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Résumé:
Les lasers émettant des rayons X-mous sous forme d’impulsions cohérentes ultracourtes (SXRL pour
soft X-ray laser en anglais) sont des outils appropriés à l’étude de la dynamique ultrarapide des atomes,
molécules, surfaces et matériaux. Le présent manuscrit expose des travaux numériques et expérimen-
taux sur l’injection par harmonique élevée d’un amplificateur SXRL compact.

Des essais sur l’installation LASERIX montrèrent une amplification limitée dans un plasma d’ions
néonoïdes du titane (32.6 nm), due à la réfraction du faisceau harmonique injecté. Le front d’onde
d’un SXRL à 18.9 nm fut ensuite mesuré au Colorado State University (CSU), en fonction de dif-
férents paramètres d’amplification. L’étude numérique d’un plasma à grande section efficace démontra
la génération d’impulsion SXRL de plusieurs dizaines de µJ et d’une durée 80 f s. Une modélisation plus
poussée du processus d’amplification a révélé une déplétion rapide (< 300 f s) du gain suivie par une
reprise après environ 1.5 ps, vérifiée expérimentalement durant une expérience pompe-sonde (rayons X
/ rayons X) effectuée au CSU. Ceci a inspiré le concept d’amplification à dérive de fréquence dans les
rayons X. Une modélisation complète annonce une émission SXRL totalement cohérente de l’ordre du
GW (200 f s, plusieurs mJ).

Metrology of High Harmonics Seeded Soft X-ray Laser Based on Solid-Plasma Amplifier

Abstract:
Ultrashort coherent soft x-ray lasers (SXRL) are adequate to capture dynamics in atoms, molecules,
surfaces and materials at the ultrashort time-scales. In current dissertation, we numerically and exper-
imentally studied on a table-top fully coherent SXRL source. The main idea is to seed high harmonic
pulse into laser-induced plasma achieving significant energy amplification.

The first attempt was tested using neon-like titanium plasma (32.6 nm) at LASERIX facility. Then
wave front of this seeded SXRL beam (18.9 nm) was measured approaching diffraction-limited (λ/14)
using Hartmann wave front sensor at Colorado State University. Numerical studying on short plasma
with large cross-sectional area demonstrated 10′s of µJ and ∼80 f s SXRL pulse. Further modelling of
the amplification process revealed a rapid depletion (< 300 f s) of the gain followed by a full recovery
after about 1.5 ps. A novel x-ray pump/x-ray probe experiment was successfully conducted to verify it.
This inspired the X-ray chirped pulse amplification (CPA) concept. It promises GW fully coherent SXRL
(several mJ) with a capability of reaching Fourier-limited beam (∼100 f s).

Key Words: soft X-ray laser; plasma amplifier; Hartmann sensor; wave front; high harmonics;
seeding; gain recovery; population inversion ...
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CHAPTER 1

Introduction

Many of the important scientific challenges facing humanity are being addressed by advances that de-
mand improved understanding and control of the matter. The understanding of matter was revolutionized
by Röntgen’s discovery of x-rays in 1895 [1]. Since that, four invaluable and well-known uses of x-rays
have emerged− medical imaging [1], x-ray diffraction [2, 3], x-ray absorption and emission spectroscopy
[4], and photo-electron spectroscopy [5, 6, 7, 8]. These innovations expected by the construction and
operation of enhanced x-ray sources open the way to understand and ultimately control matter at the
level of atoms, electrons, and spins, as illustrated in Fig. 1.1. The exploration of the atomic or nanoscopic

Figure 1.1: Illustration of characteristic features on the level of atoms, electrons, and spins in nanoworld in com-
parison with typycal lateral length scales in present advanced technological devices. from [9]

scales on the "natural" time scale and on the operational" time scale determinations are the key in the
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Figure 1.2: Illustration of typical times involved in the interactions of atoms, electrons, and spins. On the right, it is
indicated the corresponding quantum mechanical interaction energies as estimated from the energy-time correla-
tion ∆E·∆t = h∼4 f s·eV . from [9]

technological applications. Fig. 1.2 is the illustration of our present knowledge about the typical time
scales of motions in atoms (about 100 f s), spin evolution (down to about 1 f s), or changes in electronic
structure (down to attoseconds). All these scientific challenges are calling for more powerful, ultrashort
and fully coherent x-ray sources that could extend our reach into regions of higher energy, temporal and
spatial resolution.

X-rays are often divided into two major types − hard x-rays and soft x-rays, which are depending on
their wavelength, photon energy, and penetrating power, so that the type of experiments to each is the
most suited. Hard x-rays (≥ 10 keV ) are able to determine the atomic structure of matter by yielding the
relative positions of atoms in materials. The reconstruction of x-ray diffraction patterns has been used to
give the real-space atomic structure of matter. Nowadays, most of the new macromolecular structures
are determined using synchrotron radiation. With the advantage of the coherent x-ray scattering, it
is possible today to determine the three-dimensional (3D) atomic structure of nano-objects [10, 11].
Furthermore, the tunability of the photon energy has led to the widespread use of x-ray absorption,
which is so called extended x-ray absorption fine structure (EXAFS). A key component of future studies
of matter with hard x-rays is the combination of the atomic resolution with temporal resolution on the
sub-picosecond time scale of atomic motion.
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Longer wavelengths with lower energy, soft x-rays (30 eV − 1 keV ) enable the investigation of
the electronic structure of matter. Soft x-ray spectroscopy, including near-edge x-ray absorption fine
structure (NEXAFS), x-ray emission spectroscopy (XES) and photo-emission spectroscopy (PES),
are providing information on how atoms are bound together by yielding information on the electron
distribution in occupied and empty orbitals in molecules and the electronic energy bands. Recently,
the coherent diffraction imaging (CDI) methods with x-ray free-electron lasers (FEL) are approaching
temporal resolution of fs and spatial resolution of 1 angstrom [12]. Key future developments are their
extension to the multi-dimensional phase space of length scales down to nanometres and time scales
down to femtoseconds, or even attoseconds. In this dissertation, we focus our attention on the so called
soft x-ray laser (SXRL) sources.

Soft x-ray coherent imaging has shown impressive spatial and temporal resolution. Variety of
techniques, based on the table-top coherent soft x-ray sources, have been demonstrated in laboratories
all over the world. Depending on the excellent beam properties similar to the driven laser [13], high
harmonics x-ray sources [14, 15] have attracted much attentions for the phase imaging applications,
such as holography [16], diffraction imaging [17] and phase contrast imaging for the nano-structure
detection [18]. However, owing to the pulse energy limits, most of the phase imaging are averaging
over several to a lot of SXRL pulses, which will reduce the spatial and temporal resolutions due to
intrinsic instabilities (such as vibrations, jitter, sample hysteresis or degradation by the pump or by the
x-rays etc.). Moreover, some samples are too fragile and too complex to produce, or too expensive to
allow for averaging imaging techniques. Consequently, in order to achieve high spatial (in nanometre)
and temporal resolution (in femtosecond) of single-shot imaging, the soft x-ray pulse should reach an
energy of about 1 µJ level and ultra-short pulse duration, as well as good wave front. There have been
some successful soft x-ray single-shot imaging applications demonstrated so far. Several techniques
have been employed such as femtosecond holography [19, 16, 20], CDI [21], scanning microscopy [12],
crystallography [22, 23], tomography and psychology [24] and so on.

Attractive phase imaging of coherent soft x-rays encouraged the development of powerful, fully
coherent and ultra-fast table-top SXRL sources. So far, there are several typical types of table-top
SXRL sources haven been discovered. First large amplification on SXRL was observed in 1985 [25, 26]
and was soon pushed to saturated amplification [27], where the amplified output signals are so called
amplified spontaneous emission (ASE). The transient collisional excitation pumping scheme [28, 29] was
then demonstrated with long pre-pulse (nanosecond class) coupled with short pump pulse (picosecond
class) driven infrared (IR) lasers leading a substantially reduced cost but higher efficient x-ray plasma
pumping approach. Unfortunately, after several decades of efforts [30, 31], the emitted x-ray pulse is
limited to picoseconds duration and its poor spatial coherence is hard to be overcame. Simultaneously,
the high order harmonics (HH) generation x-ray source was proposed [14, 15], and soon was proved to
exhibit full temporal and spatial coherence [13]. Interestingly, this beam keeps similar beam properties
as the input driven laser beam [32, 33], that gives a bright perspective of this source in multitude of
applications [16, 17, 18, 34]. But the poor pulse energy is not satisfying considering single-shot imaging.
An independent and compact capillary discharged SXRL laser was demonstrated in early of 1990′s [35],
and subsequently was optimized to reach milli-joule pulse energy with high degree of spatial coherence
[36]. However, saturation level was obtained only at a wavelength of 46.9 nm with long pulse duration
(nanosecond level).

A breakthrough on table-top SXRL came in 1995 [37] by seeding coherent HH pulse into x-ray
plasma amplifier, and the first successful amplification of the HH seed beam with this concept was
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arriving ten years later [38]. The French group demonstrated full-polarized, excellent spatial coherence
and narrow spectral bandwidth of SXRL by injecting HH seed into a gas-based plasma amplifier. And
it is confirmed as diffraction limited beam after the wave front measurement [39]. This inspired people
to work out with this novel technique. Several years later, similar result was obtained in the HH-injection
seeded SXRL (SSXRL) experiment with solid-based plasma amplifier [40, 41] shown in Fig. 1.3. It
revealed a bright prospect of this coherent seeding technique. The solid based-plasma amplifiers have
the potential to reach higher plasma density than with the gas-plasma, which could lead bandwidth
widening [42], subsequently open the way to shorter pulse duration. The study in this dissertation is
actually based on this novel SXRL source from solid-plasma amplifier. With the aim of producing pulses
with higher energy, we studied multi-stage amplifiers. More recently, we presented a concept of an x-ray
laser based on the principle of chirped pulse amplification (CPA) which could produce high energy pulses
of 100′s f s pulse duration [43]. Sequentially, we proposed and participated at a practical experiment to
verify the validity of SXRL CPA system [44].

Figure 1.3: Schematically drawing of experimental setup on high harmonics injection seeded soft x-ray laser with
solid-plasma amplifier. The main optical laser pulse exciting the amplifier impinges at 23◦ grazing incidence onto
the target. A neon gas cell is used to generate the high harmonic seed. from [41]

In addition, with the purpose of high resolution phase contrast and diffraction imaging, wave front of
the SXRL beam must be excellent. Indeed, diffraction or holographic imaging of a sample with a coherent
source having an aberrant wave front will reduce the resolution and may even distort the image. Wave
front characterization is also related to the radiation intensity of the beam spot with micrometer dimen-
sion, as explained in the relation with Strehl ratio [45]. Moreover, a good wave front of the beam source
is contributed to match the subsequent spectral compensation, such as the previously proposed SXRL
compressor [43]. Previous work on wave front of the HH source [32] and gas-plasma-based SSXRL
source [39] showed near-diffraction limited characteristics. However, the wave front of HH-seeded SXRL
from solid-based plasma amplifier have not been studied prior to this work. Despite its crucial role in the
applications, we therefore performed an experiment [46] to measure the wave front of SSXRL based on
solid-plasma amplifier as one of the major works in this study.

This dissertation is constructed as follow: i) the basic physics and brief evolution of SXRL population
inversion mechanism are firstly presented; ii) the detailed optical properties on SSXRL are studied
in the Chapter 3, which includes ASE self-seeding with oscillator-amplifier configuration, near field
characteristics of HH-seeded SXRL source and the wave front measurement on solid-plasma-based
HH-seeded SXRL; iii) in Chapter 4, technical and simulation details of SXRL CPA system coupled with
some preliminary experiment results are discussed; iv) the gain dynamics of SXRL plasma amplifier is
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theoretically and experimentally investigated in Chapter 5; v) finally, a brief summary and outlook of this
work are given at the end.
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CHAPTER 2

Population Inversion Mechanism in SXRL

In the past decades after the first demonstration of a ruby laser at wavelength of 694.3 nm in 1960′s
[1], the optical community immediately began seeking for lasers with shorter and shorter wavelength.
As the energy of a laser transition increases, the excited state lifetime decreases, and the pump energy
required to generate the population inversion increases. Therefore, pump energy must be concentrated
in a pump pulse that can be deposited rapidly in the laser material. Further challenge is the lack of
materials for reflecting or transmitting light efficiently in the short wavelength (extreme ultraviolet), which
makes conventional mirror windows impractical. However, researchers shifted their approach to fix these
problems. After some attempts of making a laser oscillator[2], they sought to highly excite cylindrical
plasmas which were proved to generate intense x-ray pulses by amplifying stimulated emission along
their length. The obvious way to excite the plasma was by firing intense optical laser pulse onto a target,
and fortunately, x-ray lasing were becoming to be reality. Various SXRL population inversion mechanisms
based on laser-induced plasma and the evolution of the different SXRL plasma pumping schemes will be
discussed in this Chapter.

2.1 Basic physics of SXRL plasma

Gudzenko and Shelepin in 1965 [3], firstly proposed the lasing in recombining plasmas. They pointed
out that the short wavelength lasers in SXRL region would need large energy gap to be realized in highly
ionized ions. As a result high power IR lasers, providing fast energy delivery (pumping), are generally em-
ployed to create and heat the plasma, although in some cases fast electrical discharges [4] are employed.
Population inversion, in which there are more electrons in the upper excited energy level than in the lower
energy level, is generally accomplished through selective depopulation, rather than selective population.
High gain lasing are observed in some preferred electron configurations: hydrogen-like, neon-like and
nickel-like ions, which tend to have a large fraction of plasma ions in a desired ionization state.

There are three basic processes in the atom quantized evolution: absorption, spontaneous emission
and stimulated emission, as described in Fig. 2.1. Lasing involves the amplified spontaneous emission
(ASE) and stimulated emission. For the spontaneous emission process, the atom is initially excited as
shown in Fig. 2.1(b) and electrons are perturbed and oscillating between the upper and lower energy
states. Due to the natural stochastic, this emission was turned out as incoherent light. For the stimulated
emission, which occurs when incident photons with resonant frequency ω encounter an atom already
in the upper excited state (seeFig. 2.1(c))). In this case, the emitted radiation is not only at the same
frequency, but is phase coherent and with the same polarization.

Considering the lasing from plasma column illustrated in Fig. 2.2, which consists of free electrons
and highly-charged ions. The emission is associated with spontaneous emission and stimulated emis-
sion. Early in the process, spontaneous emission dominates, which is phase incoherent as the initiation
of the emission processes in different atoms is random and uncorrelated. However, as time processes,
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Figure 2.1: The processes of (a) absorption, (b) spontaneous emission and (c) stimulated emission.

the situation changes. Due to the consistence in frequency, there is a little chance the spontaneous
emitted photons leading to the stimulated emission and thus achieve the substantial amplification. The
stimulated emission from each unity is fully phase coherent, while the different unities (excited atom or
ion) are not polarized between each others, the final output turning out as weakly coherent beam.

Figure 2.2: Emissions from x-ray amplifying plasma column.

The first idea to achieve phase coherent lasing is using long plasma column (seed Fig. 2.3), the ra-
diation emitted along the long axial path, there is a much increased probability of interacting with excited
atoms leading to stimulated phase coherent emission in a cascading. This is the process of amplified
spontaneous emission. However, to achieve the phase fully coherent beam, a rather long plasma column
is fundamentally required (tens of cm). This long size plasma with highly-ionized state is extremely difficult
to create with the laser nowadays. The only fully coherent output within this concept was demonstrated
using capillary discharge technique [4] (see Fig. 2.3).

Figure 2.3: Emissions from a long-narrow x-ray amplifying plasma column.

Another possibility is to use mode control, which involves phase space, bandwidth and polarization
limitations imposed by geometry and cavity optics. However, in the soft x-ray short wavelength region, to
find high efficient mirror remains very challenging. A novel solution was reported ten years ago [5], which
demonstrated that fully phase coherent and highly-polarized SXRL beam can be obtained by seeding
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plasma with coherent high order harmonics (HH) seed beam. This idea was soon extended to seeding
with solid-plasma amplifier [6], and similar results were observed. This behaviour was then explained
using an one dimensional (1D) Maxwell-Bloch code [7]. As schematically described in Fig. 2.4, when the
coherent seed field arrives in the plasma, plasma is strongly polarized. The various stimulating emissions
are associated with phase fully coherent beam. And the coherent seed beam is significantly amplified. It
is also the main topic of this dissertation.

Figure 2.4: X-ray plasma amplifier with coherent HH seeding.

In order to work with the x-ray plasma amplifier, we subsequently start to study with the gain prop-
erties. A stimulated emission requires a population density inversion. We therefore, define the electron
densities in the upper and lower state as nu and nl , respectively. Conceptual geometry of seeding is
displayed in Fig. 2.4. For an homogeneous plasma amplifier of length L, the output intensity Iout is given
by the incoherent sum of the amplified seed I1 and the ASE IASE :

Iout = IASE + I1 = IseedeG(ν ,t)L + j(ν , t)/G(ν , t)eG(ν ,t)L, (2.1)

where G(ν , t) is the temporal frequency-dependent gain coefficient, and j(ν , t) is the emissivity (param-
eter characterising self-emission level). The gain is often expressed in terms of atomic cross-sections for
stimulated emission σstim and absorption σabs : [8]

G = nuσstim−nlσabs, (2.2)

coupled with the density inversion factor

F≡1− nlσabs

nuσstim
= 1− nlgu

nugl
, (2.3)

then the gain can be written as
G≡nuσstimF. (2.4)

In above, gu and gl are the statistical weights of upper lasing level and lower lasing level, respectively.
Moreover, the gain G is given explicitly as [8]

G =
λ 3nuFAul

8πc(∆λ/λ )
, (2.5)

where, Aul is the spontaneous decay rate from upper level u to lower level l. The Quantum mechanical
Einstein coefficient A can be expressed in terms of the oscillator strength flu as

Aul =
e2ω2

2πε0mc3 (
gl

gu
) flu, (2.6)
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where ω is the lasing photon frequency. Then, the cross-section for stimulated emission can be written
as

σstim =
πλ re

∆λ/
(

gl

gu
) flu, (2.7)

here classical electron radius re = e2/4πε0mc2 = 2.82×10−13 cm.
For SXRL, the observed linewidth is dominated by Doppler broadening n the hot plasma. The resul-

tant spectral bandwidth is given by

∆λ

λ

∣∣∣∣
FWHM

=
vi

c
=

2
√

2ln2
c

√
κTi

M
, (2.8)

where vi is the root-mean-square (RMS) ion thermal velocity, κTi is the ion temperature in eV and M is
the ion mass. FWHM is the full width at half maximum.

It is worth noting that we may also try to increase the saturation fluence by reducing the stimulated
emission cross-section. To take into account the saturation of the population inversion, the gain G is given
by the formula:

G =
G0

1+ I/Is
. (2.9)

The key parameter of x-ray plasma amplifier is the saturation intensity Is, which is given by the follow-
ing formula [9]

Is =
h̄ω

σstimτr
. (2.10)

Here, τr is the recovery time of the population inversion which will be discussed in Chapter 4 and Chapter
5.

In general, optimizing the plasma conditions may lead to significant enhancement of the lasing
spectral width. This conclusion is particularly important since achievement of short pulses goes also
through the production of SXRL with spectral width as large as possible. This assumption has been
often verified with visible or IR lasers. Gas lasers due to very narrow spectral width are known to have
much lower saturation influence than solid lasers and also they support amplification of pulses with much
longer duration than solid lasers. Therefore, our search will be mainly oriented towards the use and
optimization of x-ray amplifiers created from interaction of intense pump laser with solid target.

2.2 Hydrogen-like ion recombination scheme

Hydrogen-like ions, for which accurate transitions rates and energy level data are available, provide the
simplest atomic system to investigate the production of population inversion by plasma recombination.
In 1970′s, Irons and Peacock [10], Dewhurst et al. [11] succeeded to observe the population inversion
in hydrogen-like carbon ions. The lasing is so called Balmer−α line (n = 3− 2 transition, where n is
the principal quantum number), as illustrated in Fig. 2.5 [12]. During the plasma rapid expansion cooling
appears, the fully stripped ions go into the recombination phase, then strong three-body recombination
occurs. Electrons are preferentially trapped in the highly excited states following cascade decay to
the lower energy level (n = 2) and the ground state (n =). As the collisional electron de-excitation is
inversely proportional to the square root of the energy difference between the levels [13], this electronic
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cascade reaches a level at which electron de-excitation is no longer dominate over radiative decay.
Then the population inversion occurs between the specific energy levels. For plasmas of large volume
re-absorption (photon trapping) of the 2− 1 decay radiation can reduce the population inversion. This
behaviour was soon explained with a recombination-laser theoretical model developed by Pert [14].

Figure 2.5: Simplified electron energy level diagram of H-like C showing the processes reponsible for the genera-
tion of population inversion between n = 3 and n = 2 levels in 18.2 nm CV I recombination laser. from [12]

Achieving high gain in a fast recombining plasma is very desirable in the pursuit of SXRL. The
amplification of soft x-rays by plasma recombination requires conflicting plasma conditions −− highly
ionized plasma with very cold electron temperature. Solving this problem could allow the recombination
scheme to be extended to the shorter wavelengths. Scaling with atomic number, Z, which leads to
Z (hydrogen-like ions charge) dependence of the transition wavelength as λ ∼ Z−2, the electron
temperature Te ∼ Z2, electron density ne ∼ Z7, the time scale t ∼ Z−4, the gain coefficient g ∼ Z7.5

and g ∼ Z6 for a Doppler-broadened line and Stark-broadened line respectively [14]. The recombining
plasma can be rapidly cooled due to adiabatic expansion [15, 16], electron heat conduction to a nearby
wall or colder neighbouring plasma [17], or radiation from high-Z ions introduced as impurities in to the
plasma[18, 19]. Eventually, the two contradicting plasma conditions were traditionally solved adopting
two-step process: 1) a heating pulse to generate highly ionized and dense plasma; 2) the plasma is rapid
cooled down by the termination of the excitation pulse. All these cooling mechanisms have been utilized
experimentally to generate the gain at soft x-ray wavelengths.

Pert [14] proposed a cylindrical fiber to meet the optimum recombination plasma condition. This
idea was carried out by a French-English group performing a hydrogen-like carbon soft x-ray lasing
experiment at Rutherford Appleton Laboratory [20] ten years later. Gain coefficient of 4.1 cm−1 and
gain-length product of 3.3 were achieved for the CVI Balmer− α transition at 18.2 nm. An similar
improved experiment was conducted with driven laser of 2 ps, 20 J using a 7 µm diameter carbon
fibre [21]. It demonstrated gain coefficient of 12.5 cm−1 and gain-length product at 6. The line intensi-
ties of hydrogen-like ion Balmer−α and Balmer− β lines as a function of plasma length are shown
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in Fig. 2.6. The largest gain-length product achieved to date is gl≈ 8 using a carbon blade target [22, 23].

Figure 2.6: Intensity of Balmer−α (solid dots) and Balmer−β (solid triangles) as a function of the plasma length.
from [21]

2.3 Lithium-like ion recombination scheme

In 1978, Jaeglé with his group [24] found the population inversion in recombining aluminium plasma
which was later identified as 3d− 4 f and 3d− 5 f transitions in lithium-like ions[15], as represented in
Fig. 2.7 [25]. And soon Jamelot et al. [26]measured the gain coefficient as 1− 2 cm−1. This French
group also pointed out the interesting aspects of this scheme: a) abundant in a large range of plasma
densities and temperatures; b) helium-like ions emit an intense resonance line which could contribute
to the plasma cooling; c) radiative decay between the two levels is very fast, hence, population of the
lower level could reach very low value; d) ionization potential of the amplifying ion is lower for lithium like
scheme than for any other, which means that this scheme requires a lower pumping power, for instance,
1012 Wcm−2 for 10 nm lasing transition. Hara et al. [27] proposed a table-top lithium-like SXRL. Kawachi
et al. [28, 29] performed a soft x-ray lasing experiment by irradiating 16 laser pulses (80 ps FWHM
with 100 ps separation) to a 3 cm long aluminium slab target. Gain-length product of 4.2 and 4.5 for
15.4 nmline (3d−5 f ) and 10.5 nm line (3d˘4 f ) were separately observed. Moreover, an enhancement
by 1.8 times of the 15.4 nm lasing was achieved by adopting a multi-layer soft x-ray mirror placed at the
end of plasma.

Although the recombination schemes inherently have many advantages, no saturation amplification
has been demonstrated so far. The limitation is not merely caused by radiation trapping in the 2p− 3d
resonance line, because the detailed calculations show gain coefficient is not reduced too much when
re-absorption is taken into account [30]. Even with stronger radiation trapping could not explain the effect
consisting in gain coefficient growing gradually less when plasma length increases (gl ≈ 4− 5). Gain
irregularities coming from non-uniform plasma irradiation, or possibly from plasma instabilities could, at
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Figure 2.7: Atomic energy level diagram of Li-like ions for aluminium. The wavelengths of all the lasing lines are
given in nanometers. from [25]

least partially, account for the drop of gain in longer plasmas. The non-uniformity of focal line, inherent to
the geometrical aberrations of the focusing system, may also cause the gain decrease at longer plasma
[32].

2.4 Optical-field-ionization recombination lasing in transition to ground
state

ion An important advantage of the recombination scheme respected to the collisional excitation scheme
(see Section 5 in this chapter) is its rapid scaling to shorter wavelengths with low atomic number Z.
Jones and Ali [33] firstly predicted that large transient gains could be generated in the 2− 1 transitions
of H-like ions following recombination when plasma is totally ionized with low temperature. Within this
concept, very short wavelength lines are able to be generated with a high quantum efficiency (QE), the
ratio of the laser photon energy and the energy required to totally strip the atom, by moderating the
ionization. Fig. 2.8 shows the simplified Grotrian diagram (a) and line wavelengths (b) of lasing transition
for H-like ions under recombination scheme [34]. It is indicated that lasing at 13.5 nm requires an initial
plasma of totally stripped Li ions, while lasing at 3.37 nm (so called "water window") can be obtained in
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a CV I plasma. For the first case, QE = 0.45, which is much higher than the lasing at 13.4 nm based
on the 3− 2 transition (QE = 0.06) in H-like N. This advantage allows the development of very short
wavelength lasers with low excitation energy.

