Figure 6.10.: Phase streak caused by the phase defect plate, as measured by TERMITES. (a) Hori-
zontal slice p(z, yo,w) of the spatio-spectral 3D phase obtained with TERMITES. The oblique
dashed line corresponds to the expected streak slope of 0.7 mm/nm that is specific to UHI-100
compressor. (b)—(e) Monochromatic wavefronts of the input beam, observed at different
frequencies affected by the square defect. As illustrated by these four panels, the shape and
magnitude of the defect are similar to the validation measurement in figure 6.9 on the preceding
page. The reference artefact is the larger square.

of the streak slope is conveniently expressed as a spatial dispersion, in mm/nm.

Interestingly, the slope of the streak created by the reference artefact is the product of the
original streak slope, by the reference magnification. It is therefore 1/ steeper than the original
streak, as explained in figure 6.11 on the next page. In the case of our experiment, the artefact
travels horizontally 66 % faster than the square defect, and the slope of the corresponding streak
is 1.17mm/nm. If 5 was significantly small, the artefact would travel very fast. This would
alleviate its influence on the final result because it a smaller portion of the beam spectrum
would be impacted.

This validation test pinpoints the specific difficulty caused by the reference artefact in our
technique. The reference compensation algorithm is usually sufficient to correct the artefact when
the wavefront aberrations are of sufficiently low order (e.g., simple curvatures, see section 6.3.1
on page 94). However, it is much more complicated when high frequency modulations affect the
beam profile, like in the present case. In such situations, it is often easier to avoid applying the
reference compensation algorithm and interpret the profile by identifying the relevant features
and ignore the artefacts. This has an important consequence on future implementations of
TERMITES: low 3 values should absolutely be privileged in the general case, so that arbitrarily
distorted beams can be characterized without even needing to apply the reference compensation
algorithm. As it was explained in chapter 4 on page 63, this choice is perfectly achievable
provided that the instrument pupil size is reasonably chosen.

This technical outcome put aside, the hereby presented results demonstrate that TERMITES
is able to retrieve complex spatio-temporal couplings with great precision. To emphasize the
performance of the instrument, let us stress that in this experiment, the coupling is a localized A/8
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Figure 6.11.: Interpretation of the square phase defect artefacts caused by the reference. This sketch
displays the square phase shift generated in this experiment by the phase plate placed in the
compressor. Since the reference is a dilation of the object plane in first approximation, the
phase shift is magnified and replicated on the reference. In the reference beam, the lateral
dispersion s (symbolized by an arrow) is multiplied by the magnification 1/3. The measured
phase is the difference between the two phase, which explains patterns observed in figure 6.10
on the preceding page.

phase offset of which the position evolves with wavelength at 0.7mm/nm. The experiment
validates that TERMITES is able to resolve correctly features that match these values.

This last chapter of part Il described the various experimental tests with regard to the com-
plete validation of our instrument TERMITES. First, a stability test was performed to check
that no major delay fluctuation was affecting the interferometer in normal operating condi-
tions (section 6.1, p.90). 3-D resolved TERMITES results were then integrated or projected
along their spatio-spectral scales in order to compare the basic results with those produced by
IFTS, Shack—Hartmann and INSIGHT techniques (section 6.2, p.91). Then, purpose-designed
optics were employed to check quantitatively that TERMITES is able to retrieve fine spatio-
temporal structures of ultra-short pulses (section 6.3, p.94).

More generally, part |l was intended to provide an in-depth comprehension of TERMITES,
by going through the details of the technique, and by establishing its abilities. As any metro-
logy system, TERMITES also has inherent limits which are principally linked to input beam
fluctuations and to the weakness of its reference compensation.

100 A. JEANDET



Part 1Il.

Characterization of Laser Systems

101






Chapter 7.

Experimental Protocol for Successful
TERMITES Measurements

Before presenting in details the results produced with TERMITES during this work, we will
discuss about the way our instrument should be used in actual experiment. Since we regularly
tested the device along its design, we progressively understood the importance of some details
that are decisive to obtain good quality results.

Elaborating a protocol for TERMITES is decisive and requires to think particularly about three
elements. What is the best position to perform the measurement? Is it possible to reduce
the beam diameter diameter without degrading too badly the measurement? How should the
attenuation be handled?
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Chapter 7. Experimental Protocol for Successful TERMITES Measurements

7.1. Positioning TERMITES in the Laser Chain

The first element to determine before considering any measurement with TERMITES is the
actual location of the measurement device in the laser chain. As we saw in section 1.1 on page 10,
ultra-intense laser systems are made of several elements susceptible to introduce spatio-temporal
couplings.

Generally, experimentalists need to assert the properties of laser pulses at the end of the
chain, in order to learn about physics taking place on target. Most of the time, TERMITES is
therefore placed next to traditional diagnostic systems at the compressor output or just after
the target chamber. This is what we did for nearly all the measurements carried out during
this work—the characterization of BELLA’s Petawatt beam for instance, which was presented
in figure 6.2 on page 91.

Yet, it can also be interesting to study the specific spatio-temporal couplings introduced by
a component of the laser chain, such as amplifiers, the stretcher or the compressor. Numerical
retropropagation, presented in section 3.2.4 on page 59, can be used to precisely adjust the
optical plane imaged by TERMITES, by a few meters if necessary. For instance, it can be used
to quantify the precise amount of angular dispersion added by a compressor by propagating
back the measured beam to the last grating, and canceling out any spatial chirp that would be
created in free space. Nevertheless, we found that it was often more precise to place TERMITES
as close as possible to the element of interest, and to only use retroprogation algorithms for fine
adjustment of the imaged plane.

Thankfully, moving TERMITES at different places in the laboratory is quite straightforward,
owing to two main elements. First, the technique is by nature insensitive to the global (or
spatially homogeneous) spectral phase, making measurements possible at virtually any position
along the laser chain. As seen in section 2.3 on page 30, some other spatio-temporal devices
rely on non-linear optics and therefore need the measured beam to be compressed. Secondly,
the footprint of TERMITES was strongly reduced during this work, making the device portable
and quick to align.

In any case, experimentalists should keep in mind that TERMITES must always be kept
away from vibration sources such as vacuum pumps or spinning hard-drives. The influence
of vibrations on the measurement was shown numerically in chapter 5 on page 77. Also, air
turbulences can be highly detrimental to the measurement quality and should be prevented
before starting the measurement.

7.2. Input Beam Size Reduction

As it was explained on page 70, it can be necessary to resize the input beam so that it fits
the entrance pupil of TERMITES. Beam reduction was particularly used during this work, in
conjunction with the 20 mm input diameter version of TERMITES (see figure 4.4 on page 74).
For this prototype, we made the informed choice of reducing the input diameter of TERMITES
in order to improve other factors such as measurement stability and footprint of the device.
This was done most of the time by using a Keplerian refractive telescope, consisting of two
converging lenses.
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In general, inserting any refractive element in front of an ultrashort pulse measurement device
is considered bad practice because of the dispersion it introduces. In the present case, dispersion
is not an issue because homogeneous spectral phase is not measured by TERMITES. However,
using a Keplerian telescope—as it is done routinely to capture near-field fluence profiles—can
severely alter the spatio-temporal properties of measured beams. This is due to the fact that
central part of the pulse travels through longer distance of material in both lenses and gets
significantly delayed with respect to the outer rays. This effect is known as Radial Group
Delay (RGD) which is mostly quadratic in the case of a lens [76, 98, 112, 113]. Quadratic RGD
is commonly called Pulse Front Curvature (PFC, described in section 2.2.2 on page 26).

The reason we decided that Keplerian telescopes were still a viable solution is twofold. Firstly,
chromatic aberrations added by the telescope can easily be subtracted from the result. They
are indeed well predicted theoretically and consists for the most part of PFC [76]. The group
delay Tprpc added at radius r by a Keplerian telescope is:

Tpeo(r) = 20};“2712_” (—)\32) (1+ Alf) , (7.1)

with fo the focal length of the last lens, n the refractive index of lenses material, and M the
magnification of the telescope.

Secondly, PFC can be strongly limited if achromatic doublets are used instead of simple
plano-convex lenses. In order to verify this assertion, we used a commercial ray-tracing soft-
ware (OSLO™) and modeled a 1/3 reducing telescope incorporating either singlet lenses or
achromatic lenses. We used the characteristics of the lenses that were used during measurement
of the LASERIX laser beam. Using this software was necessary because equations describing
PFC generated from a doublet-based telescope would be much more complicated than equa-
tion (7.1). Figure 7.1 on the following page sums up the result of this short study. We plotted
the chromatic focal shift measured by the software at the output of both telescopes. Chromatic
focal shift was explained with figure 2.6 on page 28 and is a direct consequence of Pulse Front
Curvature after beam focusing. The ray distribution for three different wavelengths at multiple
positions around focus is also displayed on figure 7.1.

As expected, panel (a) demonstrates that the singlet-based telescope introduces large amounts
of chromatic focal shift. The effective focusing distance after an artificial lens depends on
wavelength and shifts by more than six times the monochromatic Rayleigh range (at 800 nm) for
the telescope that we simulated. On the contrary, panel (b) shows that no strong chromatism
affect the beam if the singlet lenses of the telescope are replaced with achromatic ones. In this
case, the maximum focal shift is 0.02mm which represents only 1.3 % of the monochromatic
Rayleigh range.

This quick simulation shows that doublet-based Keplerian telescopes can be an acceptable
way to reduce the input beam if they are designed and validated carefully. It essentially validates
PFC measurements done with TERMITES, up to a systematic measurement uncertainty which
corresponds to the PFC inserted by the telescope. Nonetheless, we decided that in the general
case, having a small controlled PFC error is more desirable than using a large version of
TERMITES which is less versatile and more prone to stability issues.
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Figure 7.1.: Focal shift generated by a 1/3 reduction telescope. (a) Case where both lenses are simple
fused silica singlets. (@) Case where both lenses are achromatic doublets. For both cases, we
plotted the spectral focal shift computed after a 1000 mm "perfect" lens that is simulated in
software, as well as the spectral ray distribution around average focal distance for 750 nm (red),
800 nm (blue) and 850 nm (green). Even if chromatism is observed in both cases, note that the
spatial scales are much larger in panel (a). This figure was obtained using OSLO™.

7.3. Input Energy Requirements & Appropriate Attenuation

As any measurement system, TERMITES has a maximum input beam energy which should
not be exceeded. We will first compute this value theoretically, and then list the solutions
available to the experimentalist to maintain input energy below the limit and avoid damaging
the instrument.

7.3.1. Maximal Input Pulse Energy

During a TERMITES measurement, maximum fluence levels are achieved when delay between
the input beam and the reference is zero. At this moment, the maximum fluence is located on
circular constructive fringes (see figure 3.5 on page 49). If contrast is optimized adequately, the
maximum fluence can be considered to be:

Fmax = 2R(1 - R)(Fr{lax + Fr]r?ax) ) (72)
with FL__ the input beam maximum fluence, Ff  the reference beam maximum fluence and

R the reflectivity of the beam splitter. Apart from non-standard cases, FI  and FE _ can be
considered equal because both beams should be ideally balanced in a final version of TERMITES
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(see section 4.1.2 on page 68). Besides, the maximum throughput of the interferometer is achieved
for R = 0.5. Therefore, equation (7.2) on the facing page simplifies to:

Frax = FL . (7.3)

The quantity of electrons IV, stored in a camera pixel after being exposed to the interference
pattern is the product of the number of photons captured by this pixel and the quantum efficiency
of silicon 7g;. For this quick estimation, we consider that the input beam is monochromatic at
800 nm.

Fls,?
T
with F! the input beam fluence on the considered pixel, d, the camera pixel size, and % the
reduced Planck constant.

Ne = 7si (74)

Let us compute the pulse energy for which the optical fluence saturates camera pixels. At
saturation fluence, N, reaches the maximum number of electrons that can be contained in each
pixel of the camera. This quantity of electrons is called saturation capacity or well depth and
will be noted Ng.

FIL . 0.°

max ~ T

N, = TIsi o )

The maximum fluence FI__ is the maximum pulse energy 7., divided by the area of the

beam profile (assumed top-hat).

el nax 2
Ns:nSi(;mh);i)dvy

N, 2 hw
ETmax === T Tma 3 . (75)
7ISi 6$

with rmax the input beam radius. In our configuration, we have:

e N, =20000e"
e 75i(800nm) ~ 0.1

(7.6)
e §,=>55um
® 7Thax = 10mm
The maximal input energy for the current prototype of TERMITES is therefore:
el ax ~ 0.511] (7.7)

7.3.2. Attenuation Methods

Depending on the laser system and where it is characterized, input beam energy varies consider-
ably. It can be just at the right level if the measurement is done after one of the first amplifiers,
but it can also reach tens of Joules if TERMITES is placed at the output of a Petawatt laser
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system. What is the best way to attenuate the measured beam to the pJ level required by
TERMITES?

Usually, motorized attenuators are directly available in the laser chain and are designed to
tune the energy and attenuate the beam by about one order of magnitude if necessary. Using
such attenuation device is not a problem with TERMITES, provided that it does not introduce
any post-pulse and that it does not change strongly the beam polarization. It is worth noting
here that post/pre-pulses can be strongly detrimental to the measurement since they result in
spectral interference.

However, attenuators that are already installed in the facility are usually not sufficient to
decrease energy below our limit of 0.5 nJ. Two options are left:

Using neutral densities This is the common way of reducing pulse energy for diagnostics. For
instance, neutral densities are usually of sufficient quality to be placed before cameras
without affecting the fluence profile measurement. However, they do have some unpre-
dictable influence on the wavefront, and can potentially degrade the spectrally-averaged
phase profile. The other issue caused by neutral densities is their not-so-neutral spectral
absorption. Because the beams we characterize with TERMITES are usually very large
spectrally (up to 150 nm), neutral densities can severely alter the spectrum of the meas-
ured beam. This drawback occurred when we used a lot of neutral densities in front of
our device.

Using uncoated glass plates This method is less harmful for the spectral content of the beam
to be characterized. As only ~ 4% of the energy is reflected off uncoated BK7 glass
at near-normal incidence, using a few plates is a good and low-cost solution to decrease
the input energy by several orders of magnitude. Reflections from rear surface should be
avoided, which is done easily using a plate where the back surface is wedged or sanded.

Note that spectral filtering caused by neutral densities can be taken into account and com-
pensated numerically after TERMITES post-processing, provided that the total spectral ab-
sorption F'(w) from densities is known:

corr ( meas (

r,w) X

e (r,w) =¢ (7.8)

F(w)
However, this correction does not solve all issues in cases were spectral distortion is too high. In
those situations, the signal at one end of the spectrum can go below the noise level of our device,
destroying any information of amplitude and phase contained in this part of the spectrum.
Consequently, we made sure to use neutral densities only when necessary in our experiments

with TERMITES.

During the numerous measurements performed during this PhD, I discovered that a lot of
aspects of the TERMITES technique are crucial for the success of a measurement. Most of
them were discussed in the previous part, and essentially concern the design of our instrument.
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A small amount is also closely linked to the measurement in itself, and to the handling of
TERMITES with respect to other existing elements in the laser chain.

Among multiple small experimental details, I found that the position of measurement was
critical, in particular for finding the source of a spatio-temporal defect. For this reason, the
instrument had to be small and portable, and finding a way to reduce the beam without
degrading its properties was necessary. We saw in section 7.2 that this is possible in certain
conditions using a simple doublet-based refractive telescope. Such system was not used all
the time, either because the beam was small enough to fit the entrance pupil of TERMITES,
or because a reducing system was already implemented. Finally, we computed the maximum
allowed pulse energy for our device and discussed about the best way to achieve the required
attenuation.
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Chapter 8.

Survey of Spatio-Temporal Couplings
Measured in Ultra-Intense Lasers

As introduced theoretically in chapter 2, space-time couplings can be generated by multiple
elements in typical laser systems. Laser components which rely on spatial dispersion—namely
stretchers or compressors—are usually the most significant sources of spatio-temporal or
spatio-spectral aberrations. However, some other components, such as telescopes and amplifiers,
are also susceptible of creating complex distortions and to affect the quality of ultra-intense
pulses.

During my thesis, we conducted multiple measurements of very diverse laser systems. Each
of them resulted in direct diagnoses of the laser chains global performance, and provided
information about pulses focusability in space and time. However, a finer analysis of the laser
three-dimensional field is oftentimes necessary to understand the precise nature of potential
defects, and to trace back their sources.

In this last chapter, I will therefore describe the spatio-temporal and spatio-spectral couplings
generated by the successive elements of a classic ultra-intense laser chain, by using experimental
examples from my thesis work.
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8.1. Effects of Pulse Stretching

8.1.1. Spatial Chirp Created from a Misaligned Offner Stretcher

Offner stretcher is the first element of which the spatio-spectral effects will be studied in this
chapter. As explained in section 1.1.1 on page 10, stretchers are crucial components of Chirped
Pulse Amplification (CPA) systems. They are used to spread femtosecond pulses in time up to
the picosecond scale, by adding strong amounts of spectral dispersion. This process significantly
reduces laser peak power and avoids damage in subsequent amplification steps.
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Figure 8.1.: Spatial Chirp measured at the output of a misaligned stretcher with TERMITES.
(a)—(c) Fluence profiles of the beam at respectively 2.5, 2.375 and 2.25rad/fs. Centroids
are computed for each profile and represented as white crosses. (d) Central frequency of the
beam, for each transverse position of its profile. The central frequency is found by computing
the barycenter of the spectrum, at each spatial pixel.

During this work, I had the opportunity to characterize a laser chain of medium size under
construction in Amplitude Laser laboratories, which is intended to produce 1kHz, 20 mJ, 20 fs
pulses for users. Figure 8.1 displays the results from the measurement that was done immediately
after the Offner stretcher of this laser system. Panels (a)—(c) show that despite its constant shape,
the mode of the beam is centered differently for each wavelength of the spectrum. As explained
by Gu et al. [114], spatial chirp can be interpreted as spatial dispersion or as frequency gradient.
Those quantities are not trivial reciprocates. Spatial views displayed in panels (a)—(c) can be
used to visualize intuitively spatial dispersion, which equals to 31 pm/nm in this measurement.
This value of spatial dispersion is relatively important, given the large spectral bandwidth
(100nm) and the relatively small diameter of the beam (~ 3mm).

Panel (d) of figure 8.1 features for its part the spatially-resolved central frequency of the
measured beam, which is another way to look at the same spatio-spectral coupling. This panel
shows unambiguously that the measured spatial chirp is monotonous and oblique. Frequency
gradient can be directly visualized in this panel, and equals to 2.1 x 1072 (rad /fs) /mm.

The most probable explanation for this oblique spatial chirp is twofold. The horizontal
component of the spatial chirp is very likely coming from a slight error in the distance between
the two curved mirrors in the Offner stretcher, which is known to generate horizontal spatial
chirp. For example, we used this method of moving longitudinally the convex mirror of an Offner
stretcher as part of TERMITES validation in section 6.2.2 on page 92. The coupling we intended
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to add at this moment was precisely horizontal spatial chirp. The vertical component of the
spatial chirp, for its part, is an uncorrectable aberration linked to geometrical constraints in the
Offner stretcher. This interpretation should be validated by numerical ray-tracing, to understand
more clearly the apparition of spatial chirp and maybe optimize slightly the performance of
stretchers.

This result could seem concerning because of the importance of the measured spatial chirp.
However, we will show in the next section why the issue is mitigated and does not impact the
final performance of ultra-intense lasers in practice.

8.2. Effects of Pulse Amplification

8.2.1. Spatio-spectral Filtering by Amplification
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Figure 8.2.: Spatial Chirp measured at the output of a multipass amplifier that is seeded by
a misaligned stretcher. (a)—(c) Fluence profiles of the beam at respectively 2.47, 2.41
and 2.35rad/fs. Centroids are computed for each profile and represented as white crosses.
Because of spectral gain narrowing and red-shift occurring in the amplifier, the frequencies are
not the same as in figure 8.1 on the facing page. (d) Central frequency of the beam, for each
transverse position of its profile. The central frequency is found by computing the barycenter of
the spectrum, at each spatial pixel.

The characterization done in section 8.1.1 on the preceding page was followed by other
measurements further down the amplification chain. Notably, we placed TERMITES at the
output of the multipass amplifier which is located directly after the Offner stretcher. The
principal goal of this measurement was to observe a potential unfavorable spatio-spectral effect
added by the amplifier. On the contrary, the result was found to be very positive.

Figure 8.2 features the same diagnostics as those we used previously to observe spatial chirp
generated by the Offner stretcher. Comparing this figure to figure 8.1 on the preceding page
shows immediately that the manifestations of spatial chirp have totally disappeared from the
field. Both spatial dispersion and frequency gradient are down to unnoticeable levels in this new
measurement. This behaviour is not formally explained at this time, but can be understood
intuitively. As the spatially chirped seed pulse is amplified through its numerous passes in
the gain amplifier, its spatio-spectral defects are iteratively smoothed out. Because multipass
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amplifiers are usually used near saturation, the spectrum of the output beam at each transverse
position tend to become more uniform as it gets amplified.

An enlightening verification of this hypothesis, would be to perform the same TERMITES
measurement we just presented, but for different number of passes in the multipass amplifier.
If our hypothesis of gradual mitigation of the spatial chirp is correct, it should be possible to
observe a slow reduction of spatial dispersion as the number of passes is increased. Numerical

simulations of multipass amplification could also be helpful to understand more precisely our
TERMITES measurement.

8.2.2. Gain Depletion in Chirped Pulse Amplifiers

The spatio-temporal characterization of BELLA laser beam proved that no strong coupling was
affecting the electric field and that the peak intensity at focus was close to the expected value.
Nevertheless, this measurement showed that the beam is not fully free of some small defects.
The first defect that will be studied during this survey is a spectral fluence coupling which is
created during the amplification process. It was measured by both TERMITES and INSIGHT
during the characterization of BELLA [111].
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Figure 8.3.: Spectral fluence of the full power BELLA beam as measured with INSIGHT. (a) Spectral
intensity, integrated spatially over the beam aperture. (b)—(e) Fluence profiles of the same
quantity, taken at respectively 830, 820, 800 and 785 nm. Dashed white circle on panels (b)—(e)
has a constant diameter, and provide a scale reference. To clearly highlight the spectral evolution
of the beam spatial profile in these plots, the total energy in the beam at each frequency has
been normalized following equation (8.1) on the next page.

Figure 8.3 illustrates the spectral fluence of the BELLA laser beam operating at full power,
as measured by the INSIGHT device (described in section 2.3.2 on page 33). This picture shows
that the beam profile is not spectrally constant, but evolves smoothly with laser frequency. In
particular, we remark that the fluence profile can be qualified as top-hat around 830 nm (red
side of the spectrum), and evolves to a ring shape around 780 nm (blue side of the spectrum).
Furthermore, the diameter is also smaller for larger wavelengths before increasing for lower
wavelengths. To observe more easily these effects, the views presented in figure 8.3 were
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normalized so that the energy is constant for each spectral sample:

/dxdy |E(z,y,w)||? =1, for all w. (8.1)

We chose to use INSIGHT measurements in the current section to emphasize that this
instrument is also very well capable of measuring the field of ultrashort pulses, and to diagnose
complex spatio-temporal or spatio-spectral couplings. Even though TERMITES also measured
the spatio-spectral intensity coupling featured in figure 8.3 on the preceding page, the images it
provided for this particular case were a little less precise.

As this effect could not be explained by well-

known sources of spatio-spectral couplings—Ilike
A (nm) (nm)

compressor or lenses—we looked for the cul- 840810 780 840 810 780
prit upstream in the laser chain. The ampli-
fication process taking place in the successive CZ,
Ti:Sapphire amplifiers of the BELLA laser was g ?_,
studied in details by K. Nakamura at LBNL z E
laboratory. Frantz-Nodvik equations [115] model é 05 3
the energy transfer from the population inversion g %
of the medium (pumped by frequency-doubled % <
Nd:YLF and Nd:YAG) to the amplified beam. % _ ., ;2
They are used to compute numerically the pro- -
file of the output beam and of the gain medium 2.252.352.45 2.25 2.35 2.45

w (rad/fs) w (rad/fs)

at each passage through the amplifier.