Figure 2.8: (a) Simplified Grotrian diagram with indication of lasing transition for H-like ions. (b) 3− 2 (blue line)
and 2−1 (red line) lasing transitions of H-like ions with recombination scheme. from [34]

However, in practical, for gain generation in H-like ions the atoms have to be totally ionized as the
first step. Then, recombination has to be very rapid to allow for the large upper energy level population
before the ground state ion level is significantly populated. Amplification in transitions to the ground state
requires the generation of highly stripped ions in a plasma with low electron temperature (∼10 eV ) and
high electron densities (in range of 1018−1020 cm−3 depending on nucleus charge Z). 2−1 population
inversion requires the ionizing pulse has to be very high intensity with very short duration, while for 3−2
transitions, pulse duration can be much longer and its intensity much lower. In the early 1970′s, Peyraud
et al. [35] suggested to use multi-photon ionization to produce a plasma of fully stripped ions and cold
electrons on a time scale that is short compared to the recombination time. The initial experimental
observations were demonstrated twenty years later [36, 37, 38] due to the powerful sub-picosecond
lasers [39, 40, 41, 42] and understanding of above-threshold ionization (ATI) [43].

Based on this idea, optical-field-ionization (OFI) scheme using linearly polarized light was recognized
[44] to create a cold plasma with highly stripped ions in which recombination can occur in sub-picosecond
time scale. By means of this approach, the ultrashort wavelengths can be achieved. Electrons are
compelled to return their quiver energy to the laser field within a linearly polarized laser pulse. This
method can therefore create plasmas that are simultaneously highly ionized and cold in a time scale
much shorter than recombination time. The first observation of amplification in an OFI plasma was
demonstrated in the transition 2− 1 by Nagata et al. [36]. A linearly polarized pump pulse of 50 mJ,
0.5 ps was longitudinally focused to an intensity of 1× 1017 cm−2 after the pre-pulse (200 mJ, 20 ns)
with a proper time delay. The 13.5 nm lasing pulse, measured as FWHM duration < 20 ps, was
occurring about 20 ns after the short pump laser pulse [45]. It indicated that the population inversion is
not directly created by the short pump laser, but by collisional relaxation processes following collisional
recombination. Fig. 2.9 shows the measured lasing lines intensity variation with the plasma length,
where a gain coefficient of 20 cm−1 was obtained for 13.5 nm line [46]. However, owing to the refraction
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effect of propagating radiation in the plasma, the maximum amplification length was limited to about
2 mm, the resulting gain-length gl ≈ 4. Similar results were obtained in the experiments conducted
in Princeton [47] and Berkeley [48] using this method. An improvement experiment was carried out
by performing a plasma waveguide in a LiF micro-capillary tube [37]. Plasma amplification length was
increased to 5 mm,which is corresponding to gl ≈ 5.5.

Figure 2.9: H-like Li 2-1 line in a recombination plasma pumped by OFI from [46]. Intensities of 13.5 nm (solid
dots) and 19.9 nm (hollow squares) lines as a function of plasma column length.

Recent development on numerical model [49] predicted that high gain in the 2− 1 transition of
recombining LiIII ions can be achieved. This modelling takes into account several additional properties
of OFI plasma, such as the non-Maxwellian nature of the plasma and its spatial distribution. This group
even pushing this model to be feasible for achieving high gain in CV I ions in 2− 1 transition at 3.4 nm
by investigating the effects of different laser and plasma parameters [50]. Typical results are shown in
Fig. 2.10, the H-like C 2−1 transition at 3.4 nm line pumped by 50 f s laser beam with diameter of 15 µm
and 30 µm (1019 W/cm2) as a function of time (gain time evolution in ps). Gain over 80 cm−1 is expected
in up to 2.5 µm and 6.0 µm in diameter for 15 µm and 30 µm (in diameter) pumping beams respectively,
and lasing for ∼0.6 ps, which are very encouraging results. More recently, some preliminary experiment

Figure 2.10: Gain map (in cm−1) for CV I 2− 1 transition at 3.4 nm with initial conditions of carbon density
nC = 1019 cm−3 and hydrogen density nH = 1020 cm−3 with intensity I ∼ 1019 W/cm2 for OFI pumping beam
diameters at (a) 15 µm and (b) 30 µm. from [34]

results of lasing on 2− 1 transition at 3.37 nm from the OFI recombination plasma was reported [51],
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as represented in in Fig. 2.11. The plasma was created by 100 f s, 200 mJ pump pulse after a largely
suppressed tens of picoseconds pre-pulse with a proper time delay. The effect of pump pulse duration,
pre-pulse intensity and gas density on the lasing spectra has been investigated. Moreover, enhancement
of this lasing at 3.47 nm under OFI recombination scheme by employing a plasma waveguide was
presented by the same team in the recent International conference of X-ray lasers (ICXRL2014) held
in Colorado State University. However, no significant amplification from OFI recombination plasma has
been demonstrated so far.

Figure 2.11: Carbon spectra of ethane plasmas created by 100 f s, 200 mJ pulse with suppressed pre-pulse for
various initial gas densities. from [51]

In general, the x-ray recombination scheme has been reported to generate amplification at wave-
lengths as short as 3.4 nm with laser excitation energies of only 200 mJ. The x-ray recombination
scheme requires relatively low pumping power with respect to collisional x-ray laser schemes (summa-
rized in a later section). This combined with the high quantum efficiency achieved by transition to the
ground state, makes the creation of a truly tabletop SXRL in "water window" (2.2− 4.4 nm) become
more appealing. However, It has suffered the problem of not scaling adequately with plasma column
length, the maximum gain-length product was obtained as 8 [22]. In the term of SXRL applications, the
recombination schemes should be firstly developed to achieve the amplification saturation.

2.5 Inner-shell photoionization

The generation of large population inversions following the selective x-ray photoionization of inner shell
electrons was originally proposed in 1967 [52]. The idea is based on the fact that cross section for
photo-ionization of atom ot ion in deeper states can be larger than for more shallow state. In principle,
recombination SXRL is based on a process of plasma relaxation which follows very rapid heating of cold
matter, lasing in inner-shell transitions of ions should occur near the peak of plasma temperature. The
very short heating phase generates free electrons associated with a distribution of inner-shell vacancies
formed in ions. As a consequence, lasing can occur between highly populated level and inner shell



2.5. Inner-shell photoionization 25

vacancies before equilibrium restoration. SXRL based on inner shell transitions in atoms and ions are
very attractive for generating gain in compact systems at wavelengths in order of 1 nm and below [53, 54].
Simplified energy level diagram of the Kα Ne laser is illustrated in Fig. 2.12. The filtered x-rays primarily

Figure 2.12: Simplified energy level diagram of inner-shell photoionization laser in the Kα transition of Ne at
1.46 nm. from [46]

photoionize the inner shell electrons to the upper level (1s)−1 2S producing the population inversion
respected to the lower level (2p)−1 2P in NeII. While rapid Auger decay with a rate of (2.75 f s)−1

dominate the depopulation of upper level (1s)−1 2S. However the self-terminating life time is not the
main limit of the gain duration, but the electron collisional ionization of natural neon atoms dominates this
process. These two effects restrict the high gain and its duration. In another hand, the SXRL from inner
shell photopumping is intrinsically ultrashort. Kapteyn [53] proposed to use travelling-wave excitation by
a 10 J, 50 f s pump laser for generating lasing in the Kα transition of NeI at 1.46 nm. A specific target
of thin beryllium foil with a frozen mix of Ne-H on the other side was suggested. The beryllium would
act as an absorber for low energy x-rays which are capable of producing outer-shell ionization, and also
separates the hot x-ray emission region from the laser region, so that thermal ionization of Ne does not
take place. Hydrogen would be used as an electron moderator in the lasing material to suppress electron
collisional ionization. In addition, inner-shell lasing in C at 4.5 nm with gain coefficient of 10cm−1 and a
quite large gain-length product was predicted [48, 55] using a driven laser with the order of 1 J energy.
Recently , an very interesting study on generating femtosecond SXRL pulses at saturation from inner
shell transition was reported [56], saturation regime was experimentally achieved by using PW-class
laser accelerated electron bunches.

Thanks to the recent development of x-ray free-electron-laser (XFEL) [57, 58, 59], fast and intense
x-ray sources are sufficient for the inner shell photo-ionization scheme in the x-ray regime. More
recently, detailed calculation for neon pumped by XFEL radiation was presented [60] and followed by the
experiment [61], as shown in Fig. 2.13. The XFEL beam was focused into a gas cell filled with neon to
a focus spot of radius 1− 2 µm. A flat-field x-ray grating was placed ∼4 m from the interaction region.
Population inversion of the 1s12s22p6 to 1s22s22p5 transition was created by K-shell photo-ionization of
neutral neon. Gain coefficient of 61−70 cm−1 due to this inner-shell transition (1.46 nm) was achieved.
Owing to the strong absorption of XFEL, the gain coefficient decreases as a function of propagation



26 Chapter 2. Population Inversion Mechanism in SXRL

Figure 2.13: (a) Schematic diagram of experimental setup for K-shell photo-ionization of neutral neon producing
lasing at 1.46 nm. (b) Illustration of the simpled energy level scheme. from [61]

depth, with a calculated decay length of 0.28 cm. With consequent, gain-length product was estimated
as gl = 17− 19.3. Measured output parameters of this neon SXRL by inner-shell pumping showed
that single-shot energy is 1.1±0.4 µJ, angular divergence of 1 mrad and estimated peak brilliance
reaches 4×1029 photons s−1 mrad−2 mm−2 within a relative spectral bandwidth of 0.1% according to
the predicted pulse duration of 5 f s FWHM [60].

2.6 Electron collisional excitation pumping scheme

2.6.1 Atomic physics of SXRL by collisional pumping

Achieving high gain in a x-ray plasma amplifier is very desirable in the pursuit of SXRL sources. At
present, all the SXRL that achieve very large brightness and saturated emission are electron colli-
sional pumped lasers. The collisional electron excitation pumping scheme was firstly proposed in 1970s
[62, 63, 64, 65, 66]. Principally, this SXRL scheme is due to the plasma free electrons of population inver-
sions between multi-charged ion excited levels, which basically requires plasma densities a little larger
than 1020 cm−3 and temperatures of a few hundreds eV [67]. The first successful observation of lasing at
SXRL wavelengths utilizing this approach was demonstrated at Lawrence Livermore National Laboratory
involved with the 3p − 3s transitions in neon like (Ne-like) Se [68] and Ne-like Y [69].

Ne-like, nickel like (Ni-like) and palladium like (Pd-like) ions have fully occupied outer shell (closed
shell) of principal quantum number n = 2, n = 3 and n = 4, respectively, haven been successfully ob-
served lasing with collisional excitation pumping. Schematic energy level diagrams for Ne-like, Ni-like
and Pd-like quantum states involved in lasing are shown in Fig. 2.14 [70], lasing occurs between excited
sub-shells 2p53p → 2p53s (Ne-like), 3d94d → 3d94p (Ni-like), 4d95 f → 4d95d (Pd-like) or 4d95d →
4d95p (Pd-like). The upper level is predominantly excited by direct elect impact collision from the ground
state of the each ion stage of interest, and it is metastable to decay to the ground state as the transition
is electric dipole forbidden. However, the lower laser level can decay rapidly and directly to the ground
state via the resonance dipole transitions 2p53s→ 2p6 (Ne-like), 3d94p→ 3d10 (Ni-like), 4d95d→ 4d10
(Pd-like) or 4d95p→ 4d10 (Pd-like).

Due to the higher QE, ratio of the laser photon energy to the energy of the upper laser level above
the ground sate, lasing at shorter wavelengths have been observed with Ni-like ions [71, 72, 73, 74, 75].
More SXRL lasing lines in different wavelengths from Ne-like, Ni-like and Pd-like as a function of atomic
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Figure 2.14: Simplified Grotrain diagram of (a) Ne-like, (b) Ni-like and (c) Pd-like ions. The Ne-like lasing lines are
designated A-F following the nomenclature that A is the most intense lasing line. from [70]

number of the target material are demonstrated in the Fig. 2.15. In the simplified Grotrain diagram of Ne-
like ions, the lasing lines are designated A-F following the nomenclature that A is the most intense lasing
line. Therein, line A and F are shortly called as J = 0− 1 line, line C, B and E are called as J = 2− 1
line, and line D is J = 1−1 line. Lasing with shorter wavelength in the collisional scheme requires high-Z
materials for plasma amplifier creation.

Because of the closed shells of principal quantum number n = 2,n = 3 and n = 4, Ne-like, Ni-like
and Pd-like ions are stable to further ionization over a wide range of electron temperature (100 eV − 1
keV ). This stability guarantees a large fractional abundance of Ne-like, Ni-like and Pd-like ions in the laser
induced plasma. As it represented in Fig. 2.16, ion abundance as a function of the electron temperature
for tin plasma [12] and tungsten plasma [76] respectively. It means that lasing ions are dominant species
inside the plasma promising the aim of extracting high amount of energy from SXRL plasma amplifier.

McWhirter criterion [77] for local thermodynamic equilibrium (LTE) between two quantum state levels
is written as

Ne ≥ 1.9×1016Te
1/2Eul cm−3, (2.11)
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Figure 2.15: Lasing wavelengths by collisional pumping scheme from Ne-like (black dots), Ni-like (blue squares)
and Pd-like (pink triangles) ions as a function of atomic numbers. data from [12]

Figure 2.16: Ion abundance as a function of the electron temperature for (a) tin plamsa from [12] and (b) tungsten
plasma from [76].

where Ne is the electron density measured in cm−3, Te is the electron temperature measured in eV and
Eul (in eV ) is corresponding to the energy difference between the upper and lower levels. It implies
that x-ray laser transitions of approximately 100 eV should be in equilibrium at densities greater than
approximately 4 × 1019 cm−3 for electron temperature ∼500 eV . However, in the SXRL collisional
excitation pump scheme, population inversion is created by the rapid monopole excitation coupled with
the lack of a compensating rapid decay rate back to the ground sate. The McWhirter criterion is not
valid for calculating the proximity to LTE between the ground and upper lasing level because radiative
decay to the ground is fundamentally forbidden. Instead of that, the relative population densities can
be calculated by considering the relevant populating and de-populating collisional and radiative process.
The population inversion happens between the upper and lower levels when the collisional excitation rate
Rgu from ground state to the upper level is sufficiently high, which is described as [70]

Rgu = NeNiK(g,u), (2.12)

where Ne and Ni is the free electron density and density of ions in ground state respectively. K(g,u) is
the monopole excitation rate coefficient which is given by

K(g,u) = 1.58×10−5
γgue−Egu/Te/(Egu

√
Te) cm3s−1. (2.13)
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Here, the energy difference Egu between the upper level and ground state and electron temperature Te

are measured in eV . γgu is varying slowly by the electron temperature and not too rapidly with atomic
number Z [78].

2.6.2 Quasi-steady-state (QSS) pumping

The pioneering SXRL experiment on Ne-like selenium was demonstrated with an exploding foil target us-
ing several kJ driven laser energy delivered from glass laser system [68]. SXRL significant amplification
of this experiment encouraged many experiments carried out using a smaller pumping laser system. Soft
x-ray lasing in Ne-like germanium was then observed using solid slab target irradiated by a 600 J, 2 ns
glass laser [79]. From then on, the germanium laser coupled with the solid slab target technique became
popular worldwide. However, the hydrodynamic time-scale is ∼100 ps (variation in Electron density Ne

and temperature Te and atomic process in lasing ions are mostly in the range of 1− 10 ps. Pumping
with nanosecond to sub-nanosecond laser, SXRL plasma population inversion reaches LTE. This popu-
lar technique is so called Quasi-steady-state (QSS) pumping scheme.

In early work, the gain of different lasing lines corresponding to Fig. 2.10 have been predicted theo-
retically. For Ne-like ions, the J = 2− 1 and J = 0− 1 lines are pointed out in Fig. 2.17 and Fig. 2.18,
respectively [80]. Population inversion is decreased at larger electron density owing to collisional mixing
between levels. Gain coefficient of the lasing lines are varying with the atomic numbers. Meanwhile,
Rosen et al. predicted that the gain of the J = 0−1 transition is much higher than that of the J = 2−1
transition via 3p−3s transitions in Ne-like selenium[69]. Hydrodynamical simulation results showed the
scaling law for gain coefficient as a function of plasma electron density [81]

g ∝ neλ/Zi . (2.14)

Here, Zi is the lasing ion charge and the lasing lines are dominated by Doppler profile. Taking into account
the relations between λ and Zi for J = 0−1 and J = 0−2 line, the scale relations can thus be written as

g ∝ neλ 2 f or J = 0−1 lines ,

g ∝ neλ 3/2 f or J = 0−2 lines .
(2.15)

It shows that lasing at shorter wavelength requires higher plasma density to reach the same gain. In
consequent, the plasma refraction effects on SXRL operation should be expected to increase at short
wavelength. In addition, a crucial point of QSS collisionally pumped SXRL physics lies in the relation
between the intensity of driven lasers and the wavelengths of lasing lines as [81]

Ipump ∝ λ
−4 . (2.16)

Therefore, with the single pumping pulse focused on to the lasing material, any process toward shorter
laser wavelength will require a huge increase of pump intensity.

During the first ten years after the initial significant observation of SXRL [68], many efforts had
been made for lasing of the transition J = 0− 1 [68]. However, this lasing line was unexpected low.
Eventually, this issue was figured out when the simulation showed some aspects of the role played by
pre-pulses [84], as illustrated in Fig. 2.19. It is apparent that pre-pulse reduces the steepness of the
plasma density gradient. Consequently, the reducing of the laser beam trajectory curvature enhances
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Figure 2.17: Level populations of Ne-like ions referred to the density number of these ions as a function of the
electron density. The corresponding lasing lines are represented in Fig. 2.14. from [80]

the travelling length in the narrow gain region of the plasma. Within the relaxed pre-plasma, radiation of
the main pulse laser penetrates more deeply than it could do in the immediately dense plasma created
by single-pulse scheme. In fact, the simulation has showed three benefits of pre-pulse pumping: a)
an enhanced absorption of the main pulse energy during the earlier time of plasma expansion; b) an
increase of the gain zone volume; c) a relaxation of electron density gradients.This idea was soon
proved by sending small pre-pulse before the main pumping pulse [83, 82]. The controlled pre-pulse for
producing pre-formed plasma makes the enhancement of the J = 0−1 lasing line.

Besides the pursuit of shorter wavelength, another aim is to push this SXRL source reaches
saturated amplification. While the single flat slab target has a limitation in gain-length product due to
the x-ray refraction caused by the electron density gradient in the SXRL plasma [85]. Many experiments
were following up to improve the SXRL plasma amplifier to reach saturated amplification. First of all,
the group at Osaka University in collaboration with the Irish group has demonstrated curved slab target,
which was original proposed by Lunney [86], as it shown schematically in Fig. 2.20 [87]. Within this
refraction compensation for controlling x-ray laser beam propagation in the amplifying plasma, the
intensity of J = 0−1 line at 19.6 nm was 10 times stronger than that with slab target.

Secondly, in this experiment, there was a x-ray mirror employed playing the role of half cavity to
achieve double-pass plasma amplifier. This half-cavity configuration was initially performed by the French
group [88, 89, 90]. Sequentially, multi-target configuration coupled with refraction-compensated pumping
scheme achieved remarkable progress [73, 74, 91]. In Fig. 2.21, saturated amplification Ni-like SXRL
including samarium at 7.3 nm was represented [74]. Plasma amplifier were generated by irradiating
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Figure 2.18: Gain coefficient of Ne-like J = 0− 1 line calculated as a function of the atomic number for three
electron densities. The electron temperature is defined one-half the ionization potential. from [80]

Figure 2.19: Electron density and gain coefficient distribution along the distance from target surface (a) with and
(b) without pre-pulse. from [84]

three-pulse (with proper time delays) on the slab target surface with line focus. The pumping systems
of the double plasma amplifiers were designed in 180o opposition to generate opposed density gradient
between each other, which is dedicated to compensate the refraction of the x-ray beam propagation in
the plasma column. The coupling efficiency at the optimized separation was quite high because of small
deflection and divergence angles. The gain coefficient was observed as 8.4cm−1. Output intensity no
longer increases exponentially with target length longer than 18 mm, which corresponds to a gain-length
product of 16, as illustrated in Fig. 2.22. A saturated samarium x-ray laser beam has been demonstrated
with an output energy of 0.3 mJ in 50 ps. Another interesting experiment was conducted with main
pumping pulse of 140 J in 100 ps [91]. Gain coefficient of 19 cm−1 was inferred and saturated operation



32 Chapter 2. Population Inversion Mechanism in SXRL

Figure 2.20: Schematic diagram of curved slab-target for compesentation of refraction effect. The notation t and
m are the target bending angle and the angle of the mirror normal to the flat target axis. from [87]

Figure 2.21: Schematic diagram of the saturated Ni-like SXRL experiemnt. from [74]

Figure 2.22: Peak intensities of nickel-like samarium x-ray laser as a function of target length. from [74]

ha been achieved with an 8-mm long plasma. Fig. 2.23 shows the Saturated silver SXRL (13.9 nm)
intensity and divergence as a function of the plasma amplifier length.

In order to increase the intensity and optical quality of the x-ray laser beam, a double-target with
quasi-travelling-wave excitation technique was investigated. As demonstrated in Fig. 2.24, the time- and
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Figure 2.23: Temporal and angle-resolved profiles of a double-target 13.9 nm SXRL. The emission is in the left
and backward emission is at right. from [91]

angular-resolved spectra of the lasing line in the forward and the backward direction of the quasi-travelling
wave pumping are compared. A weak increase of 10− 20% has been observed in the quasi-travelling
wave direction, while the spatial as well as the temporal profiles of the lasing signals in both directions
appear very different. This point is probably due the overlap of the double-target x-ray laser signal and
the one coming only from the second target. More detailed discussion about this double-plasma config-
uration will be discussed in Chapter 3. Furthermore, after realizing the pre-pulse influence on pumping,
SXRL saturation were achieved in a wide range of ions: Ne-like Zinc [92, 93, 94, 95], Germanium
[96, 97, 98], Selenium [82], Yttrium[99] and Ne-like low Z elements[84, 101, 102, 103, 104, 105, 106],
as well as Ni-like Tin [107], Samarium [74], Dysprosium [72], Palladium [108] and Silver [109], as
represented in Fig. 2.15.

Figure 2.24: Saturated silver SXRL (13.9 nm) intensity and divergence as a function of the plasma amplifier length.
from [91]

In general, the pre-pulse pumping technique opened the way to shorter wavelength lasers (down
to the "water window"). It is capable to reach SXRL saturated amplification within plasma length 1− 2
cm under the QSS pumping scheme. Maximum gain coefficient has been obtained is ∼18 cm−1 [91].
Typical output of the SXRL from double-plasma amplifiers is 0.3 mJ with pulse duration ∼50 ps. With
respect to the pumping laser energy at the order of 100 J, the efficiency of this SXRL pumping scheme
is extremely low. Refraction influence plays an important role in the plasma column at level of centimetre
long. In term of the SXRL application, it is mandatory required to develop a more compact and higher
efficient pumping scheme.
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2.6.3 Transient collisional excitation (TCE) pumping

A novel two-step collisional pumping scheme with specific drive-pulse configuration was firstly proposed
by Afanasiev and Shlyaptsev [110], which pointed out that gain coefficient could reach 1− 2 orders of
magnitude larger than those obtained for the same transition in the QSS pumping scheme. This new
pumping scheme is based on the difference between the population inversion lifetime (a few tens of
picoseconds) and the ionization time (hundreds of picoseconds). Using a long pulse (0.1− 1 ns) of
moderate energy to ionize the plasma at or slightly below the lasing ionization stage (population inversion
is not created). Then an intense short pulse (1−10 ps) so rapidly overheats the ions and free electrons
(0.5− 1 KeV ). The ions are reaching the lasing ionization stage (such as Ne-like, Ni-like and Pd-like),
while the stimulated electrons are colliding with the lasing ions induce very strong pumping. As illustrated
in Fig. 2.14, the bounded electrons stay at the ground state are rapidly collisional pumped to the upper
level induce the abrupt increase of collisional-excitation rate. Owing to the fast decay time between the
lower level and the ground state. During a short time of several picoseconds, the ions are not over-ionized
placing the plasma very far from thermal equilibrium, and the transient population inversion can achieve
extremely strong level with gain coefficient of ∼100 cm−1. This improved regime is so called transient
collisional excitation (TCE) pumping scheme.

This interesting pumping technique was firstly performed in the Ne-like titanium SXRL experiment
demonstrated in the Fig. 2.25 [111, 112]. Two synchronized beams, delivering 1 ns and 1 ps pulses
respectively, irradiating on the titanium slab target with various line focus lengths of 2 mm, 3 mm and 5 mm.
Time delay between the long (1 ns) and short pulse (1 ps) is 1 ns. It is interesting to note that both pulses
energy are only several joules, which is much lower than the pumping energy required in QSS scheme
(discussed in last section). Pumping laser intensity for long pulse and short pulse are 1012 W/cm2 and
1015 W/cm2 respectively. Gain coefficient deduced from a fit of experimental data on Lindford formula
[113] was found to be ∼20 cm−1 and gain-length product of 9.5. As illustrated in Fig. 2.26, the effective

Figure 2.25: Schematic diagram of the experiment setup used to produce a TCE Ne-like plasma of titanium. from
[111]

differential gain coefficient ge f f has values ∼100 cm−1 at the shorter plasma length L < 1 mm and then
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decreases to ∼10 cm−1 at the exit of laser amplifier L = 5 mm. Moreover, this lasing line at 32.6 nm
was confirmed as pulse duration of less than 20 ps. This breakthrough pumping technique attracts much
attention of compact, intense SXRL source development [114, 115, 116, 117, 118] with the attractive
properties: a) population inversion can occur at arbitrary electron density and it increases with larger
electron density, (b) gain coefficient is much higher than the QSS and recombination pumping schemes,
(c) there are no restrictions to an active media dimension, (d) pumping laser energy requirement are
impressively low.