Figure 8.4 shows slices of BELLA spectral flu- Figure 8.4.: Spatio-spectral intensity of the full
ence side-by-side. Panel (a) was generated from power BELLA beam. (a) (x,w) slice of the spatio-
the amplification simulation while panel (b) is spectral intensity as measured by INSIGHT, taken
a slice of the quantity obtained experimentally across the horizontal plane and vertically centered.
with INSIGHT (figure 8.3 on the preceding page). (b) Same quantity, now deduced from simulations
This figure shows that the simulation is qualit- ©f the CPA process based on the Frantz—Nodvik
atively very close to the experimental measure- equatllons [115].. Both panel has been normalized
ment. Both slices feature top-hat modes for low following equation (8.1).
frequencies and ring shape for high frequencies,
while beam diameter evolves linearly from 170
to 200 mm.

This spatio-spectral fluence coupling is very likely a direct side-effect of the Chirped Pulse
Amplification technique. Figure 8.5 on the following page is a drawing which explains intuitively
why the fluence profile of a chirped pulse can depend on the wavelength after its amplification.
Fluence profile after amplification is a function of the seed profile and of the population inversion
(or stored energy) profile in the gain medium. Considering that both quantities have radial
Gaussian distributions at the beginning of the laser chain is a reasonable approximation that was
used for the numerical simulations. When a chirped pulse is amplified, its leading edge (red part
of the spectrum) depletes a fraction of the energy stored in the amplification medium (panel (a)
in figure 8.5 on the next page). In the situation where the amplifier is in a saturated regime,
more energy is depleted at the center of the beam because of the higher amplification gain.
This affects the spatial distribution of population inversion seen by lower wavelengths in panels
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Figure 8.5.: Sketch of a chirped pulse going through the gain medium of a laser amplifier. This
drawing shows a chirped pulse in the process of being amplified by a pumped Ti:Sapphire crystal.
(a) Because the input beam is positively chirped, red components of the laser spectrum are
amplified ahead. (b)—(c) As lower wavelength go through the amplifying medium, the population
inversion profile is more depleted at the center than on the edges. Output fluence profiles at
those lower wavelength is not Gaussian anymore.

(b)—(c) and hence modifies the fluence profile for those components. This spatio-spectral fluence
coupling is strongly linked to the CPA scheme because it could not happen if all frequencies were
amplified at the same time. It can be considered as a spatio-spectral extension to the traditional
CPA-specific red-shift effect [116, 117]. Red-shift in CPA lasers is indeed well-understood, but
has always been described solely in the spectral domain to the best of our knowledge.

8.3. Effects of Beam Imaging

8.3.1. Telescope-induced Pulse Front Curvature

As described formally in section 2.2.2 on page 26, Pulse Front Curvature (PFC) is a spatio-
temporal intensity coupling which adds a delay between the phase front and the pulse front
of the beam. This delay depends quadratically on the distance from the center of the beam,
curving the pulse front spatio-temporally. As we already observed experimentally in section 6.3.1
on page 94, PFC is the temporal consequence of chromatic curvature, wherein the wavefront
curvature depends linearly on angular frequency.

The infrared laser beam of LASERIX was characterized in a set-up which is illustrated
in figure 8.6 on the facing page. We already mentioned this particular laser beam in section 2.2.1
on page 24 to show an example of Pulse Front Tilt and in section 8.4.3 on page 122 to illustrate
some spatio-spectral intensity couplings. It will be used one last time to demonstrate how
telescopes can generate significant amounts of Pulse Front Curvature in specific conditions.
Figure 8.6 on the next page displays the telescope L1—Lo which is placed after the last Ti:Sapphire
amplifier to reduce fluence on compressor optics in order to avoid optical damage. Telescope
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Figure 8.6.: LASERIX measurement layout. [; and Ly are converging singlets forming a magnifying
telescope that is used to avoid optical damages in the compressor. L3 and L, are achromatic
converging doublets used to reduce the beam size and characterize the input beam profile in
whole with TERMITES. Values are detailed in table 8.1. The TERMITES device we used in
this measurement is the new prototype that was described in more details in section 4.2.2 on
page 73.

Ls—Ly4 is composed of achromatic lenses and is used to reduce the diameter of the beam before
its characterization with TERMITES. We verified that this telescope adds a negligible amount
of PFC in the characterized beam by numerical ray-tracing in section 7.2 on page 104.

fi 340mm L; Convergent singlet, fused silica

11;1 ;gé Ei fo 760mm Lo Convergent singlet, fused silica
D2 16.7mm fz3 750mm L3 Convergent achromatic doublet
3 .

fa 250mm Ly Convergent achromatic doublet

Table 8.1.: LASERIX measurement parameters

Panel (a) of figure 8.7 on the next page features vertical slices of the phase of the LASERIX
beam, as measured by TERMITES. Visually, the phase plots seem curved for peripheral spectral
components (2.27 and 2.35rad/fs), and the curvature evolves smoothly while its sign changes at
the central frequency. Of course, curvature is not the only phase component because some other
aberrations are visible in the spatial phase, albeit smaller in magnitude. In order to characterize
quantitatively the potential chromatic curvature, each phase slice is fitted with a second order
polynomials, and the resulting second order coefficients are plotted on panel (b) as a function
of optical frequency. This second plot definitely shows that the chromatic curvature observed
on panel (a) generates Pulse Front Curvature in the time domain, because the second order
component evolves linearly with frequency. Moreover, this linear dependence was fitted and
the resulting slope of 0.067 fs/mm? represents immediately the Pulse Front Curvature quantity.
For the considered beam diameter of 50 mm, it corresponds to a maximum delay of 41 fs on the
edge of the laser beam.

Let us determine the source of this significant spatio-temporal coupling. PFC is generally
added to a laser beam by suboptimal Keplerian telescopes [76, 98, 112, 113]. Owing to our
previous analysis of the telescope L3s—L4 that was inserted before TERMITES to reduce the
beam—section 7.2 on page 104—the next suspected element is the telescope L;—Ls which is
placed just before LASERIX compressor. As noted in table 8.1, this telescope is made of plain
fused-silica singlets. The PFC that is inserted by such a simple system can be computed using a
model obtained by Z. Bor [76] (equation (43)) and does not require to do any complex ray-tracing.
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Figure 8.7.: Quantitative measurement of telescope-induced Chromatic curvature on LASERIX.
(a) Line-outs of the measured spatial phase at different optical frequencies, resolved along
the vertical dimension and taken at the center of the beam. (b) Second order coefficients of
polynomial fit done on the line-outs in panel (a). The linear fit of these curvatures is shown as
a red dashed line and its computed slope is 0.067 fs/mm?.

At transverse position r, Pulse Front Curvature adds the delay A7(r) to the pulse:

Ar(r) =

—Aod—n)(wi

- M) , (8.2)

I
2¢ fa(n—1) (

with ¢ the speed of light, f5 the focal length of lens Lo, n and %\‘ the refractive parameters of fused-
silica [118], Ao the central wavelength of the laser beam, and M the telescope magnification.
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Figure 8.8.: Spatio-temporal slice
of Salle Jaune laser beam intensity.

Equation (8.2) gives a maximum delay of 58 fs at the edge
of the laser beam, when computed with the parameters of
the system. This number is very close to the measured
value of 41fs measured with TERMITES. The similarity
between this model computation and the measurement by
TERMITES makes our hypothesis very convincing,.

As we said earlier, the impact of spatio-temporal couplings
on the LASERIX infrared beam is probably very limited
due to the particular applications for this laser. Because
the laser is routinely stretched in time and used in the pico-
second regime, the delay of 50 fs that we measured on the
edges of the beam is insignificant. Nevertheless, this measure-
ment is a strong proof that TERMITES is capable to reliably
quantify Pulse Front Curvature and that we are able to de-
tect it without any prior knowledge that such coupling is
present in the beam.

At the beginning of this thesis, Pulse Front Curvature was also measured on the 60 TW
femtosecond laser beam of Salle Jaune, at Laboratoire d’Optique Appliquée (LOA). Even though
the measurement set-up was not optimal at this time, figure 8.8 shows that the measured pulse
front was noticeably curved. The delay value is approximately 40fs at the edge of the beam
(y = 25 mm), which equals approximately to a PFC of 0.064 fs/mm?. As this measurement was
done with the first prototype of TERMITES—80 mm aperture, see section 4.2.2 on page 73—
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extracted data is noisy and less reliable than the LASERIX measurement. Nevertheless, the
source of this PFC was successfully identified following our measurement. Similarly to the case
of LASERIX, it was found that the magnifying telescope before the compressor was responsible
for excessive PFC. This aberration was fixed later by using a custom compensating afocal
doublet, based on the set-up presented in figure 6.5 on page 94.

8.4. Effects of Pulse Compression

8.4.1. Pulse Front Tilt

Pulse Front Tilt (PFT) is probably the most familiar spatio-temporal coupling that can be
induced in optical systems which rely on spatial dispersion, i.e., stretcher or compressor. As it
was explained in section 2.2.1 on page 24, Pulse Front Tilt usually results from angular chirp
not being fully compensated at the output of these laser chain elements. As a result, wavefront
tilt—which defines the direction of propagation of the pulse—varies linearly with frequency.
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Figure 8.9.: Measurement of Pulse Front Tilt on LASERIX pump laser beam. (a)—(d) Fluence profile
of the measured beam, at different times throughout the pulse duration. (e) Slice of the same
pulse, viewed from the side and resolved along vertical position and time. In order to better see
the delay added by PFT, we imposed a flat spectral phase to simulate a perfect compression of
the pulse in time.

Because of the general awareness about angular dispersion effects on the laser peak intensity at
focus, this first-order spatio-temporal coupling was generally insignificant on the systems we char-
acterized. Full 3D reconstruction of the electric field is usually not necessary to measure residual
angular dispersion. The spatial chirp generated in far-field spreads the spectrally-integrated
beam profile (measured by a simple camera) in the PFT direction (vertically, horizontally, or a
combination of both). Minimizing the focal spot ellipticity by rotating the gratings is generally
considered sufficient to remove most of the remaining angular dispersion at the compressor’s
output. Some users also use a few narrow bandpass filters to look at the lateral drift of the
focal spot depending on the considered wavelength.
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Yet, we managed to measure with TERMITES an important amount of residual Pulse Front
Tilt at the compressor output of LASERIX. The purpose of this infrared beam is creating
a plasma channel on the surface of a metallic target, which is then used as an amplification
medium for X-UV laser generation. This particular application does not require the driving
laser to operate fully compressed, nor to have absolutely zero horizontal Pulse Front Tilt. That
is justified because the laser is focused on the target at a grazing incidence, which makes the
focal spot already very elliptic.

Figure 8.9 on the previous page illustrates the spatio-temporal intensity profile of the LASERIX
laser. At explained at the beginning of this thesis (section 2.2.1 on page 24), Pulse Front Tilt
adds a delay which depend linearly on the position (in the present case, x). This measurement
features a very high value of PFT equivalent to 180fs over the 50 mm width of the beam, or
3.6 fs/mm. Panels (a)—(d) show distinctly how the intensity is located on the left of the beam
at the beginning of the pulse, and on the right of the beam at the end.

8.4.2. Distortions Caused by Surface Defects of Compressor Optics
Spatio-Temporal Phase Couplings Observed on UHI-100

As this has been explained in section 2.2.3 on page 28, more complex phase couplings arise when
mirrors or gratings in stretcher or compressor are not perfectly flat. The first measurement of
space-time couplings that was done with TERMITES [43] featured a perfect example of such
high spatial frequency phase defect depending on the laser wavelength. Figure 8.10 displays the
crescent shape that was observed in phase on UHI-100 laser beam profile.

- Phase (rad.) n
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w (rad/fs)
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Figure 8.10.: UHI-100 spatio-spectral phase defect. (a)—(c) Wavefronts at 812, 800 and 788nm.
(d) Spatio-spectral intensity profile taken along a centered horizontal slice, represented by
dashed horizontal lines on panels (a)—(c). White dashed vertical lines are frequencies cor-
responding to (a)—(c) panels. This measurement was carried out by G. Pariente's during
his thesis [42]. Corresponding raw data were processed for this figure using the most recent
algorithm developed during my thesis.

Wavefront distortion visible in figure 8.10 was studied extensively in G. Pariente’s thesis [42].
It consists of a crescent-shaped phase defect affecting the wavefront at some specific wavelengths,
on the red side of UHI-100 spectrum. As shown by panels (a)—(c), the defect moves inwards as
wavelength increases. This lateral shift produces a phase streak visible in the spatio-spectral
view of panel (d).
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During the beginning of my thesis, I looked further for the Phase (rad.)
root cause of this defect. This investigation lead us to char- 3 0 3
————

acterize the flatness of periscope mirrors in the compressor, 100
which were the principal elements suspected to cause the C)]
distortion. Flatness measurement was realized using a large

aperture wavefront sensing device, composed of a commer- €

cial quadriwave lateral shearing interferometer [30] (Phasics E °
SID4™) and of an all-reflective magnifying telescope that was

provided by Amplitude Laser. This set-up operates at 800 nm

which was a necessary condition to perform the measurement, _188
due to the bandpass of mirrors reflection coatings.

Figure 8.11 displays the results from this flatness measure- ¢
ment. Panel (a) shows that the wavefront aberrations added E 0
by the compressor periscope are far from being negligible.

The characterization device returns a peak-to-valley value
of 0.84wrad at 800nm (or 335 um). This measurement cor- _100_100 0 100

responds to the summation of the aberrations introduced by x (mm)

the upper periscope mirror and of the lower periscope mirror.

Although the peak-to-valley value of the measured wavefront Figure 8.11.: FIatness_ measure-

is not as high as the 27 crescent-shaped phase error measured ment. of UHI___IOO periscope mir-
. L . rors. (a) Initial total wavefront

with TERMITES, the aberration is shaped similarly. In or-

o . (0.847 rad peak-to-valley). (b) Total
der to make sure that this imperfect flatness of the periscope | . efront after upper mirror replace-
mirrors was indeed the source of our spatio-spectral coupling, ment (0.417 rad peak-to-valley).
we decided to replace the two 20 x 20 cm mirrors by mirrors

of higher quality.

Panel (b) of figure 8.11 shows the second wavefront meas-

urement that was done just after having changed the mirrors of the periscope. This new picture
clearly shows that the wavefront is much less aberrated than it was before changing the mir-
rors. Indeed, the new value of peak-to-valley phase error is 0.417rad at 800nm (or 170 pm).
The periscope was installed back at its position in the compressor after this modification. A
TERMITES measurement done after the compressor showed that the crescent-shaped defect was
not affecting the beam profile anymore, as it was the case with the initial mirrors (figure 8.10
on the facing page).

Spatio-Temporal Phase Couplings Observed on BELLA

A similar streak effect was measured on the spatio-spectral phase of the BELLA petawatt laser
beam during its characterization with TERMITES [111]. Contrarily to the crescent-shaped
defect affecting the beam profile of UHI-100, the modulations which are visible on BELLA
profile have a high spatial frequency and are allotted uniformly on the beam profile, as shown
in panel (a) of figure 8.12 on the next page. They are however much smaller in magnitude—
~ 7 /4rad peak-to-valley—than the defect observed on UHI-100—= 27 rad peak-to-valley.

As the considered wavelength increases, the spatial phase modulations move towards the left
side of the beam profile. This linear translation creates—as it was also the case for UHI-100—
linear phase streaks which this time affect all frequencies and all positions of the beam profile.
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Figure 8.12.: Spatio-spectral phase of the collimated BELLA beam, measured with TERMITES.
(a) BELLA wavefront observed at central wavelength A\g. (b) Spatio-spectral view of the phase
in the (x,w) space taken along the horizontal black line in panel (a). Oblique red line represent
the expected slope of the streak that would be induced by spatial defects of optical elements
located within the compressor, given BELLA compressor characteristics. The origin of this line
is arbitrary. (c) Spatio-spectral view of the phase in the (y,w) space taken along the vertical
black line in panel (a). The spectrally integrated wavefront was removed from all panels in
order to see exclusively components of the phase that depend on wavelength.

The translation of the phase pattern is exclusively occurring in the dispersion plane of the
compressor. Therefore, the linear streak pattern is only visible in the horizontal (x,w) space
(panel (b)) and not in the (y,w) space (panel (c)).

In section 2.2.3 on page 28, we discussed about the effects at focus of such spatio-spectral
couplings. Analytically, they create satellite focal spots that are shifted laterally with respect to
the main spot. These satellites are also shifted in time and create an intensity pedestal, which
could cause detrimental effects in the laser-matter interaction. The exact effect for BELLA
should be characterized in more details to define if the pedestal created in this particular case
is an issue for experiments. Since BELLA is mostly used for electron wakefield acceleration in
capillary plasma discharge, this effect could be benign at focus if satellite spots are sufficiently
separated from the main spot and do not couple in the fiber.

8.4.3. Spatio-spectral Profile Masking

Additionally to spatio-temporal couplings in phase, stretchers and compressors can also add
amplitude couplings to the laser beam. In section 2.2.3 on page 28, we showed that any element
masking the beam in presence of spatial chirp can create amplitude couplings by clipping
differently each component of the laser spectrum. Throughout the characterization of different
laser systems done during this work, we noticed that this kind of coupling was recurrent.

Figure 8.13 on the facing page illustrates spatio-spectral profile masking as observed with
TERMITES on the LASERIX beam. A vertical shade starts to appear on right hand side of
the beam at 815 nm and slides in the fluence profile for lower wavelengths, until 800 nm where it
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Figure 8.13.: Spatio-spectral profile masking caused by misalignment of LASERIX compressor.
(a)—(c) Fluence profiles at 820, 810 and 800 nm. (d) Spatio-spectral intensity profile taken
along a centered horizontal slice, represented by dashed horizontal lines on panels (a)—(c).
White dashed vertical lines are frequencies corresponding to (a)—(c) panels.

masks 5 mm of the beam. This dependence of the edge position with laser wavelength produces
a linear streak in panel (d) of figure 8.13.

The issue is hard to distinguish without any spatio-temporal
diagnostic tool. As shown by figure 8.14, the fluence profile 0 Fluence (arb. units.) 1
integrated over the laser spectrum seems normal and would not
trigger suspicion. Near-field profile diagnostics are ubiquitous
on laser systems and are generally simply made of silicon-based
cameras. This much more precise measurement allowed the
LASERIX team to locate the misalignment in the compressor
and fix the issue by re-centering the beam on compressor op-
tics.

y (mm)

=25 0 25
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UHI-100 laser also has a spatio-spectral profile masking which
is small but measurable with TERMITES (see [43]). In the case
of this system, wider mirrors would be necessary to fit the whole
expanded beam in the compressor periscope.

Figure 8.14.: Spectrally integ-
rated profile of LASERIX beam.

Figure 8.15 on the next page is based on a measurement
that was done just after compressor re-alignment on LASERIX. This figure can be compared
to figure 8.13 to check that the spatio-spectral masking that was identified is correctly removed.
Looking at panels (a)—(c), no vertical edge can be observed on the right side of the beam profile.
No linear streak is visible at the top of panel (d) either, as it was the case previously.

However, this alignment correction added a new spatio-spectral coupling that is fainter than
the previous one. For this reason, figure 8.15 on the next page does not display fluence profiles
anymore but amplitude profiles, for which the visibility of the distortion is better. The new
coupling can be seen as a diffuse shape on the left side of panel (a) and as a linear streak at the
bottom-left side of panel (d). Because the only modification between this measurement and the
previous one was the compressor re-alignment, we knew that this issue was coming from one of
the compressor components.
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Figure 8.15.: Amplitude profile degradation caused by coating defects on dielectric mirrors of
LASERIX compressor. (a)—(c) Fluence profiles at 830, 820 and 810 nm. (d) Spatio-spectral
intensity profile taken along a centered horizontal slice, represented by dashed horizontal lines
on panels (a)—(c). White dashed vertical lines are frequencies corresponding to (a)—(c) panels.

After visual inspection, the defect was found to originate from
a degraded mirror. As shown in figure 8.16, its dielectric reflective
coating was peeling off from the substrate, as it can sometimes hap-
pen for such mirrors exposed to high vacuum. This defect probably
went unnoticed first because it was only affecting one side of the
periscope mirror, while the beam was offset on the other side of the
mirror. Our small alignment correction made the defective part of
the mirror enter in the beam path. After having replaced this bad
™ mirror with a fresh spare, a third TERMITES measurement was

Figure 8.16.: Coating peel- done, revealing no major spatio-spectral amplitude coupling.

ing off from periscope mirror

substrate. Similarly to the previous results featured in this chapter, this fine

defect could not have been detected with a low resolution spatio-

temporal device, let alone with an achromatic one. Among the
different devices listed in table 2.2 on page 35, TERMITES was the best suited instrument for
this task, to the best of our knowledge.

8.5. Effects of Hollow-Core Fiber Compression

As we explained in section 1.1.2 on page 11, Hollow-Core Fiber (HCF) compressors are increas-
ingly used at the end of ultra-high intensity laser chain to further compress ultrashort pulses
in time. This is done by taking advantage of Self Phase Modulation (SPM) which reduces the
Fourier-transform limited duration of the pulse by broadening its spectrum. The method essen-
tially dwells in focusing pulses in a meter-scale hollow fiber, filled with noble gas at a controlled
pressure. Compression in HCF results in millijoule-level few-cycle pulses, produced by medium
scale facilities such as the Salle Noire laser located in Laboratoire d’Optique Appliquée [119].

Some spatio-temporal characterization studies of HCF compressed beams [120-122] were
already conducted and used SEA-SPIDER and STARFISH devices. They did not show any
strong aberration generated by this non-linear technique in optimal operating conditions. Yet,
we decided to use TERMITES to characterize the set-up installed in Salle Noire, in order to
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study the generated beam with finer details (see figure 8.17). We also wanted to study the
effect of small fiber-coupling misalignments which, to the best of our knowledge, had not been
characterized before. Finally, the 300 nm wide spectrum provided a very good opportunity to
test the bandwidth limits of TERMITES and validate its specifications.

GRISM compressor A4 Hollow-core Fiber A/4
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Figure 8.17.: Layout of the HCF compressed beam characterization at Salle Noire. Three different
paths were installed and used to characterize the beam at relevant positions in the set-up.
Quarter-wave plates are designed to control the polarization in the HCF and improve the SPM
process. Energy levels at the entrance of TERMITES were adjusted using uncoated wedges and
optical densities which are not represented on this drawing. SM: Temporary sampling mirrors.
FO: Focusing optics.

8.5.1. Spatially Resolved Spectral Broadening
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Figure 8.18.: Effect of pressure increase in the HCF. (a)—(b) Amplitude and phase of the beam before
entering HCF. (c)—(d) Amplitude and phase of the beam after HCF, without gas. (e)—(f) Amp-
litude and phase of the beam with 400 mbar of helium. (g)—(h) Amplitude and phase of the
beam with 800 mbar of helium.

Figure 8.18 shows slices of the spatio-spectral amplitude and phase retrieved from sampling
track #2, and from sampling track #3 with different levels of gas pressure in the HCF. Amplitude
profiles in panels (c), (e) and (g) show that the spectral broadening is correctly measured with
TERMITES, and that the spectrum width is significantly increasing with helium pressure in the
fiber. Phase is correctly obtained for frequencies where the signal is sufficiently high, and becomes
dominated by noise for frequencies of low intensity. Furthermore, no strong spatio-spectral
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coupling is visible on the profiles, as all spectral modulations affect identically all positions
in space. Interestingly, some spatially homogeneous spectral modulations are perceptible on
panel (a), which represent the amplitude profile measured after the grism compressor. This
feature is symptomatic of a pre-pulse or post-pulse that would be generated by a bad optical
element. This ghost pulse seems to be filtered out by the fiber, as shown by panel (c) were no
modulation is visible anymore.

The first obstacle for measuring this kind of wide spectrum beam is the bandpass of optics
used in TERMITES. The prototype that was used for this measurement is described in table 4.3
on page 74. Optics and design were not modified specifically for this experiment. Consequently,
the amplitude profiles shown in figure 8.18 on the preceding page are most certainly the product
of the actual physical spectrum, and the spatially homogeneous response of the TERMITES
device. Even though this issue should be taken into account for the interpretation of the results,
it affects similarly the spectrum for all positions. Therefore, spatio-spectral properties of the
beam can still be interpreted, as long as phase noise is not predominant.

Another difficulty to characterize such modulated spectrum with TERMITES is the curvature
removal operation—of which the details were explained in section 3.2.2 on page 52. Fitting the
curvature should be done at a frequency where the signal is the highest, to ensure that phase
noise is low and that the correct curvature is removed from the field. The simplest way to do
that is to process the data with default parameters (Ao = 800 nm for instance) in order to obtain
the power density function of the field, and then use this information to process the raw signal
a second time with a new adjusted curvature fit frequency.