Figure 2.26: Lasing of the 3p− 3s, J = 0− 1 transition in Ne-like titanium at 32.6 nm and effective gain as a
function of plasma length: experimental results (solid squares), Linford formula fit of the data with g = 19.4 cm−1

(dotted line), RADEX calculated signal intensity (solid line) and calculated effective gain based on Linford fitting of
RADEX calculated intensity (dashed line). from [112]

However, in the previous TCE pumping plasma experiment [112], laser saturation was not achieved.
Note that the gain region had a very small lateral extension and it was characterized by a steep density
gradient. The amplification is very sensitive to the plasma inhomogeneities and refraction. A modelling
[119] addressed to this experiment provided some explanation. It demonstrated that the transient nature
of the gain is due to the ionization balance in the plasma, where electron collisional excitation dominates
rather than ionization because of the short period. Time delay between the pre-pulse and main short
pulse plays a significant role in optimum density for short pulse heating the plasma. It also pointed out
that beam propagation in the high gain and low gradients plasma region can actually contribute to the
enhancement of the output SXRL. Moreover, as a matter of fact, the TCE pump configuration leaves
unsolved the difficulty of fitting a short population inversion lifetime (∼10 ps) to the propagation time of
the amplified SXRL beam (3.3 ps/mm). It limits the effective length of the laser because propagation
partially occurs in a non-amplifying medium. This behaviour becomes to be obvious when the plasma
length increases. However, this problem can be resolved using a travelling wave to the stationary lighting
of the target by the short pulse, this technique is so called travelling wave (TW) implementation.

The purpose of TW excitation is to match the propagation of the ASE along the plasma column to the
speed of light c. Two typical approaches have been worked out using a multi-segment stepped mirror and
diffraction grating, which are described in Fig. 2.27 and Fig. 2.28, respectively. For the n steps mirror
configuration illustrated in Fig. 2.27, the pump pulse turns out divided in to n temporally and spatially
separated pulses arriving on the target surface. In order to get a continuous travelling wave along the
target length L, the specific condition has to be met that light propagation time over each step should be
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shorter than the pump pulse duration τ , therefore

L
n

1
c ≤ τ. (2.17)

For example, for the target length L = 6 mm, the pump pulse duration τ should be longer than 5 ps when

Figure 2.27: Traveling wave produced by a multi-step mirror.

using a 4-segment stepped mirror. On the other hand, when τ < 5 ps, only part of the pumping laser
beam reflected from the stepped mirror will be useful for the plasma heating. Increasing the step number
of the stepped mirror shows the way to reduce the pump pulse duration, however, it increases risk of
optical damage by the beam diffraction from the step edges. Another technique by using a diffraction
grating offer a flexible approach for the travelling wave pumping, as shown in Fig. 2.28. Travelling wave
velocity υTW related to the diffraction angle α can be written as [120]

υTW = c/tanα, (2.18)

which indicates that the travelling wave velocity is faster than the light velocity when the diffraction
angle is smaller than 45o. Many efforts have been made to find out the optimal travelling wave velocity
[121, 117]. A quasi-travelling wave pumping technique with a 6 steps mirror has been demonstrated by
Kawachi et al., as described in Fig. 2.29. The step mirror has six steps with difference of 600 µm in the
level and each step is corresponding to 1.2 mm length in the line focus with time separation of 4 ps. Gain
saturation was achieved for Ni-like silver x-ray lasing at 13.9 nm, and the gain coefficient was estimated
to be 35 cm−1. With the benefit of TW pumping technique, more saturated amplification have been
observed under the TCE scheme using the solid target [118, 121, 122, 123] as well as gas-puff target
[124, 125]. It is interesting to note that electron collisional excitation type Pd-like ion scheme using the
optical OFI have achieved saturated amplification [126, 127] with 10 Hz repetition rate. The saturated
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Figure 2.28: Traveling wave produced by diffraction on plane grating.

amplification SXRL provide the highest peak brightness x-ray source at present. In the seek of various
SXRL applications, this level of lasing pulse is quite important not only for the photon flux but also for the
beam quality.

Figure 2.29: (a) Schematic diagram of the line-focus system, where step mirror for the TW pumping, an off-axis
parabolic (OAP) mirror and a spherical mirror (SM) are contributed to the line-focusing. (b) An inset illustrqtion of
the 6-step mirror for TW pumping. from [128]

Rapid progress towards much lower pump threshold was achieved using more appreciate pumping
incidence angle [129]. It demonstrated a 10 Hz Ni-like Molybdenum 4d− 4p x-ray laser operating at
18.9 nm pumped with 10 mJ long pulse (200 ps) and 80 mJ short pulse (8 ps). The novel pumping
geometry is illustrated in Fig. 2.30, a long pulse (200 ps) line-focused on a slab at normal incidence
performs a plasma column to create a tailored density profile. Sequentially, with a certain time delay, a
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short pulse (8 ps) is incident at a grazing angle (14o) to the target surface in a line focus. The short pulse
beam is refracted in the plasma amplifier at a chosen electron density , which is below critical, and is
strongly absorbed.

Figure 2.30: Experimental setup of grazing incident pumping for SXRL. from [129]

This novel pumping technique is so called grazing incident pumping (GRIP) scheme, which includes
two-stage pumping. This pumping configuration improves laser coupling into the plasma gain region by
using refraction to turn the short pump pulse back into the gain region, thus increase the path length
and absorption in this specific plasma region. This higher efficiency realized with only a very low energy
laser pump (∼150 mJ in total), provides a 10 Hz repetition rate and represents more than one order
of magnitude reduction in the pumping energy compared to the conventional transverse scheme. As
represented in Fig. 2.30, lasing line at 18.9 nm was achieved saturation for targets above 2 mm in length,
and the laser coefficient was determined as 55 cm−1. Optimizing of the grazing incidence pumping angle
was also worked out [130].

Another improved GRIP scheme combining the long pulse and short short pulse into the same
beam, which is called double-pulse grazing incident pumping (DGRIP), was demonstrated several years
later, as illustrated in Fig. 2.31 [131, 132]. This approach provided a simpler and more reliable operation
scheme in compare to the standard GRIP. It could be helpful in the multi-plasma configurations, such as
the oscillator-amplifier configuration [133].

Janulewicz and Kim [134] numerically analysed the GRIP scheme with performance of a Ni-like Ag
SXRL pumped by a triple-pulse structure in the grazing incidence geometry as a function of the pumping
conditions, as described in Fig. 2.32(a). In this standard irradiation scheme, precursor and pre-pulse
were at normal incidence angle with 15 mJ, 350 ps (FWHM) and 263 mJ, 350 ps (FWHM) respectively.
Time delay between the two pulses was 5 ns at peak-to-peak, which were contributed to create a plasma
approaching the Ni-like ionization stage. The plasma was then allowed to expand, and was subsequently
heated by a 560 mJ, 8 ps (FWHM) short pulse arriving at 300 ps after the pre-pulse (peak-to-peak) with
a specific grazing incidence angle at 18o in respect to the target surface.

Calculated gain distribution perpendicularly along the target surface with optimizing time delays
between the precursor pulse and short pump pulse (main pulse) is demonstrated in Fig. 2.33(a). Gain
coefficient over 200 cm−1 were obtained by playing with the time delay between pump pulses and the
maximum gain region appeared at ∼20 µm deviated from the target surface. Moreover, the interesting
pumping approach all-GRIP was also figured out by this modelling, as described in Fig. 2.32(b), where
the triple-pulse combined into one laser beam and with proper temporal separation were delivered to
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Figure 2.31: Schematical drawing of the experiment on plasma pumped with the DGRIP scheme and the SXRL
dignostic sysytem. Inset on the right shows the non-normal incidence pumping and the refraction influence. from
[131]

Figure 2.32: The design of triple-pulse pumping GRIP geometry. (a) Satandard irradiation scheme with precur-
sor and pre-pulse at normal incidence angle and short pump pulse at grazing angle to the target surface. (b)
Pump pulse structure of irradiation in the all-GRIP geometry: all the pulses are impinging on the target at a spe-
cific graing angle. The corresponding pulse parameters are: P(1)− 15 mJ, 350 ps (FWHM), P(2)− 263 mJ,
350 ps (FWHM) and P(3)−560 mJ, 8 ps (FWHM). from [134]

the target at the specific grazing angle respected to the target surface. Similar results were obtained
in Fig. 2.33(b), while the maximum gain region took place at ∼8 µm apart from the target surface.
The impressive GRIP schemes have encouraged the development of HH injection seeded SXRL based
on the solid-plasma amplifier [135, 6, 136, 137]. Both GRIP techniques were widely carried out in our
experiments on ASE-self seeding (oscillator-amplifier configuration) and HH injection seeded SXRL,
which will be discussed in the following chapters.
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Figure 2.33: Gain distribution as a function of distance from the target surface at various time delay between the
short pump pulse and the begining of the precursor pulse: (a) for standard GRIP related to Fig. 2.32(a); (b) for
full-GRIP corresponded to Fig. 2.32(b). from [134]

Figure 2.34: A visual comparison of temporal characteristics between (a) QSS and (b) TCE pumping scheme.
Dotted line −− intensity of the pump laser, dashed line −− electron temperature Te, solid lines are indicating the
lasing ions abundance. Grey areas are corresponding to the regions where pumping is effective. from [81]

In summary, the two most important collisional pumping schemes, QSS and TCE have been
discussed, as illustrated in Fig. 2.34. For QSS collisional pumping scheme using longer duration pump
laser (100 ps − ns), the plasma evolved slowly and atomic populations are placed in the quasi-steady
sate (near LTE). The amplification coefficient is rather low ranging at ∼15 cm−1 while the pumping laser
energy is at the level of 100 J, which indicates extremely low pumping efficiency. Most of the pumping
energy is lost in keeping the plasma hot. Moreover, saturated amplification reaches with plasma length
1−2 cm accompanied with strong refraction during the SXRL propagation in the plasma. The life time of
the gain is as similar level as the long pulse. However, for the TCE pumping scheme using much shorter
pump pulse (typically few ps) the plasma is far from LTE with very high gain coefficient 10s to 100s cm−1.
Pumping laser energy requirement are impressively low, normally less than 2 J. Saturation has been
observed in a wide-range of materials within 2− 5 mm plasma length, which could significantly reduce
the refraction influence. The gain life time is about 10 ps. Our experiments on HH-injected seeded SXRL
demonstrated in this dissertation are all based on the TCE pumping scheme coupled with the impressive
GRIP technique.
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2.6.4 Solid-based X-ray plasma amplifier

The principle of producing a laser-induced plasma column with a solid slab target is presented in
Fig. 2.35(a), which is simulated using ARWEN code (see Chapter 4, Section 4.1). According to above
discussion, the GRIP scheme, consists of long pulse (100′s ps to ns) in normal incidence and short pulse
(several ps) in grazing incident angle, is normally adopted for creating and pumping a high density x-ray
plasma amplifier. In consequent, the soft x-rays mostly emit along the plasma column as mentioned in
Section 2.1. Especially, under the grazing incidence pumping scheme, ASE is mostly contributed in the
forward direction, label as z axis in Fig. 2.35(a). In most of the experiments included in this dissertation,
Cylindrical and spherical optical systems are often used for the line-focusing onto the target surface, and
three-pulse configuration composed of two long pre-pulses (100′s ps) and a short pump pulse (1−10 ps)
is employed. A warm plasma is firstly generated by the normal incident long pulse. The second pre-pulse
with much higher energy arrives at several ns later along the same beam path, which ionizing the plasma
into highly charged and stable ionization stage (such as neon-like, nickel-like and palladium-like, see
Section 2.6.1). Finally, short pump pulse arrives 100′s ps later to further push the plasma to above stage
and especially produce the large population inversion. The x-ray amplifying plasma is eventually created,
as it displayed in Fig. 2.35(b) which is showing the cross-sectional view of the x-ray plasma amplifier.
One should be noted that the large population inversion region, which is so call gain zone, generated
from x = 25 µm to x = 50 µm. Here x = 0 µm is corresponding to the target surface. This results is in
good agreement with the computation results using EHYBRID code [70].

Figure 2.35: 2D simulation of the x-ray plasma amplifier with ARWEN code (see Chapter 4, Section 4.1). (a)
Production of a plasma column with line focusing using GRIP pumping scheme. (b) A cross-sectional view of the
200 µm wide plasma. Density displayed in logarithm scale. (courtesy of T. T. Thuy Le, LPGP, University of Paris
Sud)
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Energy transfer from the laser beam to plasma is basically due to the electron heating by
electron-photon collisions in the ion electric field. For long pre-pulses, the typical process is inverse
bremsstrahlung, most of the laser energy is considered to be absorbed during this process [138]. The
absorption coefficient is given as [139]

κib ≈ 3.4×10−6× (ne/nc)
2ZlnΛ√

1−ne/ncλ 2(kTe)3/2
, (2.19)

where ne is the electron density and nc is the critical density in cm−3, Te is the electron temperature in
keV , Z means the ion charge, λ corresponds to the lasing wavelength in nm, and lnΛ is indicating to the
Coulomb logarithm for inverse bremsstrahlung [140]. When the laser frequency ω is equalling to or even
larger than the plasma frequency

ωp = (
e2ne

mε0
)1/2, (2.20)

the laser will be unable to propagate in the plasma. Here, m is the electron mass, e is the electron charge
and ε0 is the dielectric constant. Setting laser frequency ω = 2πc/λ to equal ωp gives the critical density

nc =
4π2c2mε0

e2λ 2 ≈1.1×1027
λ
−2. (2.21)

It is interesting to point out that the critical density [70] for IR pumping laser (810 nm) is ∼1.7×1021 cm−3,
while it is ∼3.1×1024 cm−3 for SXRL at 18.9 nm.

Once the x-ray plasma amplifier is created, evolution along the expanding direction x attracts much
attention of the gain region. As it shown in Fig. 2.35(b), which is associated with the evolutions of plasma
density, temperature and expansion velocity along the x direction. A further simulation work with ARWEN
two dimensional (2D) hydrodynamic code showed the density profile and temperature of the plasma am-
plifier along x axis (see Fig. 2.36). The critical density is corresponding to the IR laser propagation limit.
Beyond the critical surface, which is called conduction zone, plasma heating is only due to electron ther-
mal conduction and possibly by x-ray radiations coming from the sub-critical region [139], which is also
called plasma corona. The electron temperature is maximum in plasma corona, and stable in a certain
distance, as described in Fig. 2.36(b). Consequently, population inversions could happen in this specific
region and give rise to x-ray emission.

It is interesting to mention that the plasma expansion velocity is approximately linear with distance
and temperature is isothermal at densities below critical. Fig. 2.35 shows profiles at the time of peak
gain. The velocity is still close to linear with distance and temperature is stable at densities close to
critical. However, with the intense short pump pulse, ions are mostly pushed to a stable ionization stage
and a high density region ∼25 µm width along x axis, where ne > nc. It is indicated that in this region, the
IR laser can not propagate, while soft x-rays (such as 18.9 nm) is free to pass. One should be aware of
that this specific region is located in the plasma corona area. In addition, the plasma density distribution
which is implying the gain region is shown in Fig. 2.35(b), from x = 25 µm to x = 50 µm. It is worth
nothing that x = 25 µm is the location of critical surface in this simulation.

Furthermore, due to the plasma density gradient along x axis, a complex frequency dependent refrac-
tive index was discussed in [141]. However, the real component of the refractive index n can be written
as

n = (1− ne

nc
)1/2≈(1− neλ 2

1.1×1027 )
1/2. (2.22)
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Figure 2.36: Distribution of (a) plasma density ne and (b) temperature Te in logarithm scale in the expanding
plasma along the expanding direction x. (courtesy of T. T. Thuy Le, LPGP, University of Paris Sud)

Here, the λ is in nm. It is important to point out the refractive index of the plasma is inversely proportional
to the square value of the soft x-ray wavelength.





Bibliography

[1] T. H. Maiman, Nature 187, 493 (1960).

[2] P. Jaegle, S. Sebban, A. carillon, G. Jamelot, A. Klisnick, P. Zeitoun, B. Rus, F. Albert and D. Ros,
X-ray Lasers 1996 Conf. Lund, Sweden, pp.1-pp.8 (1996)

[3] G. A. Gudzenko and L. A. Shelepin, Zh. Eksp. Teor. Fiz. 45, 1445 (1963) [Sov. Phys. JETP 18, 998
(1964)].

[4] J. J. Rocca, V. Shlyaptsev, F.G. Tomasel, O. D. Cortazar, D. Hartshorn, and J. L. A. Chilla, Phy. Rev.
Lett. 73, 2192 (1994).

[5] Ph. Zeitoun, G. Faivre, S. Sebban, T. Mocek, A. Hallou, M. Fajardo, D. Aubert, P. Balcou, F. Burgy,
D. Douillet, S. Kazamias, G. De Lacheze-Murel, T. Lefrou, S. Le Pape, P. Mercere, H. Merdji, A. S.
Morlens, J. P. Rousseau, and C. Valentin, Nature 431, 426 (2004).

[6] Y. Wang, E. Granados, F. Pedaci, D. Alessi, B. Luther, M. Berrill, and J. J. Rocca, Nat. Photonics 2,
94 (2008).

[7] E., Ph. Zeitoun, M. Fajardo, G. Lambert, D. Ros, S. Sebban, and P. Velarde, Phys. Rev. A 84, 013811
(2011).

[8] D. Attwood, Soft X-rays and Extreme Ultraviolet Radiation, Cambridge University Press, pp.274-
pp.278 (1999).

[9] P. Jaegle, Coherent Sources of XUV Radiation, pp.114-p.120, Springer (2006).

[10] F. E. Irons and N. J. Peacock, J. Phys. B: At. Mol. Phys. 7, 1109 (1974).

[11] R. J. Dewhurst, D. Jacoby , G. J. Pert and S. A. Ramsden , Phys. Rev. Lett. 37, 1265 (1976).

[12] H. Daido, Rep. Prog. Phys. 65, 1513-1576 (2002).

[13] W. T. Sifvast, Laser Fundamentals, p.26 (Cambridge University Press, Cambridge 1996).

[14] G, J. Pert, J. Phys. B: At. Mol. Phys. 9, 3301-3315 (1976).

[15] P. Jaegle, G. Jamelot, A. Carrillon, A. Klisnik, A. Sureau, and H. Guennov,J. Opt. Soc. Am. B 4, 563
(1987).

[16] A. Carillon, M. J. Edwards, M. Grande, M. J. C. Henshaw, P. Jaegle, G. Jamelot, M. H. Key, G. P.
Kiehn, A. Klisnick, C. L. S. Lewis, D. O’Neill, G. J. Pert, S. A. Ramsden, C. M. E. Regan, S. J. Rose,
R. Smith and O. Willi, J. Phys. B: At. Mol. Opt. Phys. 23,147 (1990).

[17] H. Milchberg, C. H. Skinner, S. Suckewer, and D. Voorhees, Appl. Phys.Lett. 47, 1151 (1985).

[18] S. Suckewer and H. Fishman, J. Appl. Phys. 51, 1922 (1980).



46 Bibliography

[19] C. J. Keane and S. Suckewer, J. Opt. Soc. Am. B 8, 201 (1991).

[20] C. Chenais-Popovics, R. Corbett, C. J. Hooker, M. H. Key, G. P. Kiehn, C. L. S. Lewis, G. J. Pert, C.
Regan, S. J. Rose, S. Sadaat, R. Smith, T. Tomie, and and O. Willi, Phys. Rev. Lett. 59, 2161 (1987).

[21] J. Zhang, M. H. Key, P. A. Norreys, G. J. Tallents, A. Behjat, C. Danson, A. Demir, L. Dwivedi, M.
Holden, P. B. Holden, C. L. S. Lewis, A. G. MacPhee, D. Neely, G. J. Pert, S. A. Ramsden, S. J.
Rose, Y. F. Shao, O. Thomas, F. Walsh, and Y. L. You, Phys. Rev Lett. 74, 1335 (1995).

[22] S. Suckewer, C. H. Skinner, H. Milchberg, C. Keane, and D. Voorhees,Phys. Rev. Lett. 55, 1753
(1985).

[23] S. Suckewer, C. H. Skinner, D. Kim, E. Valeo, D. Voorhees, and A. Wouters, ibid. 57, 1004 (1986).

[24] P. Jaegle, G. Jamelot, A. Carillon and C. Wehenkel, Jpn. J. Appl. Phys. 17, 483 (1978).

[25] P. Jaegle, Coherent Sources of XUV Radiation, pp.245, Springer (2006).

[26] G. Jamelot, A. Carillon, A. Klisnick and P. Jaegle, Appl. Phys. B 50, 239 (1990).

[27] T. Hara, K. Ando , N. Kusakabe, H. Yashiro and Y. Aoyagi, Jpn. J. Appl. Phys. 28, L1010 (1989).

[28] T. Kawachi, K. Ando, Y. Aoyagi, M. Aoyama, T. Hara and A. Sasaki, J. Opt. Soc. Am B 14, 1863
(1997).

[29] T. Kawachi, K. Ando, H. Oyama, T. Hara and Y. Aoyagi, Jpn. J. Appl. Phys. 36, 7048 (1997).

[30] D. Benredjem, A. Sureau, B. Rus and C. Moller, Phys. Rev. A 56, 5152 (1997).

[31] G. Jamelot, P. Dhez, B.Gauthe, P. Jaegle, A. Klisnick and J. P. Raucourt, X-Ray Lasers, 1992, Inst.
Phys. Conf. Ser. No. 125, IOP Publishing, p. 89 (1992).

[32] R. Li, Z. Zhang, Y. Liu, Z. Xu and Y. Cheng, Phys. Scripta, 56m 472 (1997).

[33] W. W. Jones and A. W. Ali, Appl. Phys. Lett. 26, 450 (1975).

[34] S. Suckewer and P. Jaegle, X-ray Laser: Past, Present and Future, Laser Phys. Lett. 6, 411 (2009).

[35] J. Peyraud and N. Peyraud, J. Appl. Phys. 43, 2993 (1972).

[36] Y. Nagata, K. Midorikawa, S. Kubodera, M. Obara, H. Tashiro, and K. Tokoda, Phys. Rev. Lett. 71,
3774 (1993).

[37] D. Korobkin, C. H. Nam, S. Suckewer, and A. Golstov, Phys. Rev. Lett. 77, 5206 (1996).

[38] B. N. Chichkov and B. Wellegehausen, in "X-ray Lasers 1998," Proceedings of the 6th International
Conference on X-ray Lasers, edited by Y. Kato, H. Takuma and H. Daido, Institute of Physics, Uni-
versity of Berkshire, Reading (1999).

[39] S. Backus, C. G. Durfee III, M. Murnane, and H. C. Kapteyn, Rev. Sci. Instrum. 69, 1207 (1998).

[40] D. P. Umstadter, C. Barty, M. Perry, and G. A. Mourou, Opt. Photonic News 9, 41 (1998).



Bibliography 47

[41] C. P. J. Barty, T. Guo, C. Le Blanc, F. Raksi, C. Rose-Petruck, J. Squier, K. R. Wilson, V. V. Yakovlev,
and K. Yamakawa, X-Ray Lasers, edited by S. Svanberg and C. G. Wahlstrom, Institute of Physics,
University of Reading, Berkshi, Vol. 1511, p.282 (1996).

[42] Y. Kato, X-Ray Lasers, edited by S. Svanberg and C. G. Wahlstrom,Institute of Physics, University
of Reading, Berkshi, Vol. 1511, p.274 (1996).

[43] P. B. Corkum, N. H. Burnett, and F. Brunel, Phys. Rev. Lett. 62, 1259 (1989).

[44] N. H. Burnett and P. B. Corkum, J. Opt. Soc. Am. B 6, 1195 (1989).

[45] Y. Nagata, K. Midorikawa, S. Kubodera, M. Obara, H. Tashiro, K.Toyoda, and Y. Kato, Phys. Rev. A
51, 1415 (1995).

[46] J. J. Rocca, Rev. Sci. Instrum., 70, 3799-3827 (1999).

[47] P. Polonsky, C. O. Park, K. Krushelnick, and S. Suckewer, Proc. SPIE 2012, 61 (1993).

[48] D.C. Eder, P. Amendt, L.B. DaSilva, R.A. London, B.J. MacGowan, D.L. Matthews, B.M. Penetrante,
M.D. Rosen, S.C. Wilks, T.D. Donnelly, R.W. Falcone, and G.L. Strobel, Phys. Plasmas 1, 1744
(1994).

[49] Y. Avitzour and S. Suckewer, J. Opt. Soc. Am. B 23, 925 (2006).

[50] Y. Avitzour and S. Suckewer, J. Opt. Soc. Am. B 24, 819(2007).

[51] Y. Luo, Toward Development of X-ray Lasers in ""Water Window", A Dissertation Presented to the
Faculty of Princeton University, p.169 (2013).

[52] M. A. Duguay and P. M. Rentzepis, Appl. Phys. Lett. 10, 350 (1967).

[53] H. C. Kapteyn, Appl. Opt. 31, 4931(1992).

[54] G. L. Strobel, D. C. Eder, R. A. London, M. D. Rosen, R. W. Falcone, and S. P. Gordon, Proc. SPIE
1860, 157 (1993).

[55] S.J. Moon, D.C. Eder, and G.L. Strobel,Proc. of the 4th Int. Conf. on X-Ray Lasers (Editors: D. Eder
and D. Matthews), p. 262 (1994).

[56] M. Ribiere, S. Sebban, S. Jacquemot, B.G. Cheron, K. Ta Phuoc, J. Gautier, J. Grunenwald, P.
Ribeiro, M. Kozlova, Ph. Zeitoun and A. Rousse, Appl. Phys. B 106, 809–816 (2012).