8.5.2. Effect of Spatial Chirp on Fiber Coupling

Lastly, let us study the effect of misalignment of the grism-based compressor—represented on
figure 8.17 on the preceding page—on the HCF post-compression process. This setup is based on
a pair of so-called grisms (contraction of grating—prism) [123], which are prisms where one face
presents regularly spaced grooves, forming a transmission grating. The grism-based compressor
is used in Salle Noire to precisely control dispersion of the beam before it enters the HCF fiber.
This is crucial because SPM is a non-linear process which highly depends on pulse intensity.

Alignment of the compressor is very sensitive. Any deviation from optimal alignment settings
adds complex aberrations to the beam and have the principal effect of changing the focal spot
shape and size at the entrance of the HCF. In severe cases, the coupling efficiency can be
significantly decreased and the fiber entrance can be damaged. To prevent this, the far-field
fluence profile is actively monitored. Before sending the beam to the HCF, users check that the
Strehl ratio is higher than a fixed safety threshold and adjust alignment if required.

During our measurements with TERMITES, we looked particularly at potential spatio-spectral
defects that could appear when the alignment of the grism compressor is in compliance with
safety standards, but still sightly sub-optimal. To do this, we played with two rotation axes of
the last grism, represented by arrows on figure 8.17 on the previous page. Both rotations add a
combination of different defects to the beam. However, rotation around the propagation axis is
known to particularly add vertical Pulse Front Tilt (PFT), while change of the incidence angle
principally adds horizontal PFT. At focus, rotation of the second grism around those two axis
adds vertical or horizontal spatial chirp.
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8.5. Effects of Hollow-Core Fiber Compression
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Figure 8.19.: Effect of Grism misalignment on the HCF output field. (a)—(b) Horizontal and vertical
slices taken from the spatio-spectral amplitude profile at the output of the fiber, when the
grism compressor is optimally aligned. (c) Horizontal slice of the same quantity, when the
grism compressor is slightly misaligned in the horizontal direction. (d) Vertical slice of the same
quantity, when the last prism of the grism compressor is slightly rotated around the incidence
axis. All measurements are done without any gas in the fiber, except for panel (c) where some
unwanted residual pressure slightly broadened and modulated the spectrum.

Figure 8.19 shows relevant slices taken from datasets that we acquired for this study. The
four panels represent amplitude profiles resolved spectrally and along the horizontal or vertical
position. Panels (a)—(b) show that the spectrum of the HCF output is uniform along the vertical
and horizontal dimensions when alignment of the GRISM compressor is optimal.

Panels (c)—(d), for their part, show that the amplitude distribution in space depends strongly
on frequency when the GRISM compressor is slightly misaligned. More particularly, horizontal
spatial chirp at the entrance of the fiber is translated into horizontal spatial chirp at the output of
the fiber (panel (c)), and the same is true for vertical spatial chirp (panel (d)). This effect occurs
with very small misalignment values, that were of the order of magnitude of the micrometer
drive hysteresis and hardly measurable. PFT values measured by TERMITES just after the
GRISM compressor (track #2, in figure 8.17 on page 125) were close to zero and below the
sensitivity level of our instrument.

Albeit current diagnostics installed at Salle Noire allow for a careful HCF coupling and avoid
permanent damages, they are not very sensitive to small amounts of spatio-spectral defects such
as angular dispersion. We showed with TERMITES that such angular dispersion is capable of
creating significant spectral fluence couplings at the output of the fiber, which are susceptible
in turn to generate spatio-spectral couplings on target. This study therefore demonstrates that
a spatio-spectral understanding of the whole HCF compression is necessary, in addition to the
traditional far field monitoring.
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Chapter 8. Survey of Spatio-Temporal Couplings Measured in Ultra-Intense Lasers

This last chapter is a comprehensive survey of the most common spatio-temporal and spatio-
spectral couplings encountered throughout the experimental activities of my thesis. Spatio-
temporal measurements, when executed at different positions of the laser chain, allowed to
find the precise source of couplings. The amount of measurements carried out for each optical
component is not sufficient to conclude about the occurrence frequency of each defect, and to
generalize these findings. Nevertheless, this survey shows that all of the systems we characterized
during this work were affected by couplings, which, most often, could not be anticipated using
standard metrology. TERMITES proved to be a very precise and practical tool for this task,
because it provided the full electric-field of the measured beam, allowing us to compute lots of
different diagnostic quantities in each situation.

Couplings were sorted depending on the component responsible for each of them. We started
the chapter by showing that Offner stretchers are capable of introducing significant amounts of
spatial chirp in femtosecond beams (section 8.1, p.112), but that subsequent amplifiers tend to
mitigate this effect (section 8.2, p.113). Then, we showed the spatio-spectral effect that can be
induced by saturated amplifiers. We also showed that improper design of magnification telescope
can induce a noticeable quantity of chromatic curvature and create Pulse Front Curvature in
the temporal domain (section 8.3, p.116). More complex couplings were presented and involved
compressors (section 8.4, p.119). They were caused by either misalignment, or bad surface
quality of optics. Finally, we observed what spatio-spectral couplings could be measured at the
output of HCF compressors, and found that very small amounts of spatial chirp at the input of
the fiber had an influence on its spatio-spectral output profile (section 8.5, p.124).
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Spatio-temporal couplings are ubiquitous in high-power femtosecond laser systems. As we
showed in part | (p. 9), they have a strong influence on ultra-intense experiments by significantly
reducing the effective intensity on target. In order to assert the quality of a laser system,
it is necessary to dispose of a simple device capable of providing users with the complete,
spatio-temporally resolved, electric field of ultrashort pulses. Yet, none of the existing spatio-
temporal techniques have been widely adopted in the community of ultrashort broadband lasers
so far. Moreover, most of them are difficultly adaptable to large diameter laser systems. The
essential prerequisites for a measurement technique to become a standard—apart from visible
publications—are its precision, robustness, and scalability to many different systems. Just before
the beginning of my work, a proof-of-concept of TERMITES had been developed by V. Gallet
and G. Pariente during their respective thesis [41, 42], and was used for the first characterization
of a multi-terawatt laser system [43]. At this point, the technique was very promising because
of the simplicity of its implementation and the high resolution of its results. In order to make
of TERMITES a new reference tool for spatio-spectral laser characterization, Amplitude Laser
Group joined CEA LIDYL to co-supervise and fund my thesis. I chiefly benefited from this
opportunity to study and improve the technique. These tasks constitute the industrial part of
my work and were documented in part Il. The other essential objective was more academic and
consisted of characterizing the spatio-temporal couplings added by the different building blocks
of CPA laser systems. This work was developed in part Ill.

In part Il (p. 43), we focused on the improvement of the device, so that it could comply
with new constraints that we judged necessary. Notably, we needed TERMITES to be easily
scalable to other systems, while providing the best performances. Also, since the instrument was
designed with the prospect of making a commercial instrument, it also had to be portable and
cost-effective. With these goals in mind, we studied the various physical limits of TERMITES
in chapter 4 and came up with a new prototype. The two next chapters (5 & 6) were dedicated
to the validation of the technique. In chapter 5 (p. 77), we developed a numerical framework
that we used to fully simulate TERMITES measurements. This was used to study numerically
the influence of various internal and environmental perturbations on the measurement, and to
define the limits within which the retrieved spatio-temporal results stay reliable. It has enabled
us to check that in normal experimental conditions, the perturbations sustained by TERMITES
remain within limits, and that noise is kept to a minimum. In chapter 6 (p. 89), we tested
experimentally the device by voluntarily adding calibrated amounts of spatio-spectral couplings

and verifying that TERMITES was able to measure them with satisfying precision.
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Part Il (p. 103) was mainly dedicated to characterization measurements of TW to PW-
class CPA laser systems. This part notably featured the spatio-spectral characterization of the
petawatt laser BELLA, which is currently the most powerful femtosecond laser in operation.
Although most of these measurements were carried out with TERMITES, this part featured
one measurement done with the spatio-spectral measurement device INSIGHT, also developed
in CEA LIDYL (see section 2.3.2 on page 33). These characterization measurements were the
occasion to observe that CPA laser systems are far from being perfect when carefully looked
at. Chiefly, we noticed that spatio-temporal couplings could appear early in the CPA chain,
e.g., in the stretcher were we observed noticeable amounts of spatial chirp. Amplifiers are also
susceptible to introduce some spatio-spectral couplings, which can be seen as the spatio-spectral
counterpart of the traditional CPA redshift, a purely-spectral process. Finally, optical defects
in compressors can introduce very complex spatio-spectral streaks that need to be measured

with a good spatio-spectral resolution, thanks to a device such as TERMITES.

In the next pages, I will briefly elaborate on two particular subjects, which I consider decisive
for the future of the technique. Namely, I will conclude about the relevance of different analysis

tools seen in this work, and show the preliminary results of a very compact implementation of
TERMITES.

Choosing Relevant Spatio-Temporal Diagnostics

Learning how to visualize efficiently complex-valued 3D datasets was one the hardest chal-
lenges of this thesis. The difficulty of this task comes from the fact that the most direct
representations—Ilike volumetric 3D rendering or 3D iso-surfaces—are generally the less de-
scriptive ones. Conversely, more specific projections generally illustrate one particular aspect of

the results, while occulting a lot of potentially interesting information.

All along this manuscript, we therefore analyzed spatio-temporal or spatio-spectral couplings
using illustrations that we judged relevant in each situation. Most of the time, it meant that
different types of plots had to be combined in order to prove or refute the presence of specific

couplings. Among the different ways of visualizing the data, we mostly used:

Spectrally-resolved spatial profiles (e.g., on pages 99, 112, or 114).

Spatio-spectral fluence or phase profiles (e.g., on pages 93, 99, or 122).

Spatio-temporal intensity profiles (e.g., on pages 118, 119 or 133).

Spatial map of parameters, like central wavelength or duration (e.g., on pages 112 or 113).

Spectrally-resolved polynomial fits of the phase or Zernike decomposition (e.g., on pages 36,
97 or 118).
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Additionally to these five types of plot, the Strehl ratio provide a single-value description
of the aberrations present in the measured beam. As explained in section 2.4.2 on page 37,
there are multiple ways of compute it, and each of them depends on the definition of a perfect
spatio-temporal profile with respect to the measured profile. In table 1, we display Strehl ratios
computed from the different measurements featured in chapter 8. Some useful informations
can be extracted from such data. For example, the low value of SRgpc for LOA Salle Jaune
and LASERIX are good indicators that spatio-spectral couplings in phase have some strong
influence on the maximum intensity achievable on these chains. Also, one can conclude from

this table that there is no significant phase coupling at the output of the Amplitude frontend.

Laser Systems SRsTc SRwFs SR
UHI-100 with defective periscope mirrors (2015) 0.81 1.00 0.82
UHI-100 with new periscope mirrors (2017) 0.88 0.96 0.86
Amplitude frontend (before multipass) 0.90 0.94 0.85
Amplitude frontend (after multipass) 0.91 0.98 0.89
BELLA at full power (1.1 PW) 0.92 0.95 0.88
LOA Salle Noire (after HCF, no broadening) 0.75 0.62 0.49
LOA Salle Noire (after HCF, with maximum broadening) 0.86 0.93 0.82
LOA Salle Jaune 0.66 0.94 0.65
LASERIX 0.56 0.95 0.56

Table 1.: List of Strehl ratios measured from CPA laser systems during this thesis. The
definitions regarding the three presented Strehl ratios are available in section 2.4.2.

The power of such ratio—if computed reliably—is incontestable. After all, it represents for
laser engineers and users one of the main goals of full beam characterization : obtaining a
measurement of the true intensity at focus. The reason why we did not solely relied on these

numbers to understand spatio-temporal couplings and their sources in chapter 8 is twofold:

e Strehl ratios often hide subtleties about the pulse structure, that can only be comprehended
using more complex illustrations. Therefore, we never considered that they brought any
more useful information than proper plots of the beam spatio-temporal or spatio-spectral

profile.

e The computation of these Strehl ratios is described theoretically in section 2.4.2 on page 37,
and results seems rather credible in table 1—values are always between zero and one, and
are lower in situations where we know that couplings are present. However, the numerical
implementation has never been tested extensively, and we cannot assert the precision of

this computation, or its sensitivity to measurement noise.

In spite of the necessary precaution that we took here, spatio-temporal Strehl ratio should
represent an indispensable tool for laser optimization. In the new era of machine learning, such

quantities constitute an excellent metric to determine how well some parameters of the laser
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are set. Optimization algorithms could directly drive active spatio-temporal shaping devices, if

such devices were to emerge in the years to come.

Characterization of laser chains after target plane

Finally, I will present here one last idea about the implementation of TERMITES in ultra-
intense laser facilities. One of the benefits of using our instrument to qualify laser systems is its
versatility. By principle, a measurement can be done at any position along the CPA chain, even
at positions where pulses are stretched in time. This is particularly useful for troubleshooting
and for finding the source of space-time couplings. Yet, the most interesting information to the
experimentalist is generally the space-time shape of pulses at the interaction plane, i.e., at the

very end of the laser chain.

TERMITES
B

OAP
ultrashort pulse from UHI-100
Amplification & Shaping chain
/ [
k' | I
\_A IR Microscope Objective

PFC doublet

L Experimental vacuum chamber

Figure 1.: Experimental set-up used to characterize UHI-100 laser beam after the target chamber.
Custom designed doublet is added just before the Off-Axis Parabola (OAP) in order to add a
known amount of Pulse Front Curvature. For this experiment, the OAP focal length was 200 mm.
A X5 microscope objective was aligned after target focal point in order to re-collimate the beam
before TERMITES.

Oftentimes, the diameter of the beam before the focusing element makes it unsuited for a direct
characterization with TERMITES. We drew a conclusion in section 4.2.2 on page 73 about the
way to solve this issue: instead of adapting the input diameter of every TERMITES devices to
each laser system, it is preferable to reduce the beam so that it fits in a standard TERMITES
input pupil. As demonstrated in section 7.2 on page 104, building an afocal telescope is an
acceptable way to do so if chosen optics are achromatic over the full spectrum. A more compact
method that I would like to propose here consists of reducing the beam by re-collimating it just
after the focal plane of the experimental focusing element. In addition to being more practical,
this solution adds only one optical element between the characterized plane and TERMITES,
making unwanted aberrations easier to estimate. It is also exceptionally compact because the

input beam diameter for TERMITES is only a few millimeters in this situation.
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In order to determine if this simple method is suitable to get precise results, we arranged
a measurement of UHI-100 laser beam just after its target plane as illustrated by figure 1
on the preceding page. The beam was re-collimated to a diameter of 13 mm thanks to a X5
Near-IR microscope objective. The Pulse Front Curvature (PFC) afocal doublet—described
in section 6.3.1 on page 94—was added immediately before the focusing parabola. This addi-
tional element adds a controlled amount of PFC which should be resolved by TERMITES in

this new configuration.
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Figure 2.: Curved pulse front measured by TERMITES in experimental chamber. Upper panels show
the fluence profile of the measured beam, at different times throughout the pulse duration. Bottom
panel shows a slice of the same pulse, viewed from the side and resolved along vertical position
and time.

A view of the result is displayed in figure 2. In this temporal view, the curvature is directly
visible because it adds a delay to the pulse that depends quadratically on radius. The upper
panels clearly show that the pulse energy is first observed exclusively at the center of the beam,
before drifting to the edges in an annular shape during the end of the pulse. The curvature
measured by this set-up adds a 50fs maximum delay at the edge of the beam. This value
corresponds to a measured PFC of 0.125fs/mm?, very similar to the curvature measured by
TERMITES and an independent technique in section 6.3.1 on page 94.

This last use case example demonstrates that our technique can be strongly adapted to the
situation. In this particular implementation, TERMITES footprint can be drastically reduced

to become comparable to other well-established diagnostic tools.
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Appendix A.

Supplementary Demonstrations

A.1. Curvature of the Reference in TERMITES

A.1.1. Optical Path Difference

Let us compute the radial Optical Path Difference OPD.y,v(7) caused by a wavefront curvature.
The expression of OPDy(r) was useful for estimating the curvature term added by the convex
mirror of TERMITES (section 3.2.2 on page 52) and to compute the required delay range of
our instrument (section 4.1.1 on page 65).

T

M~ OPD(r)

— wavefront

Figure A.1.: Computing optical path difference caused by wavefront curvature. r: radial position.
OPD(r): Optical Path Difference generated by the curvature at radial position 7. R: Radius of
curvature at the considered plane. z: longitudinal position.

As illustrated by figure A.1, the Optical Path Difference caused by the curvature is:

OPDcurv(r) =R [1 - COS(Q)] )

i confuean(2))]

1
OPDeuy(r) = R |1 = ———| , (A1)
1+ (x)

with r the radial position, and R the radius of curvature of the beam. Note that this function
can be expanded in Taylor series at r = 0, and that its first term depends quadratically on r:
r2 3rd 516

2t O

OPDeun(r) = 57 = 55 * 161 + 900

(A.2)

This explains why a curved wavefront is often approximated as a purely quadratic phase when
r is small compared to the radius of curvature R.
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A.1.2. Curved Wavefront

Given the expression of equation (A.1) on the preceding page, the phase introduced by a
curvature is written as:

2
(Pcurv(rv A) =5 OPDcurV(T) )

A
2R 1
QDC]_H«VO", A) = T 1— 2 (Ag)
1+ (%)

A.1.3. Radial Group Delay (RGD) Generated by a Curved Wavefront

Temporally, the radial optical path difference created by the curvature of the wavefront generates
a delay which is simply:

(A.4)

A.2. Spatial Fringes Spacing in TERMITES

Let us express the spatial fringe spacing in TERMITES raw
interferograms, as this has already been done in previous
works [42, 43]. From figure A.1 on the previous page, we

input beam wavefront .
- write: ,
sina = —. A5
R (A-5)

reference wavefront Also, figure A.2 illustrates that, in the measurement plane,

sina = — (A.6)
6 f being the inter-fringes spacing and « the angle between

the input beam wavefront and the reference wavefront. Con-
sequently, &f verifies the following relation at all posi-