[57] P. Emma, R. Akre, J. Arthur, R. Bionta, C. Bostedt, J. Bozek, A. Brachmann, P. Bucksbaum, R.
Coffee, F.-J. Decker, Y. Ding, D. Dowell, S. Edstrom, A. Fisher, J. Frisch, S. Gilevich, J. Hastings,
G. Hays, Ph. Hering, Z. Huang, R. Iverson, H. Loos, M. Messerschmidt, A. Miahnahri, S. Moeller,
H.-D. Nuhn, G. Pile, D. Ratner, J. Rzepiela, D. Schultz, T. Smith, P. Stefan, H. Tompkins, J. Turner,
J. Welch, W. White, J. Wu, G. Yocky and J. Galayda, Nature Photon. 4, 641–647 (2010).



48 Bibliography

[58] W. Ackermann, G. Asova, V. Ayvazyan, A. Azima, N. Baboi, J. Bähr, V. Balandin, B. Beutner, A.
Brandt, A. Bolzmann, R. Brinkmann, O. I. Brovko, M. Castellano, P. Castro, L. Catani, E. Chiadroni,
S. Choroba, A. Cianchi, J. T. Costello, D. Cubaynes, J. Dardis, W. Decking, H. Delsim-Hashemi, A.
Delserieys, G. Di Pirro, M. Dohlus, S. Düsterer, A. Eckhardt, H. T. Edwards, B. Faatz, J. Feldhaus,
K. Flöttmann, J. Frisch, L. Fröhlich, T. Garvey, U. Gensch, Ch. Gerth, M. Görler, N. Golubeva, H.-J.
Grabosch, M. Grecki, O. Grimm, K. Hacker, U. Hahn, J. H. Han, K. Honkavaara, T. Hott, M. Hüning,
Y. Ivanisenko, E. Jaeschke, W. Jalmuzna, T. Jezynski, R. Kammering, V. Katalev, K. Kavanagh,
E. T. Kennedy, S. Khodyachykh, K. Klose, V. Kocharyan, M. Körfer, M. Kollewe, W. Koprek, S.
Korepanov, D. Kostin, M. Krassilnikov, G. Kube, M. Kuhlmann, C. L. S. Lewis, L. Lilje, T. Limberg,
D. Lipka, F. Löhl, H. Luna, M. Luong, M. Martins, M. Meyer, P. Michelato, V. Miltchev, W. D. Möller,
L. Monaco, W. F. O. Müller, O. Napieralski, O. Napoly, P. Nicolosi, D. Nölle, T. Nuñez, A. Oppelt, C.
Pagani, R. Paparella, N. Pchalek, J. Pedregosa-Gutierrez, B. Petersen, B. Petrosyan, G. Petrosyan,
L. Petrosyan, J. Pflüger, E. Plönjes, L. Poletto, K. Pozniak, E. Prat, D. Proch, P. Pucyk, P. Radcliffe,
H. Redlin, K. Rehlich, M. Richter, M. Roehrs, J. Roensch, R. Romaniuk, M. Ross, J. Rossbach, V.
Rybnikov, M. Sachwitz, E. L. Saldin, W. Sandner, H. Schlarb, B. Schmidt, M. Schmitz, P. Schmüser,
J. R. Schneider, E. A. Schneidmiller, S. Schnepp, S. Schreiber, M. Seidel, D. Sertore, A. V. Shabunov,
C. Simon, S. Simrock, E. Sombrowski, A. A. Sorokin, P. Spanknebel, R. Spesyvtsev, L. Staykov, B.
Steffen, F. Stephan, F. Stulle, H. Thom, K. Tiedtke, M. Tischer, S. Toleikis, R. Treusch, D. Trines, I.
Tsakov, E. Vogel, T. Weiland, H. Weise, M. Wellhöfer, M. Wendt, I. Will, A. Winter, K. Wittenburg, W.
Wurth, P. Yeates, M. V. Yurkov, I. Zagorodnov and K. Zapfe, Nature Photon. 1, 336–342 (2007).

[59] D. Pile, X-rays: first light from SACLA, Nature Photon. 5, 456 (2011).

[60] N. Rohringer, and R. A. London, Atomic inner-shell X-ray laser pumped by an X-ray free-electron
laser, Phys. Rev. A 80, 013809 (2009).

[61] N. Rohringer, D. Ryan, R. A. London, M. Purvis, F. Albert, J. Dunn, J. D. Bozek, C. Bostedt, A. Graf,
R. Hill, S. P. Hau-Riege and J J. Rocca, Nature 481, 488-491 (2012).

[62] A. G. Molchanov, Sov. Phys. Usp. 15, 124 (1972).

[63] R. C. Elton, Appl. Opt. 14, 97 (1975).

[64] A. N. Zherikin, K. N. Koshelev, and V. S. Letokhov, Sov. J. Quantum Electron. 6, 82 (1976).

[65] L. A. Vainshtein, A. V. Vinogradov, V. I. Safranova, and I. Vu. Skolev, Sov. J. Quantum Electron. 8,
239 (1978).

[66] A. V. Vinogradov and V. N. Shlyaptsev, Sov. J. Quantum Electron. 10, 754 1980!, and 13, 303
(1980).

[67] A. V. Vinogradov, I. I. Sobelman, E. A. Yukov, Sov. J. Quant. Electron. 7, 32 (1977).

[68] D. L. Matthews, P. L. Hagelstein, M. D. Rosen, M. J. Eckart, N. M. Ceglio, A. U. Hazi, H. Medecki,
B. J. MacGowan, J. E. Trebes, B. L. Whitten, E. M. Campbell, C. W. Hatcher, A. M. Hawryluk, R.
L. Kauffman, L. D. Pleasance, G. Rambach, J. H. Scofield, G. Stone, and T. A. Weaver, Phys. Rev.
Lett. 54,110 (1985).



Bibliography 49

[69] M. D. Rosen, P. L. Hagelstein, D. L. Matthews, E. M. Campbell, A. U. Hazi, B. L. Whitten, B. Mac-
Gowan, R. E. Turner, and R. W. Lee, ibid. 54, 106 (1985).

[70] G. J. Tallents, J. Phys. D: Appl. Phys. 36, R259-R276 (2003).

[71] B. J. MacGowan, L. B. Da Silva, D. J. Fields, C. J. Keane, J. A. Koch, R. A. London, D. L. Matthews,
S. Maxon, S. Mrowka, A. L. Osterheld, J. H. Scofield, G. Shimkaveg, J. E. Trebes and R. S. Walling
, Phys. Fluids B 4, 2326 (1992).

[72] R. Smith, G. J. Tallents, J. Zhang, G.Eker, S. McCabe, G. J. Pert and E. Wolfrum, Phys. Rev. A 59,
R47 (1999).

[73] J. Zhang, A. G. MacPhee, J. Nilsen, J. Lin, T. W. Barbee, Jr., C. Danson, M. H. Key, C. L. S. Lewis,
D. Neely, R. M. N. O’Rourke, G. J. Pert, R. Smith, G. J. Tallents, J. S. Wark, and E. Wolfrum, Phys.
Rev. Lett. 78, 3856 (1997).

[74] J. Zhang, A. G. MacPhee, J. Lin, E. Wolfrum, R. Smith, C. Danson, M. H. Key, C. L. S. Lewis, D.
Neely, J. Nilsen, G. J. Pert, G. J. Tallents, and J. S. Wark, Science 276, 1097 (1997).

[75] H. Daido, S. Ninomiya, M. Tagaki, Y. Kato, J. Opt. Soc. Am. B 16, 296 (1999).

[76] A. Sasaki and I. Murakami, J. Phys. B: At. Mol. Phys. 46, 175701 (2013).

[77] R. W. P. McWhirter, Plasma Diagnostic Techniques, edited by R. H. Huddlestone and S. L. Leonard
(New York: Academic), p.206 (1965).

[78] H. Daido, S. Ninomiya, T. Imani, Y. Okaichi, M. Takagi, R. Kodama, H. Takabe, Y. Kato, F. Koike, J.
Nilsen and K. Murai, Int. J. Mod. Phys. B 11, 945-990 (1997).

[79] T. N. Lee , E. A. McLean and R. C. Elton, Phys. Rev. Lett. 59, 1185 (1987).

[80] U. Feldman and J. F. Seely, J. Appl.Phys. 56, 2475-2478 (1984).

[81] P. Jaegle, Coherent Sources of XUV Radiation, pp.141-143, Springer (2006).

[82] J. Nilsen and J. C. Moreno, Phys. Rev. Lett. 74, 3376 (1995).

[83] H. Daido, Y. Kato, K. Murai, S. Ninomiya, R. Kodam, G. Yuan, Y. Oshikane, M. Takagi, H. Takbe and
F. Koike, Phys. Rev. Lett. 75, 1074 (1995).

[84] J. Nilse, J. A. Koch, J. H. Scofield, B. J. MacGowan, J. C. Moreno and L. B. Da Silva, Phys. Rev.
Lett. 24, 3713 (1993).

[85] P. Jaegle, Coherent Sources of XUV Radiation, pp.70, Springer (2006).

[86] J. G. Lunney, App. Phys. Lett. 48, 891 (1986).

[87] R. Kodama, D. Neely, Y. Kato, H. Daido, K. Murai, G. Yuan, A. MacPhee, and C. L. S. Lewis, Phys.
Rev. Lett. 73,3215-3218 (1994).



50 Bibliography

[88] P. Jaegle, A. Carillon, H. Z. Chen, P. Dhez, L. Dwivedi, J. Jacoby, G. Jamelot, J. Zhang, M. H. Key,
A. Kidd, A. Klisnick, R. Kodama, J. Krishnan, C. L. S. Lewis, D. Neely, P. Norreys. D. O. Neill, G. J.
Pert, S. A. Ramsden, J. P. Raucourt, G. J. Tallents, J. Uhomoibhi, X-ray Lasers, Inst. Phys. Conf.
Ser. No. 125 (1992).

[89] A. Carillon, H. Z. Chen, P. Dhez, L. Dwivedi, J. Jacoby, P. Jaegle, G. Jamelot, Jie Zhang, M. H. Key,
A. Kidd, A. Klisnick, R. Kodama, J. Krishnan, C. L. S. Lewis, D. Neely, P. Norreys, D. O’Neill, G.
J. Pert, S. A. Ramsden, J. P. Raucourt, G. J. Tallents and J. Uhomoibhi, Phys. Rev. Lett. 68, 2917
(1992).

[90] B. Rus, T. Mocek, A. R. Prag, M. Kozlova, G. Jamelot, A. Carillon, D. Ros, D. Joyeux, and D.
Phalippou, Phys. Rev. A 66, 063806 (2002).

[91] S. Sebban, H. Daido, N. Sakaya, Y. Kato, K. Murai, H. Tang, Y. Gu, G. Huang, S. Wang, A. Klisnick,
Ph. Zeitoun, F. Koike, and H. Takenaka, Phys. Rev. A 61, 043810 (2000).

[92] P. Jaegle, A. Carillon, P. Dhez, P. Goedtkindt, G. Jamelot, A. Klisnick and B. Rus, X-ray Lasers 1994;
AIP Conf. Proc. 332, 25 (1995).

[93] B. Rus, A. Carillon, P. Dhez, B. Gauthe, P. Goedtkindt, P. Jaegle, G. Jamelot, A. Klisnick, M. Nantel,
S. Sureau and Ph. Zeitoun, X-ray Lasers 1994; AIP Conf. Proc. 332, 152 (1995).

[94] B. Rus, A. Carillon, P. Dhez, P. Goedtkindt, P. Jaegle, G. Jamelot, A. Klisnick, M. Nantel, and Ph.
Zeitoun, Phys. Rev. A 55, 3858 (1997).

[95] P. J. Warwick, C. L. S. Lewis, S. McCabe., A. G. MacPhee, A. Behjat, M. Kurkcuoglu, G. J. Tallents,
D. Neely, E. Wolfrum, S. B. Healy and G. J. Pert, Opt. Comm. 144, 192 (1997).

[96] S. Wang, G. Zhou, G. Zhang, J. Zheng and S. Chunyu, X-ray Lasers 1994; AIP Conf. Proc. 332, 293
(1995).

[97] J. Nilsen, Y. Li, J. C. Moreno and E. E. Fill, Opt. Comm. 124, 287 (1996).

[98] J. Zhang, P. J. Warwick, E. Wolfrum, M. H. Key, C. Danson, A. Demir, S. Healy, D. H. Kalantar, N. S.
Kim, C. L. S. Lewis, J. Lin, A. G. MacPhee, D. Neely, J. Nilsen, G. J. Pert, R. Smith, G. J. Tallents,
and J. S. Wark, Phys. Rev. A 54, R4653(1996).

[99] J. Nilsen, J. C. Moreno, L. B. Da Silva and J. A. Koch, Proc. SPIE 2520, 97 (1995).

[100] J. Nilsen, J. C. Moreno, B. J. MacGowan and J. A. Koch, Appl. Phys. B 57, 309 (1993).

[101] E. E. Fill, Y. Li and G. Pretzler, IEEE J. Selected Topics Quant. Electron.1, 958 (1995).

[102] E. E. Fill, Y. Li, D. Schlogl, J. Steingruber and J. Nilsen, Optics Lett. 20, 374 (1995).

[103] Y. Li, G. Pretzler and E. E. Fill, Optics Lett. 20, 1026 (1995).

[104] Y. Li, G. Pretzler and E. E. Fill, Phys. Rev. A 51, R4341 (1995).

[105] Y. Li, G. Pretzler and E. E. Fill, Phys. Rev. A 52, R3433 (1995).



Bibliography 51

[106] Y. Li, G. Pretzler and E. E. Fill, Appl. Phys. B 63, 125 (1996).

[107] J. Zhang, A. G. MacPhee, J. Lin, E. Wolfrum, R. Smith, C. Danson, M.H. Key, C.L.S. Lewis, D.
Neely, J. Nilsen, G.J. Pert, G.J. Tallents, J.S. Wark and P.J. Warwick, Phys. Lett. A 234, 410 (1997).

[108] R. Tommasini, F. Lowenthal and J. E. Balmer, Phys. Rev. A 59, 1577 (1999).

[109] A. Klisnick, D. Ros, Ph. Zeitoun, F. Albert, A. Carillon, P. Fourcade, S. Hubert, P. Jaegle, G. Jamelot,
C. L. S. Lewis, A. Mac Phee, R. O’Rourcke,R. Keenan, P. Nickles, K. Janulewicz, M. Kalashnikov,
J. Warwick, J. C. Chanteloup, E. Salmon, C. Sauteret, J. P. Zou, D. Joyeux and D. Phalippou, X-ray
Lasers 1998; Inst. Phys. Conf. Ser. No. 159, IOP Publishing, P.107 (1998).

[110] Y. A. Afanasiev and V. N. Shlyaptsev, Sov. J. Quantum Electron. 19,1606 (1989).

[111] P. V. Nickles, M. Schnuer, M. R. Kalashnikov, I. Will and W. Sandner, Proc. SPIE 2520, 373 (1995).

[112] P. V. Nickles, V. N. Shlyaptsev, M. Kalachnikov, M. Schnürer,I. Will, and W. Sandner, Phys. Rev.
Lett. 78, 2748-2751 (1997).

[113] P. Jaegle, Coherent Sources of XUV Radiation, pp.16, Springer (2006).

[114] Dunn J, Osterheld A L, Shepherd R, White W E, Shlyaptsev V N and Steward R E, Phys. Rev. Lett.
80, 2825 (1998).

[115] P. J. Warwick, C. L. S. Lewls, M. P. Kalachnikov, P. V. Nickles, M. Schnurer, A. Behiat, A. Demir , G.
J. Tallents, D. Neely, E. Wolfrum, J. Zhang and G. J. Pert , J. Opt Soc. Am. B 15, 1808 (1998).

[116] M. Kado, A. Nagashima, K. Nagashima, T. Kawachi, N. Hasegawa, M. Tanaka, T. Hosokai, K.
Sukegawa, A. Sasaki and Y. Kato, Proc. SPIE 3776 242–248 (1999).

[117] C. L. S. Lewis, R. Keenan, A. G. MacPhee, B. Moore, R. M. N. O’Rourke, G. J. Tallents, S. Dobosz,
J. Peschete, F. Strati, J. S. Wark, E. Wolfrum ,G. J. Pert, S. P. MacCabe, P. A. Simms, R. Allott, J.
Collier, C. N. Danson, A. Djaoui and D. Neely, Proc. SPIE 3776, 292–301 (1999).

[118] A. Klisnick, Ph. Zeltoun , D. Ros, A. Carillon, P. Fourcade, S. Hubert, G. Jamelot, C. L. S. Lewis, A.
G. MacPhee, O. RourckeRMN, R. Keenan, P. V. Nickles, K. Janulewicz, M. Kalashnikov, J. Warwick,
J. C. Chanteloup, A. Migus, E. Salmon, C. Sauteret and J. P. Zou, J. Opt. Soc. Am. B 17, 1093
(2000).

[119] J. Nilsen, Y. Li and J. Dunn, J. Opt. Soc. Am. B 17, 1084 (2000).

[120] P. Jaegle, Coherent Sources of XUV Radiation, pp.196-202, Springer (2006).

[121] M. P. Kalachnikov, P. V. Nickles, M. Schnürer, W. Sandner, V. N. Shlyaptsev, C. Danson, D. Neely,
E. Wolfrum, J. Zhang, A. Behjat, A. Demir, G. J. Tallents, P. J. Warwick, and C. L. S. Lewis, Phys.
Rev. A 57, 4778 (1998).

[122] J. Dunn, Y. Li, A. L. Osterheld, J. Nilsen, J. R. Hunter and V. N. Shlyaptsev, Phys. Rev. Lett. 84,
4834 (2000).



52 Bibliography

[123] Y Li, J. Dunn, J. Nilsen, T. W. Barbee, A. L. Osterheld and V. N. Shlyaptsev, J. Opt. Soc. Am. B 17,
1098 (2000).

[124] H. Fiedorowicz, A. Bartnik, J. Dunn, R. F. Smith, J. Hunter, J. Nilsen, A. L. Osterheld and V. N.
Shlyaptsev, Opt. Lett. 26, 1403 (2001).

[125] P. Lu, T. Kawachi, M. Kishimoto, K. Sukegawa, M. Tanaka, N. Hasegawa, M. Suzuki, R. Tai, M.
Kado, K. Nagashima, H. Daido, Y. Kato and H. Fiedorowicz, Opt. Lett. 27, 1911-1913 (2002).

[126] S. Sebban, R. Haroutunian, Ph. Balcou, G. Grillon, A. Rousse, S. Kazamias, T. Marin, J. P.
Rousseau, L. Notebaert, M. Pittman, J. P. Chambaret, A. Antonetti, D. Hulin, D. Ros, A. Klisnick,
A. Carillon, P. Jaeglé, G. Jamelot, and J. F. Wyart, Phys. Rev. Lett. 86, 3004 (2001).

[127] S. Sebban, T. Mocek, R. Haroutmain, B. Rus, Ph. Balcou, D. Ros, G. Grillon, A. Rousse, S. Kaza-
mias, T. Marin, J. P. Roussean, L. Notebaert, M. Pittman, J. P. Chambaret, A. Antonett, D. Hulin, A.
Klisnick, A. Carillon, P. Jaegle and J. F. Wyart, Proc. SPIE 4505, 195–203 (2001).

[128] T. Kawachi, M. Kado, M. Tanaka, A. Sasaki, N. Hasegawa, A. V. Kilpio, S. Namba, K. Nagashima,
P. Lu, K. Takahashi, H. Tang, R. Tai, M. Kishimoto, M. Koike, H. Daido, and Y. Kato, Phys. Rev. A 66,
033815 (2002).

[129] R. Keenan, J. Dunn, P. K. Patel, D. F. Price, R. F. Smith, and V. N. Shlyaptsev, Phys. Rev. Lett. 94,
103901 (2005).

[130] D. Ursescu, B. Zielbauer, T. Kuehl, and P. Neumayer, Phys. Rev. E 75, 045401 (2007).

[131] D. Zimmer, B. Zielbauer, V. Bagnoud, U. Eisenbarth, D. Javorkova and T. Kuehl, Optics Exp. 16,
10398-10403 (2008).

[132] D. Zimmer, B. Zielbauer, M. Pittman, O. Guilbaud, J. Habib, S. Kazamias, D. Ros, V. Bagnoud, and
T. Kuehl, Optics Lett. 35, 450-452 (2010).

[133] B. Ecker, E. Oliva, B. Aurand, D. C. Hochhaus, P. Neumayer, H. Zhao, B. Zielbauer, K. Cassou, S.
Daboussi, O. Guilbaud, S. Kazamias, T. T. T. Le, D. Ros, P. Zeitoun, and T. Kuehl, Optic Exp. 20,
25391-25399 (2012).

[134] K. A. Janulewicz and C. M. Kim, Phys. Rev. E 82, 056405 (2010).

[135] Y. Wang, E. Granados, M. A. Larotonda, M. Berrill, B. M. Luther, D. Patel, C. S. Menoni, and J. J.
Rocca, Phys. Rev. Lett. 97, 123901 (2006).

[136] L. Li, Y. Wang, S. Wang, E. Oliva, L. Yin, T. T. T. Le, S. Daboussi, D. Ros, G. Maynard, S. Sebban,
B. Hu, J. J. Rocca, and Ph. Zeitoun, Optics Lett. 38, 4011-4014 (2013).

[137] Y. Wang, S.Wang, E. Oliva, L. Li, M. Berrill, L. Yin, J. Nejdl, B. M. Luther, C. Proux, T. T. T. Le, J.
Dunn, D. Ros, Ph. Zeitoun and J. J. Rocca, Nature Photonics 8, 381-384 (2014).

[138] W.L. Kruer, The Physics of Plasma Laser Interactions, Frontiers in Physics, Addison-Wesley, Red-
wood City, CA, 1988.



Bibliography 53

[139] P. Jaegle, Coherent Sources of XUV Radiation, pp.69-72, Springer (2006).

[140] T.P. Hughes, Plasmas and Laser Light, Adam Hilger, The Institute of Physics, Bristol, England,
1975.

[141] P. Jaegle, Coherent Sources of XUV Radiation, pp.23-28, Springer (2006).





CHAPTER 3

Optical Properties Study of Seeded SXRL

The promise of high beam quality of SXRL became clear after the pioneer x-ray imaging attempts
from the 1970′s to 1980′s, when Schmahl and Kirz with their colleagues proposed the development
of full-field transmission [1, 2] and scanning transmission [3, 4] x-ray microscopies in synchrotron
radiation source respectively. Nowadays, soft x-ray imaging at the nano- and micro-scale is of great
interest for applications in physical, chemical and life sciences, such as x-ray microscopy [5, 6, 7, 8],
error-free nano-patterning [9], photochemistry [10], materials characterization [11, 12], CDI [13, 14],
x-ray holography [15, 16, 17] and development of nano-probe [18]. Many of the applications are calling
for the excellent optical properties of the soft x-ray source.

We therefore performed three experiments to investigate the SXRL optical properties from different
seeding approaches. In the first Section, SXRL generated by ASE self-seeded scheme with double
plasma amplifiers (molybdenum) was carried out at GSI (Germany). ASE from the first plasma amplifier
was rated as the seed injected to the second plasma amplifier using an injection mirror. In Section 2,
SXRL coherent seeding experiment was conducted at LASERIX (France). HH pulse from argon gas cell
was directly seeded into titanium-plasma amplifier without any imaging x-ray optics. The characteristics
of the plasma amplifier and amplified HH pulse (32.6 nm) were studied. In Section 3, another HH seeded
SXRL experiment was carried out at Colorado State University (US). A toroidal mirror was adopted for
the injection of HH pulse from neon gas puff into molybdenum plasma amplifier. Wave front of the HH
seed pulse and amplified seed pulse (18.9 nm) were comprehensively discussed.

3.1 ASE self-seeded SXRL at GSI

Since the first significant amplification on soft x-ray emission demonstrated in 1985 [19, 20], laser driven
SXRL sources have achieved remarkable progress. Their size has been greatly reduced and repetition
rate has been increased by several orders of magnitude, recently reaching 100 Hz [21] in a table-top.
These advances are opening a wealth of applications in the fields of high resolution imaging, error-
free nano-patterning, photochemistry, materials characterization, and the development of nano-probes
[9]. Pulse energy of the x-ray emission from the laser-based plasma has demonstrated mJ level, which
meets most of the energy requirements for the x-ray imaging. However, the poor beam properties in
spatial coherence and pulse duration of this ASE, due to its stochastic nature, are limiting parameters in
the development of the ultra-fast, high resolution CDI [22, 9]. Early efforts [23, 24] to improve the beam
quality of the plasma-based ASE under the QSS pumping scheme, demonstrated saturated amplification,
but no apparent improvement on pulse duration and spatial coherence. Ten years ago, Tanaka et al. [25]
and Nishikino et al. [26] demonstrated a double-stage x-ray laser of near diffraction-limited divergence
and highly spatial coherence. In both experiment, the oscillator-amplifier were pumped by double IR
driven lasers incident onto the target in opposite. And TW was taken into account in oscillator plasma.
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With the benefit of our DGRIP pumping scheme [27, 28] (see Section 2.6.3), which relies on two
collinear pulses that are focused onto the targets in grazing incidence, we conducted this double-stage
x-ray plasma amplifier experiment. This intrinsically provides travelling waves for both targets and allows
for a more efficient pumping as compared to the normal incidence pumping. More importantly, the DGRIP
scheme allows for an exceptionally compact and simple double-stage SXRL setup, as it relies only on two
beams and one target. As reported in previous experiment [28], a first proof-of-principle experiment using
this "Butterfly" scheme resulted in an amplified SXRL with 3 ps pulse duration and 1 µJ pulse energy. In
this section, we present the results of a follow-up experiment carried out at the PHELIX laser facility [29],
using molybdenum (18.9 nm) slab target in a very compact setup and working at low pump energy. In
addition to the DGRIP technique, the influence of a third pumping pulse has been studied. Previously, it
has been demonstrated that a third pulse can significantly reduce the energy required to pump the SXRL
[30]. Also, it has been shown that a third pulse affects the near-field of the SXRL [31] and prolongs the
lifetime of the target [32]. In this work, seeded SXRL operation has been demonstrated in both pumping
schemes, resulting in an increased brilliance of two orders of magnitude compared to the original seed
pulse.

3.1.1 Experimental setup

This experiment [33] was conducted at GSI using the PHELIX laser facility [34] in collaboration with
the team of Prof. T. Kuehl. The PHELIX laser system is illustrated in Fig. 3.1. A Mach-Zehnder like
interferometer, which was implemented in the short-pulse Front-End of the PHELIX laser, was used to
create the chirped double-pulse structure required for the DGRIP scheme [27]. After compression, the
pulse durations of the two pulses were 200 ps (pre-pulse) and 2 ps (main pulse), respectively. Using the
PHELIX pre-amplifier section, the total pump energy amounted to 600 mJ, equally distributed between
two individual pump beams.

Inside the target chamber, spherical mirrors (Sph.) have been used to focus the beams onto the Mo
slab target, as illustrated in Fig. 3.2. The GRIP angle was 25◦ for both beams, which resulted in a TW of
approximately 1.1 c according to ray tracing simulations. The line focus providing the seed-plasma was
5 mm × 90 µm, leading to intensities of 8×1010 Wcm−2 and 2×1013 Wcm−2 for the pre-pulse and main
pulse, respectively. The amplifier medium (amplifier-plasma) was pumped by a 2.5 mm × 220 µm focus
at intensities of 7×1010 Wcm−2 for the pre-pulse and 1×1013 Wcm−2 for the main pulse. The line foci
were vertically separated by ∼3 mm.

To inject the ASE seed into the amplifier-plasma, a spherical extreme ultraviolet (EUV/XUV) mirror
(Inj., f = 1.2 m) was installed at 275 mm distance to the target. This distance defined the optimum delay
between the two IR main pulses to τ = 1835 ps. In this way, the seed pulse arrives at the same time
at the target as the IR pulse pumping the amplifier medium, as indicated in the inset 3.2(b). Using a
fast rise-time photo-diode and a 12 GHz oscilloscope, the timing of the two IR main pulses has been
set with an uncertainty of ±15 ps. Within this time window, the ideal injection time had to be found
experimentally, using a delay stage implemented in the beam-line that provided the pumping pulses for
the amplifier medium. In the following, the delay of 1835 ps will be referred to as 0 ps. It should be
noted, that due to the large uncertainty of ±15 ps, only the relative delay provides useful information, the
absolute values cannot be interpreted. As described in more detail in [28], the line foci pumping the seed
and the injection mirror were tilted, in order to compensate the vertical separation between the seed- and
the amplifier-plasma. Spatial overlap of the seed pulse with the amplification zone was estimated to 2%.
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Figure 3.1: Schematics of the PHELIX laser system. The beam is presently used at three different target stations:
1) x-ray laser lab, 2) target chamber after the compressor, 3) target station "Z6" at the heavy-ion accelerator beam-
line. from [34]

Figure 3.2: Sketch of experiment setup of ASE self-seeding with the three or two pulses GRIP shceme. Plasma
driven laser pulses configuration is displayed in inset (a) and the seed-plasma and amplifiers are described in inset
(b).

As a consequence, the setup should prove insensitive to pointing fluctuations of the ASE seed. To detect
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the amplified seed signal, a 16−bit back illuminated charge-coupled device (CCD) camera (Andor DX
434-BN) was positioned 40 cm away from the target. In addition, a 45◦ XUV multilayer mirror, as well as
set of aluminium filters of various thickness between 0.2 µm and 4.1 µm have been deployed. Finally,
it should be noted that the experiments were carried out using the PHELIX front-end and pre-amplifier
section only, which can be operated at a repetition rate of one shot in every two minutes.

3.1.2 Results in double grazing incident pumping

For ASE self-seeding operation using DGRIP, the following set of parameters has been used. Pulse
durations of the pre-pulse and main pulse were chosen as 200 ps and 2 ps, respectively, with an optimized
delay of 225 ps between each other. Each target was pumped by 300 mJ of total pump energy, with an
energy ratio of 25% − 75% for the pre-pulse and main pulse. In order to find the optimum injection
time, the delay between the two IR heating beams has been varied in step of 1 ps. The first sign of
amplification was observed in a 50 µm wide region 40 µm away from the target surface (see Fig. 3.3).
This measurement series basically mapped the temporal development of the horizontal size of the gain
zone, as represented in Fig. 3.4. During the first 6 ps after injection the horizontal size of the gain zone
increased, reaching its maximum of 170 µm in a 1 ps long time frame. Sequentially, the seed pulse
amplification is decreasing due to the depletion of the population inversion within the amplifier medium.
As expected, the vertical size of the gain zone, defined by the width of the line focus, remained constant.
However, it should be noted that the measured vertical size of 30 µm was significantly smaller compared
to the 220 µm width of the line focus. This discrepancy might indicate that the available amount of pump
energy or intensity were not sufficient for this line focus width. According to Fig. 3.4, the life time of the
gain (FWHM) can be estimated to 3 ps, which also presents the maximum duration of the amplified SXRL
pulse. A maximum output pulse energy of 90 nJ was obtained as the gain medium reached its largest
horizontal extension, corresponding to a total pumping efficiency (amplified seed pulse energy / total IR
pump energy for both stages) of 2×10−7. Defining an amplification factor by the ratio of photon counts
of the ASE seed and the amplified seed, a maximum amplification of 60 was observed with 2.5mm long
amplifier medium. Fig. 3.3(a−c) show examples of the measured footprint patterns at different injection
times, displaying the excellent homogeneity of the spatial profile of the amplified pulse. Its divergence
amounts to 0.5 mrad × 4 mrad at the optimum injection time (Fig. 3.3(b)), leading to a brilliance of
2×1023 photons/s/mm2/mrad2 in an estimated relative bandwidth of 5×10−5 [35].

3.1.3 Implementation of the third pumping pulse

According to above observations, with DGRIP scheme, the amplifier-plasma showed elliptical gain zone
(optimum at 170×30 µm2) structure, and amplified beam showed asymmetrical divergence in horizontal
and vertical as well as poor energy amplification (maximum 60 times) with high fluctuation. We therefore
performed modified pumping scheme using a ns pre-pulse before the previous two pulses, as described
in inset (a) of Fig. 3.2, which is so called TGRIP (GRIP with triple-pulse beam). The PHELIX laser system
contains two independent Front-End delivering pulses of either nanosecond or femtosecond duration as
depicted in Fig. 3.1. In front of the pre-amplifier section, the double-pulse created by the Mach-Zehnder
interferometer in the short-pulse Front-End can be combined with the pulse generated by the long-pulse
Front-End. Thus, the PHELIX pre-amplifier can provide two independent beams, each carrying an identi-
cal series of up to three collinear pulses. In contrast to the double-pulses of the short-pulse Front-End, the
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Figure 3.3: Amplified ASE seed beam profiles after 2.5 mm long plasma amplifier with different seed injection time
at (a) 4 ps, (b) 6 ps and (b) 8 ps referred to the amplification curve displayed in Fig. 3.4. The white dashed line
indicated target surface location.

pulses from the ns-Front-End are not chirped and will maintain their comparably long duration of 1.7 ns
while amplified to energies as high as 500 mJ. This energy is equally divided in the two pumping beams,
leading to intensities of ∼2×1010 Wcm2 on both targets. In the following, these pulses will be referred
to as ns-pulse, whereas the nomenclature of the pre-pulse and main pulse created by the short-pulse
Front-End is maintained.

The influence of the preceding ns-pulse has been investigated using different pulse durations of the
ns-pulse, and changing the delay between the pre-pulse and the main pulse. The delay between the
maximum of the ns-pulse and the maximum of the main pulse has been varied from 5 ns to 0.5 ns by
step of 0.5 ns. For these delays, several measurement series have been performed. Optimum amplified
seed performance was achieved with the parameter set used in the DGRIP scheme described above,
combined with a ns-pulse of 1.7 ns duration at a delay of 2 ns - 3 ns. Here, it has been found that the third
pulse has a beneficial effect on the properties of the amplified beam, as well as the magnitude of the gain,
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Figure 3.4: Temporal evolution of the amplification curve (black line) and horizontal size of the amplifier plasma
gain zone (blue line). The injection time at 0 ps was not calibrated with respect to the pump pulse.

which is consistent with the results presented by Cassou et al. [31]. The divergence of the final output
beam added up to 2 mrad × 2 mrad, leading to a symmetric beam profile. As illustrated in Fig. 3.5,
the footprint patterns of the amplified seed recorded in a series of consecutive shots on the same target
position. The data also gives an account of the typical stability of the lasing. Remarkably constant are
the shape and the horizontal position of the seeded SXRL beam. The vertical position showed a drift of
100 µm/shot in the detection plane of CCD camera, probably due to a drift of a mechanical component
inside the target chamber or of the pump laser pointing. An increasing trend of the energy of the SXRL
pulses is related to the fact that a new target position was used at the beginning of this measurement
series.

Figure 3.5: Shot-to-shot stability of the amplified seed beam through 2.5 mm plasma amplifier at DGRIP scheme.

Fig. 3.6 shows the pulse energy of the seeded SXRL along injection times of the seed. As mentioned
in the previous section, only the relative delays hold significant information while the absolute values can-
not be interpreted. From this data, the lifetime of the gain within the Mo plasma can be deduced to 5 ps
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(FWHM), which is longer compared to the 3 ps (FWHM) observed in the double-pulse pumping scheme.
At the optimum injection time (12 ps), pulse energy of 240 nJ was achieved. Thus, the amplified seed
pulse energy exceeded the energy of the original seed pulse (120 nJ), despite the low spatial injec-
tion efficiency. The conversion efficiency obtained with triple-pulse pumping is identical to the efficiency
achieved in DGRIP in a single target. The brilliance is improved by two orders of magnitude to 4×1023

photons/s/mm2/mrad2 with same relative bandwidth (∼5×10−5).

Figure 3.6: Energy evolution of the seeded SXRL pulse along the injection time.

3.1.4 Discussion and outlook

In this section, we demonstrated ASE self-seeded SXRL operated at 18.9 nm using a double-stage
plasma configuration with moderate pump energy. Applying a series of either two or three collinear
pumping pulses under grazing incidence allowed for a remarkably simple and compact setup, relying only
on a single target and two pumping beams. One of the most important results is a detailed mapping of
the temporal development of the gain zone, providing valuable information for both Maxwell-Bloch codes
and hydrodynamic codes (see Chapter 4). Despite the fact that a relatively low fraction of the seed pulse
was injected, the amplified seed pulse energy of 100 nJ – 250 nJ was of the same order as the energy
of the original seed pulse. However, due to the improvement of the beam quality, the brilliance of the
amplified seed up to 4×1023 photons/s/mm2/mrad2 in the estimated relative bandwidth of 5×10−5 is
two orders of magnitude larger respected to the seed.

The amplification factor of 60 observed in our experiments shows strong potential to reach higher
SXRL pulse energy. The stable self-seeding operation demonstrated here indicates that the energy- and
pointing-fluctuations of the original seed pulse were not limiting factors. Therefore a further increase of the
spatial overlap between the ASE seed beam and the amplification medium should be possible without
deteriorating the beam quality. This should lead to a more efficient energy extraction of the amplifier
medium, until eventually saturation is reached. Using a higher pump energy in the amplifier zone with
a wider line focus, much larger amplification medium could be generated, leading to a higher energy of
the amplified SXRL pulse [36] (more discussion in Chapter 4). Moreover, due to the nature stochastic of
incoherent ASE seed, this ASE self-seeding technique has several disadvantages, such as poor spatial
coherence, long pulse duration (several ps) and inefficient amplification, which is extremely limited to



62 Chapter 3. Optical Properties Study of Seeded SXRL

most of the high resolution SXRL phase imaging [22, 9]. A more efficient x-ray seeding approach with
fully coherent seed source is required.

3.2 HH injection SXRL seeding experiment at LASERIX

Plasma-based ASE has attracted much attentions for the pursuit of high energy, ultrashort, coherent
SXRL source over past three decades. Many practical techniques have been demonstrated achieving
beam quality improvements, such as multi-pulse pumping [37, 38, 39], curved target [23], half-cavity
configuration [35, 40, 41] and oscillator-amplifier system [28, 27, 83]. The proved mJ-class x-ray en-
ergy stored in the laser induced plasma [19, 20, 43] is attractive to the table-top SXRL development.
Researchers realized that seeding is an expedient technique to extract the enviable energy from the
laser-induced plasma.

As a practical attempt, ASE self-seeding was performed in above section. However, it is important
to point out that the amplified output beam quality is fundamentally dependent on the optical properties
of the seed pulse, as it occurs in the conventional amplification of Ti:sapphire lasers [44]. Owing to this
inherited characteristic of the seeding technique, ASE with poor beam properties in spatial coherence,
divergence and pulse duration are not adequate to achieve ultrashort, fully coherent amplified SXRL.
Seeking for a fully coherent seed source becomes to be necessary. Coincidently, high order harmonic
source was proposed towards soft x-ray region [45, 46] and was soon practically proved as fully temporal
and spatial coherence in experiment [47]. This diffraction limited beam [48, 49] remains similar beam
properties as the input driven laser beam, providing an excellent alternative for the seeding SXRL al-
though the HH pulse energy is rather low (< nJ).

The first successful coherent x-ray seeding experiment was performed ten years ago [50], where fully
coherent HH pulse was injected into a gas-based x-ray plasma amplifier. Final output exhibited as full
saturation, strong energy (∼1 µJ), high coherence and full polarization inherited the resembling beam
quality as the coherent HH seed, showing the attractive advantages of using coherent seed. Seeding
with solid-plasma amplifier [51], which potentially stores much more energy in the x-ray plasma amplifier,
was sequentially inspired. We therefore concentrate on this fully coherent seeded SXRL with solid-based
x-ray plasma amplifier using the excellent HH seed.

3.2.1 Experiment details

The characteristics investigation of the HH-seeded SXRL was conducted at LASERIX laboratory (see
Fig. 3.7). As illustrated in Fig. 3.8, high harmonics signal was generated by focusing 3 mJ, 50 f s IR
laser beam at the entrance of 1 cm long argon gas cell (backup pressure ∼60 mbar) with 1 m focal
length. The titanium slab target was set 7 cm away from the gas cell. Sequentially, the SXRL plasma
amplifier was generated by the irradiation of three pulses to the Ti slab target—a ns-level long pre-pulse
(532 nm) coupled with two ps-level short pump pulses (810 nm), which are described at the inset figure.
Pre-pulse (150 mJ, 6 ns FWHM Gaussian pulse) from a Nd: YAG green laser (532 nm) was focused
into a 4 mm × 200 µm line on the slab target with normal incidence by adopting a cylinder lens and a
spherical mirror. The created warm plasma was subsequently expanding. The 1st short pulse (∼370 mJ,
5 ps FWHM in Gaussian) was arriving at the target at 3 ns after the peak of the YAG pre-pulse. It was
focused into a same line as the pre-pulse and with 20◦ grazing incident angle to promote the plasma to
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Figure 3.7: Picture of the seeding SXRL experiment beam line at LASERIX. The near-field image system consti-
tuted with a spherical mirror ( f = 0.5 m), a pair of BK7 flat mirrors, two removable Al filters and an x-ray CCD.

Ne-like ionization stage. Finally, plasma was heated by a 2nd short pulse (∼610 mJ, 5 ps FWHM in

Figure 3.8: Schematic diagram of HH-injection seeded SXRL experiment in LASERIX.

Gaussian) following the 1st short pulse beam path but with 10 ps peak-to-peak time delay. Large popula-
tion inversion between the upper lasing level and lower lasing level was eventually generated as explained
in Chapter 2, Section 2.6. Grazing incident angle of the two short pump pulses are involving with the
travelling wave compensation [52] (see Chapter 2, Section 2.6.3). Moreover, the two short pulses were
generated employing a pellicle coupled with a wave-plate, as depicted in Fig. 3.9, where a detailed layout
of the target chamber was described.

The seeded SXRL is emitted along the direction of the line focus and has a privileged amplification
following the direction of the travelling wave. Final output was analysed by different systems. An alu-
minium filter with 300 nm thickness was placed at 1 m after the plasma amplifier to stop the IR laser. A
removable 45◦ multilayer flat mirror was employed sending the beam to the x-ray CCD and spectrometer,
respectively, which was positioned at 16 cm after the first Al filter. The alternative diagnostics for footprint
and spectral information of the final output SXRL was controlled by turning the 45◦ multilayer mirror. For



64 Chapter 3. Optical Properties Study of Seeded SXRL

Figure 3.9: Layout of the target chamber with the four laser beams. YAG green laser irradiated to the titanium slab
target is dedicated to create warm plasma, which was sequentially reaching the high ionization stage (Ne-like) and
strong population inversion by the double-short lasers generated by the pellicle. The high harmonics beam was
generated using a 1 m-focal-length lens to focus the IR driven laser at the entrance of a 1 cm long argon gas cell.

the footprint beam detection, the 45◦ multilayer mirror has to be activated and an extra removable 300 nm
Al filter with grids was set in front of the x-ray CCD in order to avoid the detector saturation. The footprint
CCD was installed at 10 cm after the 45◦ mirror. However, without using the 45◦ multilayer mirror, the
output SXRL is available for the spectrometer detection, which is composed with transmission grating
(13×13 mm2, 1000 lines/mm) and a vacuum x-ray CCD. A spherical mirror was employed delivering the
SXRL beam to the transmission grating, which also allows a horizontal focusing effect.

In addition, there is a near-field imaging system for the exit of the plasma amplifier installed in the
big target chamber and the followed smaller chamber as depicted in Fig. 3.7. It is constituted with a
spherical mirror ( f = 0.5 m), a pair of BK7 flat mirrors, two removable Al filters (1 µm and 0.3 µm). The
spherical mirror is for the imaging relay and BK7 mirrors are used to substantially reduce the IR driven
laser and two removable filters are contributed to the flexible final near-filed detection of the exit of this
plasma amplifier.

3.2.2 Characteristics of the coherent seeding

First of all, optimizing HH seed beam footprint and spectral profiles were performed, which is the guaran-
tee of the SXRL seeding. HH beam (<2 mrad) was generated from argon gas cell and the footprint image
was illustrated in Fig. 3.10 (a). The spectra of the HH pulse was detected without the 45◦ multilayer mir-
ror, as it shown in Fig. 3.10 (b). It is apparent that the left beam spots with symmetrical diffraction orders
are contributed by the IR laser, which is not well stopped without using the 45◦ multilayer mirror. The zero
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order of the IR laser (810 nm) is located at the centre of the left spots. One could also observe the high
order harmonics signals mixed with the diffraction signals at the right part of the spectral image. High har-

Figure 3.10: Footprint (a) and spectrum (b) of HH seed generated from argon gas cell.

monics generation is dependent on the quantum effect during IR laser interactions with the gas-plasma in
the cell. All the orders are respected to the centre wavelength of the IR driven laser (810 nm). The most
interesting wavelength for the SXRL seeding experiment is 32.6 nm as marked in the Fig. 3.10(b) for the
25th HH order. In the sake of the guarantee for SXRL seeding, shot-to-shot HH beam energy stability was
measured and represented in Fig. 3.11, where three typical HH beam profiles were included. Energy
stability from shot-to-shot was obtained as ±16% over 20 consecutive shots, which is sufficient for the
input condition as coherent seed source for the SXRL seeding experiment.

Figure 3.11: HH signal shot-to-shot stability for the SXRL seeding experiment. The three sample images indicate
the typical beam profiles and energy statbility obtained as ±16%.

By adopting a BBO crystal coupled with a normal camera, one can calibrate the arrival time of the HH
seed and the peak of the 2nd short pump pulse at the centre location of the target. This timing calibration
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was done in the air using HH-driven laser (IR laser) instead of the HH seed to check the spatial and
temporal overlap between the HH beam and peak of the 2nd pump pulse. The spatial overlap can be
easily checked by the camera vision. However, the time matching is due to the weak lasing light (double
frequency) emitted between the two separated beams at afterwards of the overlap point. The T = 0 ps
was eventually set as the same arrival time at the centre of the plasma amplifier between HH seed and
the 2nd short pump pulse. The timing error during the alignment is estimated as ±0.3 ps. It is important
to note that the distance between the centre of the gas cell and the centre of the plasma amplifier is 7 cm.
By controlling the time window, HH seed was directly injected to the Ti-based plasma amplifier without
any injection optics.

The 25th HH order was then amplified due to the 3d94d(J = 0)→3d04p(J = 1) transition line in the
2 mm long Ti plasma amplifier. Some typical footprint image of the final output beam are displayed in
Fig. 3.12, from t = −2.3 ps to t = 3 ps. It is worth nothing that the images with grids shadow were
detected using double 300 nm Al filters, and only one 300 nm Al filter was employed for the rest. Fist of
all, an apparent temporal evolution of the amplified seed beam was observed with maximum amplification
appearing at T = 0.3 ps. This is because of the collisional pumping conditions in the plasma amplifier
which is due to the three pulses configuration for creation of the x-ray plasma amplifier (see the inset fig-
ure in Fig. 3.8). It is also the hydrodynamic behaviour of the dense plasma. Secondly, a deformed beam

Figure 3.12: Footprint images of amplified SXRL at different delays between the peak of 2nd short pump pulse
and arrival of HH seed. The deflected angle of amplified SXRL was 4 mrad with respect to the HH seed.

is visible at each delay by the left of the main amplified seed beam. The intensity of this deformed beam
is varying from the different injection times of the HH seed. This is considered as the break-amplified HH
seed, which is deflected by the dense plasma due to the density gradient. The refractive index of the x-ray
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plasma is described by Eq. (2.22), which is proportional to λ 2. Coupled with divergent seeding approach
of the HH injection (without any imaging optics), this strong refraction effect deflected the 32.6 nm SXRL
(more discussion in Chapter 4, Section 4.3.3). Another fact is the estimated HH beam size (150 µm) at
the plasma location is much bigger than the efficient gain zone (∼40 µm), therefore, owing to the spatial
mismatching, the un-amplified seed can be also detected. Both effects contributed to this double spots
behaviour. Moreover, one could see the strong fringes between the two spots, which are caused by the
interference between the two coherent beam (break-amplified seed and fully amplified seed) due to the
deflection by the plasma.

We therefore extracted the amplified seed signal carefully from detection plane, and plotted the am-
plification curve as a function of seed injection time represented in Fig. 3.13. The rapid rising time and
narrow gain life time (3 ps at FWHM) were observed due to the double short pumping pulse configuration.
The red line is corresponding to the 2nd short pump pulse. It is interesting to point out that the peak of
the gain achieved at exactly the arrival peak time of the 2nd short pump pulse.

Figure 3.13: Black line represents the SXRL amplification curve by seeding the HH beam to 2 mm long plasma
amplifier with different delays between the peak of the 2nd short pulse and arrival of HH seed. The time at 0 ps
is corresponding to the peak of the 2nd short pulse with 5 ps pulse duration (FWHM), as described in the inset of
Fig. 3.8. The red line indicates the temporal profile of the 2nd short pulse. add the horizontal time error bar

Thanks to the flexible imaging relay system, the near-field images of (a) HH seed, (b) ASE and (c)
amplified seed at the exit of the 2 mm plasma amplifier are obtained in Fig. 3.14. All the three cases
were detected with same Al filter configuration (300 nm). Fig. 3.14(b) shows only the ASE images with-
out seed. The near-field images are giving clear gain zone distribution. The right edge indicates the target
surface. In Fig. 3.14(c) the CCD saturation was achieved when seeding the HH pulse into the dense
part of the plasma region (gain region). This encouraged us to make more near-field images from various
plasma amplifiers. The exit of the plasma amplifier without any seed pulse were imaged as displayed in
Fig. 3.15, with plasma column length from 1.5 mm to 4 mm. ASE is significant increased with the plasma
length from 2 mm to 3 mm. Therefore, different filters were employed: 0.3 µm thick Al for 1.5 mm and
2.0 mm long plasmas; 1 µm thick Al for 3 mm and 4 mm long plasmas. One should note that there is a
stronger/denser part of the plasma amplifier appear at certain distance (∼15) µm from the target surface.
A specific gain zone can be defined around this strongest region.

Furthermore, the near field images from a variety of plasma amplifier lengths with HH seeding were
obtained (see Fig. 3.16). It is interesting to note that these images including three typical parts: the
general warm plasma, high density region and amplified seed beam (bright spot). The HH seed beam
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Figure 3.14: Near-field images at the exit of the 2 mm plasma amplifier.

location is also marked by the dashed circle. There is a separation observed between the high density
part of the plasma and amplified seed beam. It could be caused by the refraction when SXRL propagat-
ing in the dense plasma. As increasing the plasma length, separation between the amplified seed and
the gain zone is becoming slightly larger. Especially in Fig. 3.16(d), only the high density plasma was
visible while amplified seed beam was deflected away and beyond the detection region of the detection
system. It is implied that refraction effect becomes much stronger when increasing the plasma length. In
comparison, we drew the HH beam for each near-field images with respect to the HH location without the
plasma amplifier. One should beware of that the direct HH seeding approach indicates a divergent HH
seed injection to the plasma amplifier.

In summary, we performed the first successful HH-injection seeded SXRL with Ne-like plasma at
LASERIX. This direct injection configuration was observed with apparent amplification once propaga-
tion in the plasma amplifier. This seeding technique without coupling mirror makes simpler experiment
operation and remains higher energy of the seed pulse. However, strong refraction was achieved, due
to the divergent seed beam propagation in the large density gradient medium. In order to get efficient
seeding approach with higher amplification, one would suggest using a compensated injection mirror for
the seed pulse to a short plasma medium. Considering the plasma refractive index is proportional to the
λ 2, shorter wavelength has also less contribution to the refraction. Further seeding experiment would
be suggested to operate with shorter wavelength, shorter plasma amplifier, higher HH seed pulse and
refraction compensation (such as injection imaging mirror and curved target).
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Figure 3.15: Near-field images of SXRL plasma amplifier without seeding for (a) 1.5 mm, (b) 2.0 mm, (c) 3.0 mm
and (d) 4.0 mm long Ti target. The short pump pulse duration is 5 ps at FWHM. The size of the supposed lasing
region was remarked in the lower right of each figure.