e

~~~~~~~~~~ tions r: \R
_ ) ) of(ry= —. (A.7)
Figure A.2.: TERMITES fringes r
spacing. At measurement plane, the radius of curvature R is L + frg.
Therefore: N
ofr) = MR ETR). (A.8)
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A.3. Averaging spatio-spectral quantities

A.3. Averaging spatio-spectral quantities

A.3.1. Mean Spectral Fluence

The average spectral fluence is computed from the spectral fluence as :

~Jffdzdydw e(z,y,w) el
Cavg = MDA, T AN,

(A.9)

with Az, Ay, A, the spatio-spectral extension of the considered domain and el the total
pulse energy. Mean spectral fluence represents the average spectral fluence of a field (in
J/mm?/(rad-fs~1)). This quantity can be used for normalization, as in section 5.1.2 on page 79

for instance.
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Summary in French

Depuis plus de quarante ans, le développement rapide des systemes laser ultrabrefs a permis de
produire des impulsions de plus en plus courtes, qui atteignent seulement quelques femtosecondes
aujourd’hui. Les lasers femtosecondes sont notamment utilisés dans le but de concentrer un
maximum d’énergie lumineuse dans une impulsion la plus bréve possible. L’éclairement créte
qui est produit au foyer d’un systeme laser ultra-intense permet notamment de générer des trains
d’impulsions attosecondes, ou méme des faisceaux de particules relativistes. Les éclairements
requis par de telles applications ont été obtenus grace a plusieurs bonds technologiques, et
notamment celui de amplification par dérive de fréquence (CPA en anglais). Cette méthode
consiste a étirer temporellement des impulsions courtes émises par un oscillateur a basse énergie,

qui sont ensuite amplifiées avant d’étre comprimées temporellement en fin de chaine.

Les éléments optiques utilisés dans la technique CPA, tels que I’étireur ou le compresseur,
emploient des composants fortement chromatiques. Malgré une compensation parfaite de ce
chromatisme en fin de chaine laser, des défauts spatio-spectraux peuvent subsister en cas de
mauvais alignement, ou de défaut optique se produisant au niveau de ’étireur ou du compresseur.
Les couplages spatio-spectraux occasionnent des couplages spatio-temporels de I'impulsion au
niveau de la cible, ce qui implique systématiquement une diminution de 1’éclairement créte.
La mesure des couplages spatio-spectraux ou spatio-temporels est donc fondamentale. Plu-
sieurs techniques différentes ont été développées dans l'objectif de fournir une information
quantitative sur la forme spatio-temporelle des impulsions ultra-intenses. Néanmoins, aucune
d’entre elles n’est véritablement considérée comme un standard de métrologie, et les couplages
spatio-temporels restent bien souvent indéterminés. Cela est principalement di au fait que ces
techniques ne sont bien souvent pas adaptées aux caractéristiques bien spécifiques des faisceaux

lasers ultra-intenses.

Ce travail de these est dédié a la conception et a ’optimisation de I'instrument TERMITES,
qui est en développement au laboratoire LIDYL depuis 2014. TERMITES est un instrument de
caractérisation spatio-spectrale d’impulsions laser femtosecondes basé sur la spectroscopie par
transformée de Fourier. La partie II de ce manuscrit est tout d’abord consacrée a la description
du principe de fonctionnement de TERMITES. La suite de cette partie s’attache a décrire les
parametres de conception de I'instrument, et & définir plusieurs compromis de dimensionnement.
Des tests sont ensuite effectués pour montrer les performances de l'instruments, ainsi que ses

limites fonctionnelles. Dans le chapitre 5, les tests sont purement numériques et démontrent
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I'impact de fluctuations rapides sur la mesure. Le chapitre 6 présente quant a lui des tests de

validation expérimentale montrant la sensibilité et la fiabilité de 'appareil.

La troisieme partie du manuscrit décrit les résultats de mesures spatio-spectrales qui ont
été réalisées sur plusieurs installations laser ultra-intenses. Lors de ces différentes mesures, de
multiples défauts ont été observés de maniere tres fine par TERMITES. Apres avoir cherché
Iorigine des couplages mesurés, il apparalt que ceux-ci proviennent de sources variées et de
composants optiques différents. Le chapitre 8 présente donc une revue des couplages qui ont

été mesurés par TERMITES, ainsi qu’une hypothese sur la source de chacun d’eux.

Ce travail de these détaille le fonctionnement d’un instrument de caractérisation spatio-
spectrale qui est optiquement simple, car impliquant peu de composants optiques, et ne reposant
pas sur l'optique non-linéaire. Le traitement de données nécessaires pour obtenir l'information
recherchée est étudié en détail, et les tests de validation montrent que les mesures TERMITES
sont non seulement valides mais aussi trés précises. L’optimisation du dispositif a permis de
rendre TERMITES portable et utilisable sur d’autres installations. Cela permet notamment
de caractériser un plus grand nombre de chaines lasers différentes et d’obtenir une information

plus précise sur l'incidence des couplages spatio-temporels en condition expérimentale.
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Abstract

The development of optical metrology suited to ultrafast lasers has played a key role in the progress of
these light sources in the last few decades. Measurement techniques providing the complete E-field of
ultrashort laser beams in both time and space are now being developed. Yet, they had so far not been
applied to the most powerful ultrashort lasers, which reach the PetaWatt range by pushing the chirped
pulse amplification (CPA) scheme to its present technical limits. This situation left doubts on their
actual performance, and in particular on the peak intensity they can reach at focus. In this article we
present the first complete spatio-temporal characterization of a PetaWatt femtosecond laser operating
at full intensity, the BELLA laser, using two recently-developed independent measurement techniques.
Our results demonstrate that, with adequate optimization, the CPA technique is still suitable at these
extreme scales, i.e. it is not inherently limited by spatio-temporal couplings. We also show how these
measurements provide unprecedented insight into the physics and operation regime of such laser
systems.

Introduction

The technology of ultrafast laser sources nowadays makes it possible to generate laser pulses of femtosecond
duration with peak powers of up to several PetaWatts (PW) [1-3]. The development of such laser sources, now
available or under construction in several laboratories worldwide, is motivated by two main prospects. The first
is demonstrating compact particle accelerators for scientific or societal applications, with particle energies up to
several GeV [4-8]. The second is exploring the physics of ultra-relativistic laser-matter interactions, and more
particularly accessing regimes where highly nonlinear quantum electro-dynamical effects come into play, in
order to perform new tests of this fundamental theory [9].

Due to their ultrashort durations, such lasers necessarily have broad spectra, typically covering several tens of
nanometers in wavelength. As in any optical system using broadband light, chromaticity—i.e. the spectral
dependence of the spatial properties of a beam, or of the spatial response of an optical system—can become a
major impediment to optimize their performance. PetaWatt ultrashort lasers are particularly exposed to this
issue; the key enabling technology for these systems, chirped pulse amplification (CPA), which is pushed to its
present technical limits in these systems, relies on highly chromatic optical elements such as gratings or prisms,
used to tailor the pulses temporal properties for the amplification process [ 10]. The large chromatic effects
individually introduced by each of these optical elements should ideally perfectly compensate each other at the
system output. But any imperfection or misalignment of these optics results in residual chromaticity, as so does
the use of simple chromatic elements such as singlet lenses [11].

In standard optical assemblies, such as photographic lenses, chromaticity degrades the system performance
by affecting its spatial response. The consequences are actually much more severe for ultrashort lasers, where all
frequencies not only need to be focused on the same focal spot, but also with the appropriate relative phases, i.e.

© 2019 The Author(s). Published by IOP Publishing Ltd
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those leading to the minimal pulse duration. In this case, undesired chromatic effects not only degrade the
concentration of energy in space by inducing imperfect overlap of the different frequencies at focus, they can also
increase the pulse duration by reducing the spectral width and degrading the spectral phase locally. The
combination of these spatial and temporal effects, known in ultrafast optics as spatio-temporal or spatio-spectral
couplings, can lead to very significant reductions in peak intensity even for relatively modest chromatic
aberrations—especially as the beam size increases and the pulse duration decreases.

The first step in addressing this issue is the development of adequate metrology tools, which can measure the
complete E-field of the laser beam in space-time, E(x, y, £) or space-frequency, E(x, y, w). Several suitable
techniques have been developed in the last 15 years [12—17], and are now becoming more and more broadly
used, especially on ultrashort lasers of moderate power. Only recently, two different and complementary
techniques, TERMITES [18] and INSIGHT [19], have been successfully demonstrated for the characterization of
laser systems of up to 100 TW peak power. Yet, none of the existing PW-class lasers have ever been characterized
in space-time, thus leaving serious doubts on the actual performance of these cutting-edge sources.

In this article, we address this key issue by presenting the first complete spatio-temporal characterization of a
1.1 PW-40 fs system, using both TERMITES and INSIGHT, carried out on the BELLA PW laser at LBNL,
operated at full power and intensity on target, thus revealing for the first time the type of spatio-temporal
couplings that can affect such cutting-edge laser systems. This advanced characterization provides
unprecedented insight into the physics and operation regime of such laser systems, and demonstrates that the
CPA technique is still suitable at such extreme pulse powers. We first detail the implementation of these two
techniques and summarize the validation tests that have been performed, and then present the main chromatic
effects observed on the beam. We quantify the impact of chromaticity on the laser performance, and explain how
the measurements provide insight into the laser system operating conditions and the physics of the beam
amplification.

Experimental set-up and measurement procedure

The BELLA laser, acquired from Thales and operated by LBNL for the last 5 years, is based on a double-CPA
architecture: broadband pulses originating from an oscillator are amplified in a succession of six Ti:Sapphire
amplifiers, and a cross-polarized wave contrast enhancement system is installed in between these two CPA
systems. The exact system design is detailed in [1].

After temporal compression in the grating compressor, the beam of 20 cm diameter propagates under
vacuum and is focused into the main experimental chamber by an off-axis parabola with a focal length
f = 13.5m, producing a focal spot with wy, ~ 53 pm (half width at 1/e” of the field intensity). This chamber is
generally used for laser-wakefield particle acceleration experiments, with a capillary discharge plasma as a target
(T in figure 1). Here this target was removed from the beam path, letting the laser diverge away from the focus,
until it gets large enough to avoid damaging subsequent optics.

An all-reflective chromatic-aberration-free telescope is then used to image the best focus, located in the
target chamber, to an output diagnostic area, with a magnification factor of 1. This telescope has been extensively
used for the diagnostics of all preceding experiments on BELLA (see [1]) and was proven to introduce negligibly
small aberrations. The set of relay optics in this telescope includes three uncoated wedges (two in vacuum, one in
air) to attenuate laser pulse energy by a factor of 2.7 x 10*. When BELLA is operated above 5 ] pulse energy, a
thin (5 pm) self-standing gold-coated pellicle with 6 inch inner diameter (G in figure 1) is inserted into the beam
for a further attenuation by a factor 40. This unique attenuation system is what allows the beam to be safely
operated at full power inside the vacuum chamber, and therefore also at full intensity at focus, while avoiding
optical damage or nonlinear effects in the subsequent diagnostic line (in particular in the exit vacuum window W
in figure 1).

The diagnostic arealocated after this attenuation system incorporates the spatial-only and temporal-only
measurement devices typically used for such lasers, as indicated in figure 1. In the present work, we have
implemented two additional measurement devices, based on the TERMITES and INSIGHT techniques, in order
to determine the spatio-temporal field of the BELLA laser beam.

TERMITES is typically implemented on collimated beams. We therefore recollimated the converging
BELLA image beam to a diameter of about 1.8 cm, by inserting a convex spherical mirror prior to the focus
image plane (CM in figure 1). TERMITES then uses a Michelson interferometer with a flat mirror in one arm,
and a convex spherical mirror in the other. In this second arm, the central part of the beam is converted into a
diverging beam, which eventually fully overlaps with the beam to be characterized and is used as a reference, as in
point diffraction interferometry. The spatio-spectral comparison of these two beams is achieved by measuring,
on each pixel of the detector, the signal resulting from their superposition as a function of delay. Their cross-
spectral density function is then obtained by a Fourier transformation of this first order cross-correlation
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Figure 1. Sketch of the experimental set-up. The left panel shows the path of the BELLA laser beam from the compressor output to the
experimental chamber, attenuation and imaging chamber, and finally to the diagnostic area. Here the INSIGHT and TERMITES
devices have been installed, together with traditional space-only or time-only diagnostics used for such lasers. The right panels display
sketches of the INSIGHT and TERMITES devices, which for practical reasons had to be used successively on two different weeks. The *
symbol indicates retractable elements. OAP = off-axis parabola, T = target, G = gold foil, W = Vacuum window, CM = convex
mirror, BS = beam splitter, TS = translation stage.

function. The design details of TERMITES are described in [18] and its associated supplementary material. In
order to fit the device to the experimental conditions of this particular measurement, we chose the reference size
to be half the diameter of the incident beam.

INSIGHT also relies on a Michelson interferometer, now with a flat mirror in each arm. This is used to
measure the spatially-resolved first order autocorrelation function of the beam at each point of the detector
(standard Fourier-transform spectroscopy), from which one can deduce the frequency-resolved spatial intensity
profile of the beam. As detailed in [19], any pointing fluctuations must be compensated for in order to calculate
the correct spectrum at the positions around focus. This was implemented in these measurements where the
fluctuations on the BELLA focus were approximately 16 and 24 gzm RMS for the horizontal and vertical axis
respectively. This measurement is performed for multiple planes at and around best focus (here, around the
image plane of the best focus). These data are then injected into an iterative phase-retrieval algorithm of the
Gerchberg-Saxton type, to determine the spatial phase profile of the beam at each frequency.

The temporal scans of both techniques were designed so that the whole output spectrum of BELLA (43 nm
FWHM centered around 800 nm [1]) could be retrieved with a satisfying resolution. This implied choosing a
step size of 150 nm and a scan range of at least 50 pm.

Once the spatial amplitude and phase profiles at each frequency have been determined in a given plane
(different for TERMITES and INSIGHT), the beam can be numerically propagated to any arbitrary longitudinal
position, using plane wave decomposition [20] at each wavelength. All results presented in this article
correspond to the front focal plane of the focusing parabola, i.e. to the plane located at a distance f = 13.5 m
before this optic.

Like most of their relatives, these two techniques should actually be considered as spatio-spectral techniques,
which determine E(x, y, w) = A(x, y, w)exp [i¢(x, y, w)]up to an unknown spatially-homogeneous spectral
phase. An additional measurement of the spectral phase at a single point of the beam is then required to lift this
unknown, after which the spatio-temporal field E(x, y, t) can be calculated by a Fourier-transform with respect to
frequency. In the present case, this complementary information was provided by the GRENOUILLE device
located in the output diagnostic area.

Both techniques require from a few hundreds to a thousand laser shots for each measurement, and all
measurements were performed with the laser operated at 1 Hz. Three operation modes of the laser were used:
‘low” power mode (225 m] per pulse, 5.8 TW peak power) with the last amplifier turned off and wedge
attenuation in the chain, moderate power mode (8.4 ] per pulse, 215 TW peak power) in the same conditions but
without attenuation, and full power (43 ] per pulse, 1.1 PW peak power) with all amplifiers on and no
attenuation before target.

We performed a set of tests with both techniques to verify that the attenuation and transport system does not
lead to spatio-temporal distortions of the laser beam. First, to test the potential influence of nonlinear optical
effects occurring along this system, we checked that the results of measurements performed at full power with
Fourier-transform limited (FTL) pulses were identical to those obtained with pulses of the same energy, but

3



I0P Publishing

J. Phys.: Photonics 1(2019) 035001 AJeandet et al

HASO INSIGHT TERMITES

-10 D
—-m/2
10 -10 0 10 -10

-10 0 0 10
x (cm) x (cm) x (cm)

(‘n"e) aouan|4

(peJ) aseyd