3.3 Experiment on wave front of HH-seeded SXRL

Coherent seeding approach with x-ray plasma amplifier has brought a bright perspective to develop high
saturation, fully coherent and ultra-fast table-top SXRL source. With the purpose of high resolution phase
contrast and diffraction imaging, an increasing of spatial coherence is important. Besides, the wave front
of the beam must also be excellent. Indeed, imaging a sample with a phase contrast microscope and
a coherent source having an aberrated wave front will reduce the resolution and may even distort the
image. On the other hand, wave front characterization is also related to the radiation intensity of the
beam spot with micrometer dimension, as explained in the relation with Strehl ratio [53]. Furthermore,
a good wave front of the beam source is contributed to match the subsequent spectral compensation,
such as the proposed SXRL compressor [54] (see Chapter 4, Section 4.7). Previous work on wave
front of the HH source [48] and gas-plasma-based seeded SXRL source [69] showed near-diffraction
limited characteristics. However, the wave front of HH-seeded SXRL from solid-based plasma amplifier
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Figure 3.16: Near-field images of SXRL plasma amplifier with HH seed for (a) 1.5 mm, (b) 2.0 mm, (c) 3.0 mm
and (d) 4.0 mm long Ti target. The short pump pulse duration is 5 ps FWHM and HH beam size in the plasma
is ∼60 µm FWHM. The seeded SXRL (SSXRL) source size (FWHM) is 12 µm, 16 µm and 20 µm for 1.5 mm,
2.0 mm and 3.0 mm long plasma amplifier, respectively. It is interesting to note that , for the case of 4 mm long
plasma, the amplified seed was deflected away from detection system due to the reflection.

had not been studied prior to this work. Despite its crucial role in the applications and high intensity
achievement.We therefore performed an experiment [55] at Colorado State University to measure the
wave front of HH-seeded SXRL based on solid-plasma amplifier. X-ray Hartmann wave front sensor [56]
was employed to detect the output beam.

In this section, we firstly described working mechanism of the x-ray Hartmann wave front sensor
in Section 3.3.1. Then, the structure and calibration of the sensor was introduced in Section 3.3.2.
Finally, the wave front study of HH seed and amplified seed coupled with the detailed discussion were
represented in Section 3.3.3.
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3.3.1 Theory of wave front sensor

A wave front sensor is commonly used which allows the measurement of the phase of the incoming
light. In the SXRL region, there are several typical techniques to measure the wave front, such as
Shack-Hartmann wave front sensor [57], Shearing Interferometer [58], AIS wave front sensor [59], Wigner
distribution function [60, 61], curvature sensing and Hartman wave front sensor [56]. We use x-ray
Hartman wave front for the seeded SXRL wave front measurement in this experiment.

3.3.1.1 Wave front sensor operation

The Hartmann sensor was invented a century ago to perform optical meteorology [62]. Subsequently
these sensors have been adopted to a wide variety of applications including adaptive optics, ophthalmol-
ogy, and laser wave front characterization. We chose this sensor for the SXRL wave front measurement
in this experiment as a direct and efficient approach. This Hartmann wave front sensor [56] consists of
an aperture array mounted a distance from the detection plane (CCD). Fig. 3.17 shows the schematic
diagram of the sensor operation. Light incident on the sensor along z−axis first encounters the aper-
ture array. Each of the aperture acts like an optical lever, displacing the diffracted spot proportional to
the average phase tilt over the aperture. The wave front sensor measures the tilt over each aperture
by comparing the measured positions of the diffracted spots to the positions of the diffracted spots for
a reference input beam. If the overall wave front were flat, that is, if every isoplanatic region has zero
tilt and all parallel, each aperture would produce an diffraction pattern at a null position between its own
four pixel elements, as the black spots shown in Fig. 3.17, which is considered as the reference. When
considering a coherent beam with distorted wave front, the isopanatic region is tilted, the corresponding
diffraction image spot shifts and the four CCD elements record a unbalanced signal that indicates the ex-
act displacement, as depicted in the right images of Fig. 3.17. The tilt measurements are then converted
into a replica of the wave front by performing a form of integration called wave front reconstruction. The
reference diffracted spots are normally recorded by with a plane wave or spherical wave, this process is
so called sensor calibration, which will be discussed in Section 3.3.3.

3.3.1.2 Wave front recording

For the coherent beam, the first step in measuring a wave front with the Hartmann wave front sensor is to
determine the location of the diffracted spots. We use the coordinate system shown in Fig. 3.17. The z-
axis is the optical axis normal to the planes of the CCD and aperture arrays. The x and y axes are located
in the plane of the CCD array. The sensor is calibrated by recording an image of a uniform plane wave or
a spherical wave, as recorded as black spots in Fig. 3.17. It is important to note that, the diffracted spots
from reference beam are illustrated as same tidy array as the aperture array, while diffracted spots from
an arbitrary incident wave front are usually deviated from the tidy array. Diffracted spot locations are then
determined from the reference image by calculating their centroids or first moments along both the x-axis
and the y-axis. The centroid in the x direction, x , of an arbitrary intensity pattern is given as [63],
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. (3.1)

Where I(x,y) is the intensity as a function of x location and y location. To apply this equation for Hartmann
sensor, it needs to be modified. The CCD behind the Hartmann wave front sensor is comprised of a
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Figure 3.17: Drawing of the Hartmann wave front sensor operation. Showing an incident wave front traveling
along the z-axis illuminating an aperture array and the diffracted spots illuminating a CCD and the displacement of
a single diffracted spot from the reference location on the CCD. from [63]

set of discrete pixels that we describe by the variable i along the x-axis and j along the y-axis. It is
allowed to replace the integral with a summation. A rectangular grid of apertures is typically used when
building Hartmann wave front sensors to roughly match to the rectangular grid of photo-detectors in
the CCD. To find the locations of all the diffracted spots, the image firstly divided into an array of small
rectangular sections of pixels that are centered on the apertures with sides as long as the aperture
spacing. Therefore, the general centroid equation can be written as [63],

x =
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∑
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I(i, j)
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Where I(i, j) is the intensity measured by the pixel in the ith row and jth column, s is the spacing of
pixels along the x or y axes. The same equation can be used to determine the position of the diffracted
spot along the y-axis. The intensity used in the centroid calculation, I(i, j), is actually a threshold limited
intensity value. If the intensity is above the threshold the intensity value minus the threshold is used in
the calculation. If the intensity is below the threshold, the intensity at this pixel is set to zero. Threshold
limiting the intensity helps to minimize the effects of noise due to the camera and due to light diffracted
out of the primary diffracted order.

The gradient of the wave front can be calculated based on the motion of the centroid of a diffracted
spot. To perform any measurement, the Hartmann wave front sensor is illuminated with a beam whose
wave front, Φ(x,y) is being measured and the diffracted spot positions are determined from the CCD
image using the centroid algorithm. The slope of the measured wave front is determined by measuring
the spatial displacement of a diffraction pattern from that due to a reference wave (plane or spherical
wave front) incident on the same aperture array. As it presented in the right inset of Fig. 3.17, the
average gradient of the wave front over the aperture diameter along the x or y axes is calculated using
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the equation, [63]
dφ(x,y)

dx
=
4x

l
, (3.3)

dφ(x,y)
dy

=
4y

l
, (3.4)

here, l is the distance between the aperture array and the detector array.

3.3.1.3 Wave front reconstruction

Once the local wave front slopes have been determined, the wave front can be reconstructed by perform-
ing a type of integration on the gradient measurements. The HASO software can calculate the wave front
surface in two primary wave front reconstruction algorithms types, which are Zonal and Modal. The Zonal
wave front reconstruction is a type of numerical integration. The Modal wave front reconstruction fits the
data to a set of orthogonal surface polynomials.

Zonal reconstruction mode is often used in beam alignment phases or in laser beam analysis, be-
cause it can be adopted to all types of pupil. Its local slope signal integration concept lets it preserve
all the spatial high frequency information that makes the reconstructed wave front sensitive to any noise
on a local slope. To choose an appropriate pupil size is fundamentally required. This is the only method
that can be used for a special pupil shape, such as the seeded SXRL shapes. It is advantageous to
use a Zonal reconstruction method in the adjustment phase because the beam moves on the sensor.
The phase front can then be measured on all computable sub-apertures. In addition, the phase front
is then displayed on the physical pupil. The pupil and the beam aberrations can then be viewed on the
same window. The method used in this mode is attributed to Southwell, known as the Successive Over
Relaxation Method [64]. The idea behind the Southwell’s reconstructor is to minimize the error between
the reconstructed wave front and the measured wave front slopes. To achieve this goal, a scan is made
through the entire grid of wave front slope data and the wave front height is calculated at each point as
average height predicted by each of the neighbours as follows [63],
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1

∑
i=−1

In+i,m+ j·[φn+i,m+ j +(

∂φ

∂xn,m
+ ∂φ
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2
)·4] (3.5)

where φn,m is the wave front at grid location (n,m), 4 is the separation between the (n,m) integration
area and the (n+ i,m+ j) integration area, and In+i,m+ j is the intensity measured in the (n+ i,m+ j)
integration area.

Modal reconstruction mode has the advantage of providing the best possible determination of the
low spatial frequencies of the wave front such as tilts, curvature and third-order aberrations. This method
calculates the coefficients of the reconstruction polynomials (Legendre or Zernike), which are often used
in the field of optical metrology. The main disadvantage of this method is that it filters the high spatial
frequencies during reconstruction. It also introduces a constraint: the pupil must have a simple shape
(round or rectangular). This reconstruction is useful in solving problems involving the characterisation of
optics. It is used when a list of polynomial coefficients needs to be calculated. It is not recommended
when beams have high spatial frequencies (Fresnel lenses, etc.). Modal reconstruction requires a base
of orthogonal polynomials on a fixed support. The well-known Zernike polynomials of particular interest
in the case of circular and annular apertures as they are related to the classical aberrations [65] are
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used. Legendre polynomials are used for a rectangular pupil. Some of the important low-order Zernike
and Legendre polynomials are listed in the Appendix Tab. A.1 and Tab. A.2, respectively.

3.3.1.4 Wave front sensitivity

The sensitivity of the wave front sensor depends on the sensor’s ability to determine the position of
the diffracted spots on the CCD array. The error in determining the diffracted spot location includes
a set of factors such as CCD detector noise, coherent optical crosstalk between diffracted spots from
different apertures, and CCD digitization error and incoherent beam affect. CCD detection noise is often
coming from the dark current due to the operation temperature. The interference between the diffraction
patterns from adjacent array elements can be reduced by a specific design of the aperture shape. CCD
digitization error often corresponds to the read out problem, which is sensitive with the trigger signal
and shuttle controlling. In the x-ray seeding experiment, the incoherent signal (ASE) always occurs as
the background signal full filled the detection plane. The RMS error in the diffracted spot location for
the wave front sensor was measured by evaluating the spot position of a stable wave front repeatedly
with the sensor and measuring the RMS error in the spot position location. The RMS wave front error
is measured by illuminating the sensor with a beam of non uniform-intensity with a non-planar wave
front. The sensor evaluates the wave front many times and determines the RMS difference between
the individual measured wave front and an average value evaluated at each of the apertures. The RMS
wave front error, φRMS , associated with a Hartmann wave front sensor is related to the quality of the
reconstruction algorithm, the length of the apertures, the size of the apertures, and the RMS spot location
error. The φRMS can be expressed as,

φRMS≈Freconstructor·
d
f
·4xRMS, (3.6)

where Freconstructor is a factor determined empirically by the type of reconstructor used, d is the size of
an aperture in the Hartmann plate, and f is the aperture diffracted length. The reconstruction factor is
usually between 1 and 10 for most reconstructor. When the HASO application reports the RMS wave
front error, it is simply a measure of the average deviation of the reconstructed wave front from the plane
wave case [63]:

φRMS =

√
∑
n

∑
m

φ 2
n,m·

1
N
, (3.7)

here, N is the pupils number taken into account in the calculation. Note that the wave front calibration
limit (accuracy) of the Hartman sensor used for this experiment is λ/32 RMS at 18.9 nm [48].

3.3.2 Structure and calibration of Hartmann wave front sensor

3.3.2.1 Sensor introduction

In this wave front measurement experiment, we used the Hartmann wave front sensor developed at
Laboratoire d’Optique Appliquée (LOA) in collaboration with Imagine Optics and SOLEIL [56]. A pho-
tograph and schematic diagram of the sensor are demonstrated in Fig. 3.18(a) and (d), respectively.
In Fig. 3.18(a), the metallic bellows system is for the mechanical alignment of this sensor. Structure
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of Hartmann wave front sensor displays clearly the two basic components: Hartmann plate and x-ray
CCD. Distance between the Hartmann plate and CCD detection plane is 310 mm. Hartmann plate plays
the role of aperture array which is composed of 51×51 square holes with 80 µm size and separation
of 380 µm. This 19×19 mm2 plate is made of 100 µm thick nickel. All the square holes are rotated by
22.5◦ to minimize the interference from the adjacent holes diffraction (coherent optical crosstalk between
diffracted spots), as described in Fig. 3.18(c). The back-illuminated CCD camera (PIXIS XO 1024B) is
adopted for direct detection in a range of x-rays between 30 eV and 20 keV . Quantum efficiency of this
CCD over the wide bandwidth is displayed in Fig. 3.18(d).

Figure 3.18: Photograph (a) and mechanism diagram (b) of Hartmann wave front sensor, with parameters of
Harmann plate (c) and wide work bandwidth and quantum efficiency of x-ray CCD (d).

This Hartmann wave front sensor working scheme is described in Section 3.3.1. Fig. 3.19 shows
a schematic drawing of the operation of the wave front sensor. Light travels to the sensor along the
z-axis. Each of the square aperture acts as an optical lever, displacing the diffracted spot proportional
to the average phase tilt over the aperture. The wave front sensor measures the tilt over each aperture
by comparing the measured positions of the diffracted spots to the positions of the diffracted spots for a
reference input beam. The reference diffraction patterns are recorded with a regular wave front (ideal one
is flat wave front), as marked in white illuminated in Fig. 3.19. The tilt measurements are then converted
into a replica of the wave front by performing a form of integration called wave front reconstruction. All
these procedures are able to be processed with HASO EUV software.

Owing to the titled square aperture shape in the Hartmann plate, diffracted pattern is composed of
a circular round shape with diffraction lights rotated by 22.5◦ from the four edges of square hole, which
is so called star shape, as displayed in the right image of Fig. 3.19. It is worth nothing that the visibility
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Figure 3.19: Drawing of the Hartmann wave front sensor operation. Showing an incident wave front traveling along
the z− axis illuminating an aperture array and the diffracted spots illuminating a CCD and the displacement of a
single diffracted spot from the reference location on the CCD. The inset at right is indicating the diffraction pattern
from reference and measurement beam.

of the diffraction pattern is dependent on the spatial coherence. Moreover, due to the array element size
(square aperture), the diffraction cause by the aperture has the wavelength limit of several nanometres.
Therefore, for very short wavelength (such as hard X-rays), the diffraction will not occur (no star shapes)
when passing through this aperture. The experiment evidence will be shown in Section 3.3.3. When an
incident light with flat wave front first counters the aperture array, all the diffraction spots are recorded
in the detection plane (CCD) placed 310 mm away. Each diffraction spot will take place at the centre
position of its own pixel elements, as described in white patterns in Fig. 3.19, which are considered as
the reference record. However, if the incident light with distorted wave front, the diffraction patterns de-
tected in the CCD plane will shift and the CCD elements record an un balanced signal that indicates the
exact displacement, see the green diffraction patterns in Fig. 3.19. The output from all of these minute
detectors is computer analysed with theoretically reconstructed as described in Eqs. (3.1-3.5), HASO
EUV software of this device calculates in a more complicated way [66].

It is interesting to note that there is a blinded hole at the centre of aperture array, which is used for the
mechanical alignment of the incident beam and specially used for the algorithm to calculate the position
of each barycentre, which is much faster than without this "black hole". It is necessary to make sure the
projection pattern (shadow) of the blinded hole is exactly at the centre of detection plane before perform-
ing a wave front measurement, which indicates that the incident beam is perpendicular to the Hartmann
plate. This can be realized by the adjustment of the mechanical bellows system in front of the sensor, as
displayed in Fig. 3.19.

3.3.2.2 Recording and back propagation

The Hartmann wave front sensor is based on a pinhole array that divides the incoming beam into an array
of smaller beams. The position and intensity are recorded with a CCD camera placed at a distance l from
the holes array (see Fig. 3.19). The displacement of spot centroid ∆x divided by l yields the local wave
front gradient βx,y inside one sub-aperture relative to a known reference wave front. According to above
description of wave front reconstruction method (see Section 3.3.1), summation over pixel data inside
the individual sub-aperture yields the intensity distribution or beam profile I(x,y).
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When considering a coherent beam, the knowledge of the beam profile and wave front allows cal-
culation of the beam parameters using the moments method [67]. The central second spatial (x,y) and
angular(u,ν) moments are computed from the intensity distribution and the local wave front slopes βx,y

according to [68]

< x2 >=
∑i j(xi j−< x >)2Ii j

∑i jIi j
, (3.8)

< xu >=
∑i j(βx,i j−< βx >)(xi j−< x >)Ii j

∑i jIi j
, (3.9)

< u2 >=
∑i j(βx,i j−< βx >)2Ii j

∑i jIi j
+(

λ

2π
)2 ∑i j((∂xI)2/I)

∑i jIi j
, (3.10)

where < x > and < βx > are the first moments over x and βx, and the index (i j) denotes the sub-
aperture. The yielded beam with d, divergence θ , beam propagation factor M2, beam waist diameter d0,
Rayleigh length zR and waist position z0 are expressed as [68]

d = 4
√
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√

< u2 >, (3.11)
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Once the intensity and phase of the beam are known from Hartmann measurement, the complex
amplitude of the electric-magnetic field on the sensor plane can be written as [69]

I(x,y,zH) =
√

ISXRL(θx,θy)×exp[i
π

λ
(
x2 + y2

zH
+2δ (θx,θy))]. (3.15)

Here, zH is the distance between detector and exit of the plasma, θx = x/zH and θy = y/zH are the
beam divergence in the two directions perpendicular to the beam axis. ISXRL is the SXRL intensity on the
detection plane. δ (θx,θy) represents the fluctuation of the wave front and δ (θx,θy) = 0 is corresponding
to a fully coherent, diffraction-limited beam. It is possible to make the reconstruction of the complex
amplitude of seeded SXRL on the path of the beam by using a χ2 minimization fit which are projected on
a Hermit-Gauss basis [70]. One should be noted that when back propagating the HH seed beam without
plasma amplification, and the seed was assumed as monochromatic beam, such as 18.9 nm in this study.

3.3.2.3 Sensor calibration

According to the above description, it is necessary to have the sensor calibrated before any measure-
ments. Two steps are normally performed to a complete calibration of such a wave front sensor: fist step
in visible light using the Talbot effect [71, 72]; next step at the operation SXRL wavelength to save the
final calibration file as the reference.
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Talbot calibration was performed by using a 780 nm laser diode injected in a single mode fibre, then
adjust the distance between the Hartmann plate and the fibre output. It is possible to retrieve a camera
signal that is much closer to the expected camera signal at the wavelength. This approach allows aligning
the aperture array relatively to the CCD and finding the main parameters of the Hartmann sensor, such
as the exact pitch of the aperture array and the distance between the plate and CCD. There is a sample
image acquired in this configuration illustrated in Fig. 3.20. It is interesting to note that the Talbot effect
removes the "balck hole" as diffraction mixes beams from several sub-pupils, as it shown in the right
figure. Finally, we obtained grid pitch (aperture size) of 13.863 pixels, which corresponds to 180.224 µm.
The absolute accuracy on the curvature measurement is ±4.5×10−3m−1.

Figure 3.20: Sample image of Talbot calibration, note that the Talbot effect removes the "non hole" as diffraction
mixes beams from several sub-pupils.

To finalize the calibration and estimate the final specification of this wave front sensor, we conducted
the experiment with the kHz HH beam line in Salle Orange at LOA, France. A photograph and the
schematic diagram of this experiment are separately presented in Fig. 3.21 and Fig. 3.22. HH gener-

Figure 3.21: Picture of Hartmann wave front sensor calibration at Salle Orange of LOA.

ation was performed focusing 6 mJ, 52 f s IR laser ( beam size of 14.8 mm in diameter) into a 15 mm
long gas cell filled with ∼50 mbar argon gas by a lens ( f = 1 m). The generated HH beam (wavelength
around 30 nm) sequentially countered a 5 µm pinhole (in diameter) placed at 17 cm after the cell. This
pinhole diffracts a beam and creates a spherical wave front. Hartmann wave front sensor was set at 2.9
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m after the pinhole. 300 nm thick Al filter was employed to stop IR laser at 0.8 m away from the gas cell.
Since the pinhole reduce the beam intensity by several orders of magnitude, a long acquisition time was
indeed. The CCD camera temperature was adjusted at 2◦C. It should be aware of that when the opera-
tion temperature is too low (below 0◦C ) some dust can be glued on the CCD chip. A three dimensional
motor was employed for the pinhole holder, which could provide a relative adjustable detection.

Figure 3.22: Schematic sketch of Hartmann wave front sensor calibration at Salle Orange of LOA using 5 µm
pinhole.

First of all, the tiny 5 µm pinhole was roughly aligned using He-Ne laser coupled with a normal cam-
era without vacuum. Then the pinhole was moved out of the HH beam line when generating the HH under
vacuum. Once the HH beam was optimized by changing the gas pressure, adjusting the aperture size
and varying the focal position at the gas cell, the pinhole was set back to the HH beam line. Estimated
HH beam size at the pinhole position is 170 µm according to the divergence (∼2 mrad) of HH beam,
the spatial filtering by the 5 µm pinhole caused three orders of magnitude energy reducing. Therefore,
long acquisition time with the pinhole was required. Two different acquisition times were performed dur-
ing this calibration: 30 s and 300 s are separately displayed in Fig. 3.23 and Fig. 3.24. The maximum

Figure 3.23: Full raw image (left) of HH beam detected with 30 s acquisition time detected at 2.9 m away from the
pinhole. A zoomed-in image around the centre ("black hole") is displayed at right.

counts was observed from 1180 to 8000 when increasing the acquisition time from 30 s (∼3×104 shots)
to 300 s (∼3×105 shots), while the background signal for each was around 10 counts. The "black hole"
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was well aligned at the centre of the CCD chip (pixel position [512,512]). Otherwise, the calibration may
be wrong as it could be subtracted with a shift between sub-pupils. From the left full images, detected
HH beam homogeneously distributed on the CCD chip. In the right close-up figure, it is apparent that
diffraction patterns with " star shape " (described in Section 3.3.2) are all tilted by 22.5◦ respected to the
normal vertical and horizontal coordinates. This is due to the intended design to minimize the coherent
crosstalk between diffracted spots from adjacent apertures. It is important to note that, in the full images,
the diffraction patterns by the chip edges were only partially detected. This could cause the calibration
error by these edges. In consequence, more measurements were carried out shifting the "black hole"
by 20 pixels in each direction from the centre. In that case, one could get full diffraction pattern of each
edge. Finally, the calibration will be able to cover the whole CCD chip. The slope maps then obtained
which includes all the grid defects. This calibration purpose is to save the slope maps and include them
in the calibration file in order to ensure the absolute calibration of the sensor is taken into account in all
the configurations.

Figure 3.24: Full raw image (left) of HH beam detected with 300 s acquisition time detected at 2.9 m away from
the pinhole. A zoomed out image around the centre ("black hole") is displayed at right.

After the calibration, we sequentially reopen the image file (300 s acquisition time) with HASO soft-
ware to measure the quality of this calibration. Intensity map (left) and wave front (right) maps are
displayed in Fig. 3.25. Wave front residual around λ /46 RMS (after subtracting tilt and focus at 30 nm)
was obtained with the beam occupied the full pupil. Therefore, Hartmann sensor accuracy of 0.65 nm
RMS and 4.62 nm peak-to-valley (PV) for the full pupils were achieved in the bandwidth 4− 40 nm. To
further understand the tilt (in both vertical and horizontal) and focus effect, we measured the tilt and focus
alone as illustrated in Fig. 3.26(a) and Fig. 3.26(b), respectively. It is extremely difficult to replace the
source under measurement at exactly the same location as it was in the calibration. The observed tilt
as 3.57 µm RMS and focus as 2.49 µm RMS, which are in negligible level with respect to the 3 m long
diagnostic system. While the detected wave front distortions are normally in nm level. Therefore, during
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Figure 3.25: Intensity (left) and wave front (right) maps of HH beam with 300 s acquisition time using HASO
software after the sensor calibration.

Figure 3.26: Tilt (left) and focus (right) aberration effect of the sensor detection after calibration.

Figure 3.27: Back propagation image using point spread function showing the HH source condition from 5 µm
pinhole.
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the wave front measurement using this Hartmann wave front sensor, the "Tilt 0◦", "Tilt 90◦" and
"Focus" options (Fig. 3.26(b)) are ticked out as long as they remain this level. In addition, a back
propagation image using point spread function is represented in Fig. 3.27, which shows the source size
as 6 µm FWHM. Note that this image was detected 2.9 m away from a 5 µm pinhole.

3.3.3 Wave front study of HH-seeded SXRL

3.3.3.1 Experiment condition and preparation

After the soft x-ray Hartmann sensor calibration at LOA in France, the experiment was sequentially carried
out at Colorado State University (US) in cooperation with Prof. Rocca’s group. The aim was to measure
the wave front of HH seed and seeded SXRL at λ = 18.9 nm, 4d1S0 → 4p1P1 line of nickel-like Mo,
using Hartmann wave front sensor developed at LOA in collaboration with Imagine Optics and SOLEIL
[56], as described in Section 3.3.2. The main 1.5 J IR laser beam with 200 ps pulse duration from the
Ti:Sapphire laser (810 nm) system was firstly divided into two arms using a beam splitter with the energy
proportion of 50% (reflected) and 50% (transmitted), respectively. As described in Fig. 3.28, to the first
arm, the reflected beam then encountered the second beam splitter. This reflected beam was sent to a
pulse compressor to create 60 mJ, 60 f s pulse. However, an additional beam splitter was employed for
the transmission beam. Here, the transmitted beam firstly encountered a polariser plate, then through
a delay line, and finally delivered to a Brewster window [73] which allows most of the energy passing
by adjusting the polarization of the beam. This Brewster window also combined these two separated
branches together into a beam path with proper time delay between each other. These two pulses were
considered as the pre-pulses for the plasma amplifier creation. The second arm was sent to single-pass
grating pair compressor, the output beam with 6 ps pulse duration was used as the pump laser for the
x-ray plasma amplifier.

Thanks to the delay line described in the Fig. 3.28, both 200 ps pulses were separated by 5 ns in
time (peak-to-peak): fist pulse with 30 mJ energy and second pulse is 250 mJ. Sequentially, the two
long pulses, separately considered as precursor pulse and pre-pulse, were focused into a line (40 µm
× 4 mm), by the combination of a spherical lens and a cylindrical lens, on the Molybdenum slab target
surface with normal incidence, which can create a plasma approaching the Ni-like ionization stage. The
warm plasma was subsequently expanding. However, population inversion between the upper lasing
level (4d1S0) and lower lasing level 4p1P1 was not substantially produced, more pumping energy is
fundamentally required. Then, after 600 ps (from the peak of the 2nd pulse), a 500 mJ short pulse (6
ps duration) was arriving and focused into a similar line as the pre-pulse, but with 23◦ grazing incident
angle respected to the target surface. The plasma was rapidly heated and reaching the electron density
of ∼2.6×1020 cm−3 [51], which is adequate to achieve large population inversion between the two lasing
levels [74]. By here, the x-ray plasma amplifier is basically ready for the seeding experiment. It is
interesting to mention our previous x-ray seeding experiment conducted in LASERIX in France (see
Section 3.2), where the GRIP scheme is composed of one green light (6 ns duration, 532 nm) as the
normal incident pre-pulse and two short pump pulse with grazing incidence of 20◦. That is a GRIP
configuration to generate narrow gain life time, as shown in Fig. 3.13.

Moreover, it is worth nothing that first shot with above three-pulse on the well-polished Molybdenum
slab target is normally inefficient to obtain high electron density plasma due to the reflection of the target
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Figure 3.28: Layout of multi-IR-laser system from the Ti:Sapphire CPA laser.

surface. However, the second shot on the target becomes much more efficient. Therefore, during this soft
x-ray seeding experiment, all the data acquisition were taken from the second shot of each new target,
which means that each molybdenum target (new position on the slab) was only used for two shots, as it
displayed in Fig. 3.29 in comparison with the target surface before and after shooting with several hours,
where slightly blazed abrasion after shooting is observed. One should also beware of that, shooting on
the same target position for over 10 shots would cause ablation damage on the target surface which could
make some influence of the plasma condition.

In another hand, part of the f s beam (∼13 mJ) was focused into a neon gas jet (backing pressure
∼1.5 bar) by adopting a f = 1.1 m focal lens. A toroidal mirror ( f = 0.25 m), designed to operate at a
grazing incidence angle of 9.65◦, imaged the harmonic source with a magnification of one at the centre
of plasma amplifier. Consequently, distance (0.5 m) between gas cell and toroidal mirror was the same
as the separation between toroidal mirror and plasma amplifier, as illustrated in Fig. 3.30. HH seed was
injected into the plasma at a grazing angle of 5 mrad. Times matching between the seed pulse injection
and the peak of the short pump pulse were optimized using a BBO double-frequency crystal as explained
in Section 3.2.1. At proper injection time, the 43rd order (18.9 nm) of the HH pulse can be significantly
amplified in this x-ray plasma amplifier with large population inversion between upper lasing level (4d1S0)
and lower lasing level 4p1P1 [77, 51, 74]. A 300 nm thick aluminium filter was used to stop the straight IR
lasers. In the sake of measuring the wave front of amplified seed beam, we firstly set the Hartmann wave
front sensor directly along the output of the amplified seed beam at 1.6 m far from the plasma amplifier.

When the HH driven IR laser ( f s pulse) was set as P polarization, single-shot of the output beam
detected by the Hartmann wave front sensor is represented in Fig. 3.31. Full raw image is illustrated
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Figure 3.29: Molybdneum slab target before and after shooting with serveral hours by the three pulses.

Figure 3.30: Experimental setup of direct measurement of seeded SXRL wave front using SXRL Hartmann sensor.

in Fig. 3.31(a) where the "back hole" is obvious at the centre of the detector. However, no diffraction
pattern was observed, as displayed in the close-up image (Fig. 3.31(a)) of the region of interest (ROI)
in Fig. 3.31(b). The illuminated patterns are showing the same shape as the square apertures in the
Hartmann plate described in Fig. 3.18 and Fig. 3.19, respectively. This means that there is no diffraction
occurred (or in negligible level) in the aperture array, which indicating that the amplification of the seed is
not achieved. Owing to this high dense plasma, hard x-rays are considered as the main contributor of this
observed light. Consequently, we changed the polarization of HH driven IR laser to S polarization. As
seen in Fig. 3.32, single-shot full raw image (a) shows a bright beam around the central "black hole" as
well as the homogeneous hard x-ray background. Enlarged picture of this interesting region is displayed
in Fig. 3.32(b). It is apparent that diffraction patterns are appeared in this bright beam, which are showing
" star shapes " with diffraction lights tilted by 22.5◦ as discussed in Section 3.3. This obvious diffraction
is contributed by the amplified seed. The peak counts of the pattern with diffraction is ∼36000, while it
is only ∼10000 in the pattern without diffraction. And the diffraction lines (tilting pattern) is only 1000 at
maximum. It is implying that the hard x-rays dominated the final output from plasma amplifier.

Although the observed beam size of amplified seed (seeding) is much smaller than that of the hard x-
ray emission, which is corresponding to the beam divergence, the intensity contrast between the seeding
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Figure 3.31: (a) Full and (b) region of interest raw image of the output beam detected with Hartmann wave front
sensor in the experiment setup demonstrated in Fig. 3.30. The HH driven laser was set as P polarization.

Figure 3.32: (a)Full and (b) region of interest raw image of the output beam detected with Hartmann wave front
sensor in the experiment setup demonstrated in Fig. 3.31. The HH driven laser was set as S polarization.

and hard x-rays shows no concern with the detection distance from the plasma amplifier as explained in
the following formula:

ρseeding

ρhard−x−ray
=

Eseeding

Ehard−x−ray
· (

θhard−x−ray

θseeding
)2 , (3.16)

where ρ is the energy density, E is the total pulse energy, θ is the beam divergence. In another hand,
seeded SXRL beam doesn’t take sufficient pupil numbers on the Hartmann plate for the following wave
front analysing (minimum 10 pupils). One might improve it by increasing the detection distance from



86 Chapter 3. Optical Properties Study of Seeded SXRL

plasma amplifier, but this is limited by the experiment condition as illustrated in Fig. 3.33, where the
sensor was already installed against the wall. Therefore, the direct diagnostics of the seeded SXRL wave
front has the physical and technical challenges due to the effect of hard x-rays and the low divergence
of seeded SXRL. However, this direct wave front detection is suitable for the HH seed without plasma
amplifier, which will be discussed in Section 3.3.3.

Figure 3.33: Photograph of the beam line for direct wave front diagnostics of the seeded SXRL using Hartmann
wave front sensor. The detection distance is limited at 1.6 m from the plasma amplifier due to the wall of laboratory.

One solution of the seeded SXRL wave front detection was coming up by employing a Mo-Si 45◦

multilayer mirror. The flatness of this mirror is λ/10 tested at 632 nm for the full pupil of 25 mm. It
was placed at 0.86 m after the plasma amplifier, where the estimated seeded SXRL beam size is ∼1
mm, thus the wave front aberration from this mirror could be neglected [78]. Simultaneously, due to the
narrow bandwidth of the efficient reflection of this multilayer mirror (specified for 18.9 nm), the effect of
the hard x-rays was substantially reduced. In addition, the detection distance could be settled further
with respect to the direct diagnostics, which allows a sufficient seeded SXRL beam size for the Hartmann
wave front sensor detection. As it shown in Fig. 3.34, the sensor was positioned 3.5 m away from the
plasma amplifier. In this case, the schematic diagram of the experiment setup is depicted in Fig. 3.35,

Figure 3.34: Picture of experimental beam line for HH-injection seeded SXRL wave front measurement with
Hartmann sensor. A 45◦ multilayer mirror designed for 18.9 nm was employed.
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where the HH generation and plasma creation parameters are as the same as described in Fig. 3.30.
With the benefit of using this 45◦ multilayer mirror, hard x-rays were not observed in the detection plane.
Instead, ASE took place of the background signal which exhibits the same behaviour as the hard x-rays
described in Eq. (3.16). However, as the intensity of ASE signal is much lower than the amplified seed
intensity, the energy intensity reduction due to the increasing of the detection distance makes most of the
ASE signal below the detection threshold of Hartmann wave front sensor, while the amplified signal is still
significantly above the calibration limit. More details of the seeded SXRL wave front measurement will
be discussed in Section 3.3.3 and all the seeded SXRL wave front measurements in Section 3.3.3 were
performed using this experiment setup illustrated in Fig. 3.35.

Figure 3.35: Schematic diagram of the experimental setup to measure the wave front of an HH-injection-seeded
SXRL based on solid target plasma with x-ray Hartmann sensor. from [55]

3.3.3.2 Wave front of HH seed

To promise the sufficient single-shot energy for wave front detection, the HH seed wave front was mea-
sured settling Hartmann sensor directly along the HH beam propagation without the 45◦ multilayer mirror,
as described in Fig. 3.30 (without plasma amplifier). SXRL Hartmann sensor was placed 1.6 m away
from the HH imaging spot of the toroidal mirror. A raw image from single-shot HH pulse, which is set to
be a typical sample data processing, recorded by the Hartmann sensor was represented in Fig. 3.36.
Low divergent HH beam passed through the Hartmann plate, and the illuminated pupils indicating the
beam size at the aperture array location. Apparently, the vacancy ("black hole") at the image centre is
corresponding to the blinded hole in the plate, which is the absolutely important reference for system
alignment and the algorithm to calculate the position of each barycentre as mentioned in Section 3.3.2.
Clear diffraction patterns are adorable for the phase analysing, while the weaker pupils are blurry and
challenging the exploration of the wave front. Consequently, we made the line-out of the average value
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Figure 3.36: Raw image of HH seed beam without plasma amplifier, which is directly detected by Hartmann wave
front sensor placed at 1.6 m away from the source without 45◦ multilayer mirror.

in the two marked regions in Fig. 3.36, as illustrated in Fig. 3.37(a) and Fig. 3.37(b), respectively. The
bright region are showing apparently separated spots while the signal-to-noise ratio is too low in the
weakly illuminated region to get sufficient accuracy for wave front detection with Hartmann sensor. Then
the first problem coming along is to choose the appropriate pupils for wave front analysis.

Full intensity (left figure) and wave front (right figure) images of the sample illustrated in Fig. 3.36
are displayed in Fig. 3.38(a), where the wave front value (right image) consists of lower signal and noise
causing low sensor detection accuracy. In order to reduce the effect of lower signal, we firstly picked
up the ROI by setting intensity threshold, it is showed in Fig. 3.38(b). The chosen area still remains
75% of the energy respected to the full image, while the PV and RMS wave front value are substantially
improved. Another alternative option is to use fixed ROI, thereby we used circular ROI with respect of
the HH beam shape, as demonstrated in Fig. 3.38(c). Resembling improvement of the wave front was
obtained as by the intensity threshold approach. The circular ROI takes 78% of the energy from full
image. Based on this context, the two approaches were worked out for the 27 consecutive HH shots.
In Fig. 3.39, the lower blue line (right coordinate) indicates energy stability from shot-to-shot, and the
upper black lines are corresponding to the energy proportion from the full image for each shot in different
approaches—intensity threshold (solid line), 6 mm of diameter circular ROI (dotted line) and 5.5 mm of
diameter circular ROI (dashed line).

Moreover, there are several different methods to analyse the SXRL wave front in HASO software
developed by Imagine Optics. Zonal and Modal are the two main wave front reconstructor modes. The
Zonal wave front reconstruction is a type of numerical integration and Modal wave front reconstruction
fits the data to a set of orthogonal surface polynomials (described in Section 3.3.1). In Fig. 3.38, the
treatment was preformed within Zonal mode, where only several main aberrations are specifically taken
into account– tilt, focus, astigmatism and coma (see Appendix Fig. A.1). During the wave front mea-
surements, there are very strong horizontal and vertical tilts as well as spherical aberrations, which are
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Figure 3.37: Average line-out of the marked regions in Fig. 3.36: (a) line a and (b) line b.

originated from the sensor calibration as discussed in Section 3.3.1. The sensor has been calibrated
with high harmonics signal using a tiny pinhole (5 µm) placed at 3 m upstream (see Section 3.3.3.1).
Obviously, it is extremely difficult to replace the source under measurement at exactly the same location
as it in the calibration. Tilts are sub-100 λ (λ=18.9 nm) meaning a positioning error near or lower than a
couple of micrometers. Considering the distance, it is already a good alignment. Nevertheless, tilt does
not make any impact on wave front optimization as long as it remains at this level. It means that the tilt
(in vertical and horizontal) and focus do not bring any impact on imaging or focusing experiments. There-
fore, during this experiment, the options of tilt 0◦, tilt 90◦ and focus were ticked out, as demonstrated in
Fig. 3.38(c), in order to make the main aberrations with great clarity.

In the Modal reconstructor mode, there are two different functions performing wave front analysis–
Zernike polynomials and Legendre polynomials, which are represented in Appendix Tab. A.1 and
Tab. A.2 , respectively. In comparison, we performed the two treatments with circular pupils of 6 mm
diameter illustrated in Fig. 3.40 and Fig. 3.41 separately. The left figures are showing the wave front
map with PV and RMS value, and right figures presenting the wave front deviation values under different
orders of the mathematical polynomial. There are 8, 12 and 20 terms taken into account in (a), (b) and (c)
of both figures, respectively. In principle, the accuracy of final wave front RMS value is dependent on the
number of Zernike or Legendre polynomials (commonly referred to as terms). For Zernike and Legendre
polynomials, the number of terms should be more than 20 to achieve a desired accuracy respected to the
wave front obtained under Zonal mode. Considering the practical purpose of this experiment, we finally
adopted the Zonal reconstructor mode for all the data processing of HH seed and seeded SXRL.

Within the Zonal reconstructor mode, the two approaches of intensity threshold (Fig. 3.38(b)) and
circular ROI (Fig. 3.38(c)) were proceeded over 27 consecutive shots of HH seed. In Fig. 3.42, both
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Figure 3.38: HH seed intensity (left) and wave front (right) under various data processing approaches: (a) full
image, (b) clipping pupils by intensity threshold and (c) circular pupils as the ROI.

PV (black lines) and RMS (blue lines) residual wave front value of a series of successive HH shots are
processed with approaches of (a) intensity threshold, (b) circular pupil size of 6 mm and (c) circular pupil
size of 5.5 mm under Zonal reconstructor mode. According to Fig. 3.39, the ROI energy proportions
respected to the full beam of these three methods: (a) 82%±3%, (b) 81%±2% and (c) 77%±2%. The
circular pupil technique shows good stability on the energy occupancy which is due to the stable circu-
lar shape of the HH seed beam. The detected wave front PV value is over 5 times higher and stability
of the wave front PV value is ∼5 times lower than the observed wave front RMS value over the three
approaches. The technique with 5.5 mm circular pupil shows better stability of wave front PV value in
comparison with the other two approaches, while the ROI energy is resembling to the others. For the
point view of seeding application, wave front RMS value is more concerning, which remains the same
level for the three approaches: (a) 0.54λ±0.06λ (intensity threshold), (b) 0.57λ±0.04λ (6 mm circular
pupil) and (c) 0.51λ±0.03λ (5.5 mm circular pupil).



3.3. Experiment on wave front of HH-seeded SXRL 91

Figure 3.39: HH seed beam stability (right coordinate) from shot to shot (blue line), and energy proportions (left
coordinate) of the chosen pupils respect to the full-pupil in three methods: clipping pupils by intensity threshold
(black solid line), circular pupil size of 6 mm (black dotted line) and 5.5 mm (black dashed line).

Figure 3.40: Wave front analysis with Zernike fuction by choosing 6 mm circle pupil size under the Modal recon-
struction mode in the HASO software. Various parameters were taken into account for the wave front calculation:(a)
8 parameters, (b) 12 parameters and (c) 20 parameters, as illustrated in the right figures. All the parameters in the
horizontal coordinate are corresponding to the physical phases in Appendix Tab. A.1.

According to above understanding, we therefore only took account of the three most important aber-
rations – coma, astigmatism at 0◦ and astigmatism at 45◦ for the full characterization of HH seed beam.
As the wave front sensor allows for independent measurement of different aberrations, see Fig. 3.43, we
plotted the three strongest aberrations (phase in RMS) over the 27 consecutive shots for each processing
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Figure 3.41: Wave front processing by Legendre fuction with 6 mm circular pupil size under the Modal reconstruc-
tion mode in the HASO software. Several parameters were taken into account for the calculation:(a) 8 parameters,
(b) 12 parameters and (c) 20 parameters, as displayed in the right figures. All the parameters in the horizontal
coordinate are corresponding to the physical phases in Appendix Tab. A.2.

case (a) intensity threshold, (b) 6 mm circular pupil and (c) 5.5 mm circular pupil. The black dashed lines
are indicating the calibration limit (0.03λ RMS) of Hartmann wave front sensor (discussed in Section
3.3.3). Coma (blue lines) dominated the overall aberrations of HH seed: (a) 0.42λ±0.03λ (intensity
threshold), (b) 0.46λ±0.03λ (6 mm circular pupil) and (c) 0.41λ±0.03λ (5.5 mm circular pupil), which
is considered to be caused by using toroidal mirror [79] for the HH seed imaging-injection. Astigmatism
at 0◦ (green lines) was only a quarter of the coma distortion, while the astigmatism at 45◦ was below the
sensor calibration limit. It is interesting to note that stability of astigmatism at 0◦ improves when changing
the data processing approach from intensity threshold to circular pupils. In addition, all the wave front
RMS value as well as the various aberrations were represented in Table 3.1 in comparison with the wave
front of seeded SXRL (see Section 3.3.3). Except the aberration effect from toroidal mirror, one should
also take account of the beam quality of the HH driven IR laser, which could directly impact on the HH
beam wave front.

Furthermore, the electromagnetic field of the HH seed source at the imaging spot, where supposed to
be the centre position of plasma amplifier when performing the seeding afterwards, can be reconstructed
using the point spread function in a free space. Distance between HH seed image spot and Hartmann
sensor holes-plate for 5.5 mm and 6 mm pupil size were calculated out by back propagation the detected
HH beam on the sensor, as represented in Fig. 3.44(a) ad Fig. 3.44(b), respectively. This calculation is
strongly dependent on the beam shape on the detection plane, which were considered as circular beam
with (a) 5.5 mm and (b) 6 mm in diameter, respectively. The computed source position (HH imaging
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Figure 3.42: Wave front RMS (blue lines, right cooradinate) and PV (black lines, left coordinate) values of HH seed
beam from shot-to-shot processed by the three different approaches: (a) clipping pupils by intensity threshold, (b)
circular pupil size of 6 mm and (c) circular pupil size of 5.5 mm.

spot) is estimated as between 1940 mm to 1950 mm from the detection plane for both approaches. The
source distance estimated range within 1 cm implies rather high accuracy of this Hartmann sensor with
respect of the ∼1.9 m long distance. This computed distance is also in good agreement with our roughly
measurement during the experiment as described in Fig. 3.33. So that, the estimated beam divergence
of HH seed is eventually obtained as 1.3 mrad. Moreover, the Rayleigh length [70] of this HH beam
under the toroidal mirror imaging system is about 2 cm. This high precision source position computing is
adorable for the following back propagation.

Sequentially, using the point spread function, we calculated the transverse intensity distribution at
different locations along the beam propagation axis (Z = −20, −10, 0, 10 and 20 mm), as illustrated
in Fig. 3.45. Z = 0 mm corresponds to the centre of the source and also to the region of least con-
fusion. Negative value indicates the direction deviated from the sensor. The reconstructed HH source
shows elongated profile in vertical, and ∼20 µm in horizontal. It could be caused by the toroidal imaging
system. The beam quality of HH pulse from laser interaction with gas puff also needs to be taken into
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Figure 3.43: The three main aberrations — coma (blue line), astigmatism at 0o (green line) and astigmatism at
45◦ (red line) of consecutive HH seed shots analysed with following approaches: (a) intensity threshold, (b) 6 mm
circular pupil and (c) 5.5 mm circular pupil.

account, which is sensitive to many parameters, such as gas pressure, focal spot position and IR beam
quality. Nevertheless, the spatial evolution along the beam propagation implies that the most conver-
gent beam profile occurs at Z = 0 mm, which is supposed to be the imaging point and seeding point.
In consequence, we performed more back propagation HH seed source profiles at Z = 0 mm, as illus-
trated in Fig. 3.46, where the shot numbers are corresponding to the shot numbers in Fig. 3.42 and
Fig. 3.43. It is apparent that all the reconstructed source profile is demonstrated as elongated shape
in vertical, while the horizontal size is remaining at ∼20 µm level. One should also observe that there
are multi-spot in elongated vertical and with a main spot at the top. This can be caused by the synthesis
process of HH generation in the gas puff and the imaging from the toroidal mirror. Further understanding
of this behaviour would require a non-linear simulation of the HH generation in the gas puff with equiva-
lent experiment parameters. The impact to the SXRL seeding with plasma amplifier will be discussed in
Section 3.3.3.3. Nevertheless, there are more than many efforts can be done to improve the HH seed
beam quality.
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Figure 3.44: Histogram of source distance betweeen imaging spot of HH seed (location of plasma centre) and
Hartmann plate computed by back propagation with (a) 5.5 mm and (b) 6 mm circular pupils, respectively.

Figure 3.45: The retro-propagation of the HH seed source field along the Rayleigh length from−20 mm to 20 mm.
It is calculated by point spread function in the free space. Z = 0 mm corresponds to the centre of the source and
also to the region of least confusion. Negative value indicates the direction deviated from the sensor.



96 Chapter 3. Optical Properties Study of Seeded SXRL

Figure 3.46: Retro-propagation of the HH seed intensity field of the source at Z = 0 mm by point spread function
over nine different shots. The shot numbers are corresponding to the shot numbers demonstrated in Fig. 3.42 and
Fig. 3.43.
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3.3.3.3 Wave front of seeded SXRL

According to the discussion in Section 3.3.3.1, the HH driven laser was eventually set to S polarization
to achieve significant amplification after seeding. The HH beam was injected into a x-ray plasma ampli-
fier employing a toroidal mirror with a magnification of one time. HH seed injection angle was 5 mrad
deviated from 4 mm long Molybdenum slab target surface, and injection time was at 2 ps after the peak
of short pump pulse (peak-to-peak). Seeded SXRL was consequently detected by the Hartmann wave
front sensor located 3.5 m away with a 45◦ multilayer mirror placed at 0.9 m after the plasma amplifier,
as schematically illustrated in Fig. 3.35.

A sample raw image of seeded SXRL (shot number 22 in Fig. 3.55) recorded by Hartmann wave front
sensor was represented in Fig. 3.47. There are three interesting regions in the full image (Fig. 3.47(a)).
First of all, the brightest beam primarily located in the second quadrant of the image is correspond-
ing to the amplified seed with clear diffraction patterns tilted by 22.5◦, as displayed in the close-up
(Fig. 3.47(b)). The diffraction pattern is referred to the explanation in Section 3.3.3. Secondly, the
weak part as illustrated in Fig. 3.47(c) is principally contributed by the ASE, where the diffraction is ob-
scure. It is important to note that ASE signal is overspread on the CCD chip. Phase analysing by the
sensor is extremely dependent on the diffraction pattern, and the ASE signal may reduce the accuracy
of wave front measurement. Therefore, carefully clipping the ASE during the wave front processing is
mandatory. Finally, it is interesting to point out that there is a secondary bright beam observed in the
first quadrant of the image as marked with dashed ellipse, which is smaller and less bright than the main
amplified seed. However, the diffraction pattern of this secondary beam is apparent. It is implying that
this secondary beam is coherent SXRL and considered as amplified seed as well.

Figure 3.47: (a) Raw image of seeded SXRL with plasma amplifier measured by the Hartmann wave front sensor.
(b) The region of interest coupled with amplified soft x-ray and ASE. (c) only with divergent ASE signal.

One should be noted that this multi-spot behaviour occurred among most of the shots during the suc-
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cessive 27 shots in this measurement. In order to figure out this issue, we firstly checked out the footprint
of HH seed without plasma amplifier and it showed a single round spot shape. Sequentially, we verified
the footprint of seeded SXRL by placing x-ray CCD at 30 cm after the 45◦ multilayer mirror, and it is shown
in Fig. 3.48. Multi-spot were observed in the footprint of final output from the plasma amplifier. This ob-
tained footprint image consists of 1) a smooth curved edge, 2) bright and homogeneous background
inside the curved shape, 3) a big bright beam spot coupled with secondary and tertiary beam spots. First
of all, the clear curved edge without diffraction pattern is normally coming from closing object respected
to the CCD detector. In this experiment condition, it could be caused by the 45◦ multilayer mirror which
is placed only 30 cm far from the detection plane. Then, the bright and homogeneous light full filled the
45◦ multilayer mirror is considered as the self-emission (ASE) from the x-ray plasma amplifier. Finally,
the observed multi beam spots are in consistent with the multi-spot behaviour observed with Hartmann
wave front sensor, which are considered as the amplified seed signals. It is worth nothing that only two
beam spots were obtained with Hartmann wave front sensor while three beam spots were apparent in the
footprint image. The difference of detection distance for footprint CCD (∼1.2 m) and Hartmann sensor
(3.5 m) respected to the plasma amplifier should be taken into account. One can assume a cross angle
between the multi-beam, the separations between these beam spots on the detection plane 1.2 m and
3.5 m away should be much difference. So that the Hartmann wave front sensor placed at longer distance
is only adequate to detect double beam spots, where the Tertiary is out of the detection region.