Figure 2. Validation test of TERMITES and INSIGHT on the BELLA laser. Results derived from these two techniques (second and
third columns, obtained after frequency-averaging of the spectrally-resolved measurement outputs) are compared to the ones
provided by a standard Shack—Hartmann wavefront sensor (HASO by Imagine Optics, left column). The top row shows the
frequency-averaged spatial intensity profile of the collimated BELLA beam, and the bottom row its frequency-averaged spatial phase
profile. Note the small clip on the right edge of the beam: this is due to a small hole in the first wedge of the attenuation line, normally
used to collect the accelerated electron beam in laser-wakefield experiments. This hole is usually placed at the center of the laser beam,
but was moved to its edge for this measurement campaign. The resulting clip is well retrieved by TERMITES and INSIGHT.

chirped in time to 1.2 ps by moving one of the compressor gratings (see supplementary document). For the
consistency of this test, we also verified that chirping the pulse does not modify the spatio-temporal structure of
the beam (due e.g. to undesired angular motion of the compressor grating), by comparing measurement results
obtained at low power (thus safely avoiding any nonlinear effect in the attenuation system) for FTL and chirped
pulses. Finally, at moderate power, we compared the results of measurements carried out with and without the
gold foil, which showed that this foil does not introduce any additional coupling on the transmitted beam, but
only a smooth spatially-homogeneous modification of the spectral envelope, corresponding to its theoretical
transmission curve. With the support of all these tests, all results presented in this article correspond to the
optimally-compressed BELLA beam at full power.

Validation tests of the measurement techniques themselves have already been presented, in [18] and [19] for
TERMITES and INSIGHT respectively. The measurement configuration used in the present work offered an
opportunity for a new type of test, which had not been possible before for practical reasons: with the spatio-
temporal measurement devices separated from the Shack—Hartmann wavefront sensor (HASO by Imagine
Optic) by only a few plane mirrors of small diameter, it is a safe assumption that the different beams arriving on
these devices all have a similar wavefront. Therefore, we can safely compare the spatial intensity and phase
profiles provided by this well-established instrument to the information provided by TERMITES and INSIGHT.
Since this sensor has no spectral resolution, this is achieved by frequency-averaging the spectrally-resolved
spatial profiles determined by these new techniques. This comparison, presented in figure 2, reveals a very good
agreement, especially for the phase profiles, which is quite remarkable given the very different principles
underlying these three techniques.

Results and discussion

Spectrally-resolved spatial intensity and phase profiles of the BELLA laser at four different frequencies, measured
at full power with INSIGHT, are displayed in figure 3. The complete evolution of these profiles as a function of
frequency is displayed in supplementary movie 1, which is available online at stacks.iop.org/JPPHOTON/1/
035001 /mmedia.

The firstimportant conclusion is that BELLA does not suffer from major low-order chromatic phase
aberration. Such aberrations can be particularly detrimental for ultrashort lasers, and are expected to be of two
main types for collimated laser beams: (i) angular dispersion, typically resulting from stretcher or compressor
misalignment, associated in the time domain to pulse front tilt (PFT), (ii) frequency-dependent wavefront
curvature, typically induced by chromatic lenses, associated in the time domain to pulse front curvature (PFC).
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Figure 3. Frequency-resolved spatial properties of the collimated BELLA beam. Four frequencies w; are selected in the spatially-
integrated spectrum (upper panel) and the corresponding spatial intensities A(x, ¥, w;) and phases ¢(x, y, w;) (lower row) are shown.
These results have been obtained with INSIGHT.

The magnitude of these couplings is observed to be very weak on BELLA, as clearly appears by considering
the coefficients of the frequency-resolved Zernike decomposition of the spatial phase, displayed in figure 4. At
focus, the variation of the lateral position of the focal spot, due to frequency-dependent horizontal and vertical
wavefront tilts, is less than 10% of the beam waist across the laser spectrum. The wavefront curvature does
exhibit a variation with frequency, slightly increasing on the red side of the spectrum (see also figure 3). Yet, at
focus, this curvature results in a longitudinal focus shift that never exceeds 6% of the BELLA Rayleigh range. This
variation is not linear with frequency, indicating a higher-order spatio-spectral aberration, as opposed to a
simple PFC.

Figure 4 also shows that the results obtained with TERMITES for the low-order chromatic phase aberrations
are qualitatively consistent with those provided by INSIGHT, especially when considering the fact that these
measurements were carried out on different weeks. But TERMITES actually provides finer information on
higher-order chromatic aberrations affecting the beam. This clearly appears in supplementary movie 2 (stacks.
iop.org/JPPHOTON/1/035001/mmedia), which shows the complete evolution with frequency of the beam
spatial phase, provided by TERMITES: on these phase plots, spatial patterns of higher-frequency are observed,
which drift along the horizontal direction as frequency varies. This effect is illustrated more quantitatively in
figure 5, which displays (x, w) and (y, w) slices of this spatio-spectral phase, in the horizontal and vertical planes,
at the center of the beam (x = y = 0). The horizontal plane (x axis) corresponds to the dispersion plane of the
compressor. At each wavelength, ‘high-frequency’ (5-6 periods across the full beam) modulations of the spatial
phase are observed along x. These modulations linearly shift in space as frequency changes, creating an oblique
spatio-spectral pattern in the (x, w) space (figure 5(a)). By contrast, such an oblique spatio-spectral pattern is not
observed atall in the (y, w) space, i.e. in the plane normal to the compressor dispersion direction (figure 5(b)).

A simple interpretation of this feature has been recently analyzed in detail in [21]. In between the first and the
last gratings of the compressor the laser beam is laterally chirped, i.e. the central position of the ‘beamlet’
associated to each frequency shifts approximately linearly with frequency. When this occurs, any modulation of
the spatial phase induced on the beam, e.g. due to defects of a mirror or a grating, is imprinted at a different
position relative to the center of each beamlet. After the compressor, this lateral chirp is removed, and all
beamlets are again centered on the same axis. The spatial modulations induced within the compressor are then
expected to shift approximately linearly with frequency, precisely as observed in figure 5. The expected slope of
the pattern induced in this way can be deduced from the geometry of the compressor and the characteristics of
its gratings, and is consistent with the observed effect (red dashed line in figure 5), thus strongly supporting this
interpretation.

A simple analytical calculation (see supplementary document) shows that, if the corresponding spatial phase
modulation is assumed to be perfectly sinusoidal at each frequency and of weak amplitude, then the scattered
energy at focus forms two satellite spots located at a distance of \of/ A (A is the spatial period of the modulations)
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Figure 5. Spatio-spectral phase of the collimated BELLA beam, measured with TERMITES. Plots (a) and (b) respectively display (x, w)
and (y, w) slices of this spatio-spectral phase, across the horizontal and vertical planes, at the center of the beam (see lines in image (c)
showing a 2D phase profile at one frequency, with the spectrally-averaged wavefront subtracted). The red dashed line in (a) shows the
estimated slope of the oblique spatio-spectral pattern that would be induced by spatial defects of optical elements located within the
compressor, where the beam is laterally chirped. The origin of this line is arbitrary.
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on each side of the main focal spot, with one satellite pulse advanced in time and the other delayed with respect to
the main pulse by £27s/ A (sis the slope of the modulation). For the parameters seen in the measurements
presented here (Ao = 810 nm, f = 13.5m, A ~ 4cm,s = 0.445m fs rad 'or1.31 mmnm !asin the figure)
this results in an offset of 273 pm and 71 fs in space and time respectively. With an amplitude of 0.4 rad peak-to-
valley over most of the beam, the satellite foci only contain 2% of the beam energy, and are at least 100 x less
intense than the main pulse.

Because of the relatively low amplitude of these modulations, most of the associated signal falls within the
background of images acquired around focus. As a result, they are not retrieved in the near-field when using the
INSIGHT measurements, although this might in principle be possible by using a camera with an increased
dynamic range. More generally, TERMITES tends to have a much higher spatial resolution than other
techniques for reconstruction of collimated beams: this clearly appears when comparing the different profiles in
figure 2. This is because resolving the spatial interference fringes generated by the TERMITES interferometer
requires a very high spatial sampling of the collimated beam (above 2000 x 2000 pixels within the beam profile
here), which is preserved in the final reconstruction of the beam. Use of a larger camera chip for INSIGHT
measurements would also increase the resolution in the calculated near-field data, but this is generally
impractical when small pixels are also necessary to resolve the focal spot.

To quantify the impact of these various phase aberrations on the laser performance at focus, we define and
calculate two different spatio-temporal Strehl ratios of the beam (see the supplementary document for details).
The first one, SRg,y, is the full spatio-temporal Strehl ratio: it is defined as the ratio of the actual peak intensity at
focus, derived from the measured E-field, to the peak intensity that would be obtained for a beam with the same
spatio-spectral amplitude, but with a perfectly constant spatio-spectral phase. This accounts for all phase
aberrations present on the beam, both chromatic (i.e. frequency-dependent) and achromatic. We find
SRpy = 0.62 from TERMITES data, and SRp,;; = 0.88 from the INSIGHT data. We note that the contribution
of the oblique spatio-spectral pattern induced by the compressor (detected by TERMITES and not by INSIGHT)
to this intensity reduction is actually very weak; so this cannot account for the different values of SRy, predicted
by the two techniques.

The second Strehl ratio of interest, SR, is defined as the ratio of the peak intensity at focus now calculated
with the frequency-averaged wavefront distortions removed, to the peak intensity that would be obtained with a
perfectly constant spatio-spectral phase. This corresponds to the Strehl ratio that would be achieved if the laser
beam wavefront was corrected by a perfect adaptive optical system, removing all achromatic phase aberrations—
while the deformable mirror actually used in the experiment still leaves some residual frequency-independent
wavefront distortions (displayed in figure 2). This optimally-corrected beam would then still suffer from
chromatic aberrations, which we detect in the present work. We find SRgrc = 0.85 for TERMITES, and
SRstc = 0.92 for INSIGHT. This shows that in the case of BELLA, the intensity reduction induced by purely
chromatic effects is limited.

These calculations indicate that the significant difference in values of SRy, derived from the two techniques,
mostly originates from differences in the frequency-averaged beam properties, rather than from chromatic
effects. The TERMITES and INSIGHT measurements were conducted one week apart, and indeed
measurements with a standard wavefront sensor (HASO) indicate a lower frequency-averaged Strehl ratio in the
week of the TERMITES measurements (see supplementary document). However, this difference is too weak to
fully account for the one found on SRy, between the TERMITES and INSIGHT results. This could be due to
differences in the additional aberrations introduced in the transport line or measurement devices themselves, or
to amore accurate calculation of the Strehl ratios from the TERMITES data due to the very high spatial
resolution of this technique. More systematic and thorough measurement campaigns on smaller laser systems
will be required to elucidate this point. In any case, along with the introduction of these calculations, the
relatively good agreement and low severity of the SRgr¢ values are key results of this work.

We have so far concentrated on the phase properties of the BELLA beam, but our measurements actually also
reveal interesting effects on the spatio-spectral intensity: as observed in figure 3, the beam mode size and shape
significantly vary with frequency. As the frequency increases, the beam diameter increases, and the beam profile
turns to a ring shape. The fact that the clip imprinted on the right edge of the beam (see figure 2 and explanations
in its caption) is observed on the blue side of the spectrum but not on the red one clearly indicates that this is not
ameasurement artifact. We also emphasize that the reconstruction of such fine features in the near-field beam
profile from INSIGHT data is quite remarkable, since the measurement was actually performed around focus,
and the beam was then numerically propagated to a plane far from focus. This provides a strong validation of the
spatial phase retrieved at focus with INSIGHT.

We can use simple numerical modeling to show that this frequency-dependent intensity profile is an
intrinsic feature of high-power CPA lasers, which had not been clearly identified so far, to the best of our
knowledge. To this end, we have modeled the amplification of the BELLA beam in the successive amplifiers,
using the Frantz—Nodvik equations and considering a positively chirped laser beam (i.e. lower frequencies arrive
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Figure 6. Spatio-spectral intensity of the BELLA beam. The left image displays the (x, w) slice of this spatio-spectral intensity, across
the horizontal plane, at the center of the beam (x = y = 0), deduced from simulations of the CPA process based on the Frantz—
Nodvik equations. The right image shows the same quantity, now derived from INSIGHT measurements at full power. To clearly
highlight the spectral evolution of the beam spatial profile in these plots, the total energy in the beam at each frequency has been
normalized to 1 (i.e. f dxdyAZ(x, ¥, w) = 1for all wwithin the laser spectrum).

first). Details of these simulations are provided in the supplementary document, and essentially start with a
measured spectrum after the XPW stage (where the spectral phase is flat), and the spectral phase imparted by the
stretcher immediately after. This beam is then amplified in the successive five amplifier stages, with the pump
and seed modeled in space, and the full spectral gain cross-section taken in to account. In figure 6, the (x, w)
spatio-spectral intensity profile of the beam predicted by these simulations for full power operating conditions
(panel a) is compared to the one deduced from our INSIGHT measurements (panel b, same data as in figure 3),
revealing a good qualitative agreement.

These simulations can then be exploited to get a simple interpretation of this effect: in the CPA scheme, the
lower frequencies arrive first in the amplification medium, and are more efficiently amplified in the center of the
beam. These frequencies deplete the amplification medium before the whole chirped pulse has been amplified.
As aresult, higher frequencies, which arrive later, are more efficiently amplified on the beam edges than at its
center. This qualitatively explains the spectral evolution of the beam size, and the ring shape observed at high
frequencies.

Conclusion

In conclusion, we have reported the first spatio-temporal characterization of a PW femtosecond laser, carried
out with two independent measurement techniques, with the laser focused at full power in the experimental
chamber. These measurements show that the BELLA laser does not suffer from major chromatic aberrations
that would severely degrade its performance. We estimate the reduction in peak intensity resulting merely from
spatio-temporal couplings to about 10%, thus demonstrating that the CPA technique is still suitable and
manageable at these extreme scales. We note however that significant chromatic effects start appearing on the
red edge of the spectrum, suggesting that the beam optimization would possibly get more challenging for lasers
with broader spectra, such as PW lasers now under construction in different laboratories worldwide.

These measurements provide very fine information on the beam properties and the laser system operation.
In particular, we have observed small spatio-spectral modulations that have recently been predicted [21] to
result from defects of optics within the grating compressor, as well as effects resulting from the temporal
dynamics of the gain during the amplification of the chirped laser pulses. As ultrahigh intensity laser-plasma
interaction experiments put more and more stringent requirements on the control of the laser parameters, such
information could be used in the future for extremely fine optimization of high-power laser systems.

Laser-matter interaction experiments should ultimately greatly benefit from this new degree of knowledge of
ultrashort laser beams. For instance, in the case of BELLA, the full spatio-temporal profile of the laser beam can
be calculated in any arbitrary plane (see supplementary movie 3), and this can be used as an input for a realistic
description of the laser field in 3D Particle-In-Cell simulations. This opens the way to a deeper understanding of
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laser-wakefield electron acceleration experiments on this system, which require guiding of the beam in plasma
channels of many centimeters in length. This could ultimately contribute to an unprecedented optimization of
laser-plasma accelerators.
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