Figure 3.48: Footprint image of final ouput signal from x-ray plasma amplifier with HH seeding recorded by x-ray
CCD placed at 30 cm after the 45◦ degree mirror.

We are therefore concerning on the original reason causing the multi-beam amplification behaviour.
The first considered effect is the refraction caused by the density gradient when SXRL beam propagation
in the plasma amplifier. As explained in Chapter 2, Section 2.1, refraction occurs when wave propaga-
tion in a medium of atomic density. Here, the operated wavelength is very short (18.9 nm), approaching
atomic dimensions and the photon energy is comparable to the binding energy of the atomic electrons.
When one considers the propagation in the forward direction, the frequency dependent refractive index
has to be taken into account (see Chapter 2, Section 2.6.4). Indeed, it is the sum of forward-scattered
radiation from all the atoms that interferes with the incident wave to produce modified propagating wave,
compared to that in vacuum. Secondly, it is important to mention that, in previous section, multi HH spots
separated by 10−20 µm were observed in the back-propagated near-field images at the injection area
(see Fig. 3.45 and Fig. 3.46). Coupled with the refraction effect with complex refractive index, this multi-
seed-source can definitely cause the separated multi amplified SXRL beams as displayed in the far-field
images in Fig. 3.47 and Fig. 3.48. Note that due to the variety refractive indexes in the plasma, which
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caused by the density evolution and distribution, the HH seed propagating along the plasma column is
still not clear. A 3D hydrodynamic simulation code is required for further understanding. Moreover, the
back-propagation of the seeded SXRL will be discussed later in this Section, which will provide a com-
prehensive picture of this issue.

Based on above understanding, we started to treat the obtained wave front data with HASO software.
Full images of intensity and wave front are displayed in Fig. 3.49(a) and Fig. 3.49(b), respectively. The
beam arrived on the detection plane is composed of ASE, main amplified seed and the secondary ampli-
fied seed. While the incoherent ASE beam cannot be taken into account for wave front analysing, since
the wave front is only meaningful to coherent light. It is apparent that the ASE background causes loss

Figure 3.49: Sample full image of the deteced beam by Hartmann wave front sensor:(a) intensity and (b) wave
front. This sample corresponds to the shot number 22 in Fig. 3.56

of accuracy during seeded SXRL wave front detection, as the preliminary analysed wave front value 3λ

in PV displayed in Fig. 3.49(b). Consequently, it is necessary to adequately choose the ROI for wave
front processing. However, Fig. 3.50 shows six different shots of seeded SXRL, the number of each shot
is corresponding to the shot number in Fig. 3.56. It implied that the beam shape was variously irregular
from shot-to-shot and the multi-beam spots behaviour appeared over all the shots. On this account, one
cannot choose a consistent regular shape of ROI as the approach demonstrated in previous section for
the HH seed (see Fig. 3.38(c) ).

It is interesting to pint out that, with the benefit of high divergence of ASE beam, the intensity con-
trast ratio between seeded SXRL and ASE is as high as 22. We hence performed an effective approach
to select the appropriate ROI for wave front analysis setting the energy threshold. As demonstrated in
Fig. 3.51, the energy threshold factor is set as 8% respected to the peak energy region, which means
that all the detected beam shape with the part below 8% of the peak value is removed. The effect of ASE
is substantially reduced within this technique, and the analysed wave front RMS value is improved by two
times. However, the secondary seeded SXRL beam is still remained after the clipping by energy thresh-
old. As we explained before, this beam spot is not the interest of our investigation in this experiment. This
double-spot beam shape may cause a loss of wave front reconstruction accuracy (see Section 3.3.1).
Therefore, the secondary beam is manually eliminated in further data processing.

Moreover, the final output beam position detected on Hartmann sensor was observed with a vibration
within 6 mm (see the vertical position changing in Fig. 3.50), while the HH seed beam position was ex-
tremely stable from the measurement in previous section. It can be indicated that this vibration in space
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Figure 3.50: Shot-to-shot final output beam intensity profiles recorded by Hartmann wave front sensor. The shot
numbers are corresponding to that in Fig. 3.56.

Figure 3.51: Processed (a) intensity and (b) wave front images with energy threshold of 8%.

is caused by the HH seed beam propagation in the plasma amplifier. Basically, the gain zone size of
the amplifier is around 30 µm [74] and the HH seed beam size is about two times larger (see discus-
sion in Section 3.3.3). One can be sure that the observed 5 mm vibration in spatial is not coming from
the spatial matching between the seed and amplifier. Considering the long detection distance (3.5 m),
a slight change of the output beam emergence angle from the plasma amplifier is a natural, such as a
small change by 2 mrad would cause ∼7 mm shifting on the detection plane. The emergence angle of
the amplified seed beam is strongly dependent on the complex refractive index evolution in the plasma
amplifier.

A preliminary single beam treating was then displayed in Fig. 3.52(a) including the intensity map
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(left), phase map (middle) and reconstructed source shape (right) by point spread function (PSF) to the
exit of the plasma amplifier with the Strehl ratio (SR) ∼0.2 [53]. We assume the selected beam profile
by this step contains full energy of the main seeded SXRL beam, so that the energy reference of "100%"
is defined. However, one can still observe some ASE signal in the selected beam in Fig. 3.52(a). As

Figure 3.52: Data processing by adopting the approach of energy threshold: (a) 8%, (b) 12%, (c) 16% and (d)
23%.

explained in Fig. 3.37(b), the incoherent ASE signal prevents the HASO software to converge well on
the real wave front. More efforts should be done to minimize this effect during the wave front analysing.
Therefore, a variety of energy thresholds were taken into account as illustrated in Fig. 3.52: (a) 8%, (b)
12%, (c) 16% and (d) 23%. It should be noted that the obtained wave front RMS value improved from
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0.37 λ to 0.23 λ when changing the energy threshold from 8% to 12%, where the full beam energy is
93% (respected to the "100%" reference). However, the wave front RMS value remains the same level
when increasing the energy threshold from 12% to 16%, where full beam energy is 86%. This interesting
behaviour shows the sensitivity of the ASE effect in wave front analysing. An even higher energy thresh-
old (23%) was carried out in Fig. 3.52(d), the energy contained in the beam was rapidly dropped down
to 75%, while wave front improvement was not as sensitive as from (a) to (b). It is apparent that only
the most intense central part of the seeded SXRL beam was considered, as the implying of Strehl ratio
(0.53) from the reconstructed source. Eventually, the optimized pupil size was set at Fig. 3.52(b), where
most part of the ASE signal was removed and more than 90% of the full seed SXRL beam energy was
reserved.

Sequentially, this processing approach was extended to 27 successive seeded SXRL shots from this
measurement. Energy stability of the full amplified seed beam (resembling to Fig. 3.52(a) is plotted as
the blue line (right y axis) in Fig. 3.53, implying the energy stability is±17%, which is depressed compar-
ing to that of HH seed (±6%) shown in Fig. 3.39. That may be caused by the refraction evolution of the
plasma amplifier as mentioned before, the changing of the emergence angle from the plasma amplifier
would have impact on the effective seed propagation distance in the gain zone, which is indicated to the
amplification energy. It is worth nothing that the HH seed beam without plasma amplifier was directly
detected without using 45◦ multilayer mirror. So a compensation of the mirror reflectivity should be taken
into account when comparing the pulse energy between HH seed and amplified seed. In addition, the
measured HH beam is consisted of several high order wavelengths, and only the 43rd order is adequate
to the amplification. In the wave front comparison (later in this section) between the HH seed and am-
plified seed beam, we assume the wave front of the recorded HH orders are remaining the same level.
However, the energy proportion of this specific HH order (the 43rd) in the detected HH beam is not fig-
ured out in this experiment. The detailed HH seed pulse energy amplification after the plasma amplifier
is particularly discussed in the experiment demonstrated in Chapter 5.

Figure 3.53: Seeded SXRL full energy stability from shot-to-shot (blue line, right coordinate) and energy propor-
tions with the threshold data-processing approach (black line, left coordinate).

The black line illustrated in Fig. 3.53 indicating to the energy proportion (92%±1%) of the selected
beam respected to the assumed "100%" full energy of the main seeded SXRL beam. This treatment
follows the criteria described in Fig. 3.52(b). Subsequently, substantial wave front distortion analysing is
performed in Fig. 3.54, where tilt 0◦, tilt 90◦ and focus distortions are not taken into account as explained
in Section 3.3. Black line with the left y axis is indicating PV wave front value for 27 consecutive shots,
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and the shot-to-shot wave front RMS value is plotted in blue line (right y axis). The standard deviation
of PV value is 20%, while standard deviation of wave front RMS value is down to 12%. Furthermore,
in contrast with the wave front RMS value of HH seed 0.51λ±0.03λ , the value of seeded SXRL was
improved to 0.23λ±0.01λ . Here, the error of the wave front corresponds to the half value of standard
deviation over 27 consecutive shots. It is interesting to note that not only the SXRL wave front distortion
was improved by over two times with plasma amplifier, but also the wave front stability was optimized by
three times.

Figure 3.54: RMS (blue line, right coordinate) and PV (black line, left coordinate) wave front value of amplfied
SXRL with 4 mm long plasma-amplifier crossing 27 consecutive shots.

The observed beam improvement is resembling to the previous work of LOA group which showed a
strong improvement in the wave front of seeded SXRL in a gas-amplifier [69]. However, the geometries of
the two experiments and the physical processes influencing the gain creation are different. Consequently,
as described in Fig. 3.55, the gain zone shapes are different between gas and solid amplifiers [51, 74] :
(a) in SXRL gas-plasma amplifier, the shape of the gain region in the direction perpendicular to the laser
propagation is decreasing sharply at the edge of the gain zone; (b) in the SXRL solid-plasma amplifier,
the gain zone is evolving gently respected to the gas-plasma amplifier. Therefore, the effect of spatial
filtering is much more efficient in gas-plasma amplifier. The coupling between seed and gain zone cannot
follow the same optimization procedure and thus merits a specific study.

Figure 3.55: Calculated 2D distribution of the maximum gain coefficent in SXRL (a) gas-amplifier from [69] (trans-
verse view) and (b) solid-amplifier from [75] (cross-sectional view).
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Hartmann wave front sensor under Modal reconstructor mode allows for independent measurement
of the three most important aberrations: coma, astigmatism at 0◦ and 45◦ (see Appendix Fig. A.1).
Here the measured coma aberration is combined with coma, trefoil and the other aberrations, while
coma is absolutely dominating. In Fig. 3.56, we plotted the three strongest aberrations in RMS value
over 27 shots. Blue line is coma, green line and red line are corresponding to astigmatism at 0◦ and
45◦, respectively. The black dashed line indicates the calibration limit (0.03λ RMS) of Hartmann wave
front sensor [56]. In respect of HH seed aberrations analysed in Fig. 3.43, seeded SXRL astigmatism at
0◦ dropped from ∼0.10λ RMS to the calibration limit, while astigmatism at 45◦ did not show significant
changes. Moreover, over two times improvement on coma was observed from 0.4lλ±0.02λ (HH seed,
Fig. 3.43) to 0.18λ±0.01λ (seeded SXRL). Coma normally generates a central spot surrounded by
many rays extending far from it [76]. This spot was selectively amplified while the surrounding rays were
much less amplified, generating the observed drop of coma aberration, which is so-called spatial filtering
effect [69].

Figure 3.56: Shot-to-shot evolution of the three main aberrations, coma (blue line), astigmatism at 0o)(green line),
and astigmatism at 45o(red line) for seeded SXRL with 4 mm long plasma amplifier. The black dashed line is
indicating the calibration limit of Hartmann wave front sensor.

In order to further verify this spatial filtering effect, we studied the influence of the plasma column
length on the seeded SXRL wave front (see Fig. 3.57). Black data dots are indicating the wave front
RMS value and blue data points are corresponding to the pulse energy of seeded SXRL. Each error-bar
is corresponding to five shots. At 3 mm length, the wave front of seeded SXRL remains at 0.5l λ±0.09λ ,
while it improves to 0.31λ±0.09λ and 0.23λ±0.01λ for 3.5 mm and 4 mm, respectively. In another
hand, the output energy of seeded SXRL is increasing by the plasma amplifier length and reaching
saturation around 3.5 mm, which is in consistence with previous experiment results [77, 51]. In addition,
an apparent improvement of wave front stability with respect of HH seed was observed after plasma
amplifier across the three plasma lengths. This result meets the interest of SXRL diffraction imaging
applications [22], which requires for high pulse energy with good wave front. In the sake of comparison,
we summarized the wave front RMS value and corresponded aberrations of HH seed (with different
processing approaches) and seeded SXRL (with variety of plasma lengths), as represented in Table
3.1. The measurement error for seeded SXRL (SSXRL) with 3 mm and 3.5 mm plasma amplifier are
corresponding to the standard deviation of five individual shots, while the others are indicating to the
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Figure 3.57: Residual wave front RMS value of seeded SXRL from 3.0 mm, 3.5 mm and 4.0 mm long plasma
amplifiers.

standard deviation over 27 consecutive shots.

Table 3.1: Wave front analysis of HH seed with appropriate processing pupils and seeded SXRL with
variety of plasma-column lengths.

Source Approach RMS(λ ) Coma(λ ) Astig. 0o(λ ) Astig. 45o(λ )
HH seed energy threshold 0.54±0.06 0.42±0.03 0.11±0.05 0.01±0.01
HH seed 6.0 mm Pupils 0.57±0.04 0.46±0.03 0.10±0.04 0.01±0.01
HH seed 5.5 mm Pupils 0.51±0.04 0.41±0.03 0.09±0.03 0.01±0.01

SSXRL 3.0 mm energy threshold 0.51±0.01 0.28±0.03 0.13±0.06 0.09±0.03
SSXRL 3.5 mm energy threshold 0.31±0.01 0.24±0.01 0.03±0.01 0.04±0.02
SSXRL 4.0 mm energy threshold 0.23±0.01 0.18±0.01 0.01±0.01 0.04±0.02

Owing to the refraction during the wave propagation in the plasma amplifier, HH seed injection angle
might be the interest of final output beam wave front investigation. As a reminding, in all the seeding
conditions prior to this discussion in the experiment, the injection angle was set to 5 mrad deviated
from Molybdenum slab target surface. We therefore changed this angle from 0 mrad to 7.5 mrad, and
measured wave front as well as the aberrations analysing are represented in Table 3.2 [84]. Slightly
optimized wave front RMS value was obtained at injection angle of 5.0 mrad. However, the coma and
astigmatism at 0◦ of all these amplified seed beams were remaining the same characteristics and a
slightly changing of the astigmatism at 45◦ was observed. The amplified seed beam wave front doesn’t
show obvious function with the seed injection angles indicating that the refraction effect in our current
experiment with 4 mm long plasma amplifier does not cause much energy loss during the propagation.
Nevertheless, in this experiment, the HH seed injection angle was set to 5.0 mrad grazing incident angle
in respect of the target surface.

In addition, the source distance between centre of plasma amplifier and Hartmann sensor holes-plate
computed by back propagation with appropriate pupils were added up over 27 successive laser shots
in Fig. 3.58. The most probable source distance of 3456 mm with uncertainty of 7 mm was obtained,
which reveals the accuracy of source distance detection as high as 0.2%. Associating with observed
beam size (∼ 8 mm in diameter) on the Hartmann sensor, the divergence of seeded SXRL as low as
∼1.1 mrad was estimated, which is comparable to the HH seed (1.3 mrad). It is worth nothing that this
beam divergence of seeded SXRL is the most comparable to that of nowadays x-ray FEL beam achieved
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Table 3.2: Wave front analysis by varying the HH injection angles into the plasma amplifier. from [84]

HH Injection Angle(mrad) wave front RMS(λ ) Coma(λ ) Astig. 0o(λ ) Astig. 45o(λ )
0 0.30±0.03 0.17±0.02 0.00±0.01 0.13±0.03

2.5 0.26±0.03 0.17±0.02 0.00±0.01 0.09±0.03
5.0 0.24±0.02 0.18±0.01 0.01±0.01 0.05±0.02
7.5 0.29±0.03 0.18±0.02 0.00±0.01 0.10±0.02

µrad level. As the intensity and phase of the SXRL beam were both recorded in the Hartmann

Figure 3.58: Histogram of source distance betweeen plasma amplifier center and Hartmann plate computed by
HASO software with approprate pupils.

sensor, the complex amplitude of the electric-magnetic field on the sensor plane can be reconstructed
by back propagating to the exit of plasma amplifier (see the discussion in Section 3.3.2.2). We remind
that the main issue during the retro-propagation is the choice of the pupil size for the beam analysing.
Large pupils contain noise from plasma ASE that has to be removed. Conversely, reducing too much
of the pupil generates incorrect intensity distribution, spatial resolution and also results in smoothing of
the outer part of the beam where aberrations imprint most of the wave front defects. We thus selected
the largest pupils so as to contain more than 92% of the full detected energy and still remove most of
the noise, as demonstrated in Fig. 3.52 and Fig. 3.53. It is important to note that, in Fig. 3.52 the
reconstructed seeded SXRL source profile as well as its Strehl ratio are sensitive with the pupil size
(beam size) chosen for the back-propagation.

The second issue when one reconstructs the intensity distribution near the source location is the
spatial resolution along both the transversal and longitudinal axis. As given by the numerical aperture
of the beam, the transverse resolution is about 10 µm while the Rayleigh length is about 20 mm.
Consequently, we were not able to resolve the fine structure of the gain zone. However, it was possible
to follow the change of the source size and shape for the different time delays, which will be discussed
later. Source from several different locations (−20 mm, −10 mm, 0 mm and 10 mm, 20 mm) along
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Figure 3.59: The back-propagation of the seeded SXRL along the Rayleigh length from −20 mm to 20 mm. It is
calculated by point spread function in the free space. Z = 0 mm corresponds to the exit of the plasma amplifier.
Negative value indicates the direction deviated from the sensor.

the beam propagation are illustrated in Fig. 3.59. The 0 mm location corresponds to the exit of the
plasma amplifier and negative value is indicating the direction deviating from the detection sensor.
Source intensity profiles were reconstructed by back propagation the wave-field. For z = −10 mm and
z = 10 mm, astigmatism produces elongated beams and with main axis rotated by ∼45◦. The source at
z = 0 mm is relatively symmetrical shape with spot size of 20 µm×20 µm FWHM.

Figure 3.60: Seeded SXRL source intensity field reconstruction at the location of Z = 0 mm over different shots
with shot numbers displayed in Fig. 3.50.
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Moreover, shot-to-shot reconstructed source intensity maps are illustrated in Fig. 3.60, where the
shot numbers correspond to that in Fig. 3.50. As represented in Fig. 3.61, the average seeded SXRL
source size over 27 consecutive shots, corresponded to the cross-sectional gain zone area at exit of the
plasma amplifier, was obtained as 27µm±3 µm in horizontal and 34 µm±3 µm in vertical. The Strehl
ratio of the constructed SXRL source is 0.30±0.04, which is s excellent parameter at soft x-ray domain.

Figure 3.61: Back-propagated source size in horizontal (balck line) and vertical (blue line) at the exit of plasma
amplifier over 27 consecutive shots, as well as the Strehl ratio (red line) for each.

Solid-plasma amplifiers pumped by a combination of long and short pulses have been known to
experience hydrodynamic evolution that may impact on the wave front of the amplified HH seed. To study
this effect, the HH seed was injected at different delays ranging from 0 ps (seed synchronized with the
peak of short pump pulse) to 5 ps delay. The typical sample intensity and wave front images from each
injection time are illustrated in Fig. 3.62. The ROI beam shapes were chosen with the energy threshold
processing approach as described in Fig. 3.52. It is interesting to note that due to the temporal evolution
of the gain (population inversion), at 5 ps, the peak intensity of amplified seed signal was only two times
stronger than the ASE background which normally causing the inaccuracy during the signal extraction.

Furthermore, energy curve of the seeded SXRL as a function of time delay between HH seed and
peak of short pump pulse was emerged with the blue dashed line (right y axis) in Fig. 3.63. This curve
is associated with the gain curve obtained in our previous experiments under this GRIP pump scheme
[51, 77]. After 5 ps delay, the intensity of amplified signal is too weak to enable single-shot wave front
detection with Hartmann wave front sensor. Therefore, we conducted measurements for a span of 5 ps
for a 4 mm long plasmas amplifier. An optimum wave front of 0.23λ was observed at 2 ps time delay,
while the wave front aberration increases up to 0.41λ at longer delays.

To make further efforts, the three main aberrations varied by the time delay were analysed in
Fig. 3.64. Black dashed line indicates the calibration limit of Hartmann wave front sensor. Astigmatism
at 45◦ decreased from 0.12λ RMS at 0 ps to the calibration limit at 5 ps, and astigmatism at 0◦ was
observed to increase with the delay, while coma aberration showed little variation with injection time. In
both above figures, the error bars correspond to the standard deviation of 5−10 laser shots.
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Figure 3.62: Detected (a)intensity and (b)wave front map of the sample shots for the variety of delays between
HH injection time and the peak of arrival short pump pulse. The time of 0 ps is corresponding to the peak of short
pump pulse.
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Figure 3.63: The wave front RMS value (black line, left y axis) and intensity curve (blue line, right y axis) of seeded
SXRL versus the delay between injection time of HH seed and the peak of short pump pulse.

Figure 3.64: Evolution of three main aberrations, coma (blue line), astigmatism at 0◦) (green line), and astigmatism
at 45◦ (red line) of seeded SXRL versus the delay between injection time of HH seed and the peak of short pump
pulse with 4 mm long plasma amplifier. The black dashed line is indicating the calibration limit of Hartmann wave
front sensor.

The above trends are associated with the evolution of plasma parameters such as density gradients,
size, shape, and position of the gain region, a completely understanding of these results requires cou-
pling 3D Maxwell-Bloch codes with 2D or 3D hydrodynamic codes. So far, to our best knowledge such
model does not exist, while the back-propagation to the exit of plasma amplifier could provide further
understanding the impact of hydrodynamic conditions on the seeded SXRL source. We hereby chose
a typical laser shot for each delay and presented the (a) intensity maps and (b) phase maps from the
detection plane of Hartmann wave front sensor in Fig. 3.62. On the basis of this, the retro-propagation
to the exit of the plasma amplifier (z = 0 mm) of wave-field was performed, as illustrated in Fig. 3.65,
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with time delay at (a) 0 ps, (b) 1 ps, (c) 2 ps, (d) 3 ps, (e) 4 ps and (f) 5 ps. The minimum source size
at 20 µm× 18 µm was observed at the time delay of 2 ps, which is consistent with the best wave front
appearing delay shown in Fig. 3.64. Furthermore, the reconstructed source profile at 0 ps shows a
slightly elongated tilt with an angle of ∼45◦ with respect to the vertical axis. This might be caused by the
astigmatism at that direction. Owing to the phase quality of HH seed beam, the amplified seed beam is
sensitive to the gain zone temporal evolution. Once again, a completely understanding of these results
requires coupling 3D Maxwell-Bloch codes with 2D or 3D hydrodynamic codes.

Figure 3.65: The source intensity reconstruction of seeded SXRL as a function of time delays between seed
injection time and the arrival of the peak of short pump pulse for 4 mm long plasma amplifier:(a) 0 ps, (b) 1 ps, (c)
2 ps, (d) 3 ps, (e) 4 ps and (f) 5 ps.

3.3.4 Summary on wave front of HH-seeded SXRL

In summary, we have measured the wave front of an HH-seeded SXRL created by irradiation of a solid
target as well as the wave front of HH seed without plasma amplifier by using a soft x-ray Hartmann
wave front sensor. The main conclusion of this experiment is that SXRL solid-based plasma amplifier
(4 mm long) produce a good wave front with distortions reaching λ /5 RMS, although it is significantly
denser than gas-based amplifier. Previous work on gas-plasma amplifier [69] showed that the small size
of gain region acts as spatial filtering of the incoming beam and results in a reduction of the wave front
aberration for the amplified signal. Meanwhile, the back propagation of HH seed and seeded SXRL in
this study verified the spatial filtering effect in more direct way.

According to this experiment, one could make following conclusions: i) the wave front RMS value
and its stability of amplified seed improve ∼2.5 times and over 4 times, respectively, with respect to that
of HH seed; ii) the main optimization is coma aberration due to the spatial filtering; iii) an improvement of
seeded SXRL wave front was observed by increasing the plasma amplifier length, and saturation ampli-
fied energy was achieved under this condition; iv) the seeded SXRL wave front is strongly dependent on
the seed beam quality which was observed with strong coma aberrations caused by the toroidal injection
mirror [79]; v) the optimized wave front occurs at 2 ps time delay between HH seed and the peak of short
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pump pulse (6 ps), where astigmatism is the most sensitive distortion and coma is relatively stable with
the delay; v) HH-seeded SXRL is capable to reach diffraction-limited (λ/14) beam by optimizing the HH
seed beam quality, such as lower gas pressure for HH generation and better imaging mirror for HH seed
injection to the plasma amplifier.

In order to perform a more detailed study of the impact of plasma hydrodynamic, an image relay
system must be couple to the wave front sensor to achieve a higher numerical aperture and higher
spatial resolution. Moreover, the statistical studies observed that the wave front of the seeded SXRL
beam is more stable than that of the HH seed, opening the possibility to implement static or active wave
front correction. Alternatively, the improvement of wave front, from HH seed to seeded SXRL, gives the
great promise of the beam properties for the upcoming SXRL CPA system [54, 80] and matches the
follow-up process, such as phase guaranty for SXRL compressor. It would also positively contribute the
achievement of high peak intensity. Taking account of the pulse duration (∼1 ps) [85] achieved nowadays
of HH seeded SXRL from solid-plasma amplifier, the peak intensity could reach 5×1015 W/cm2 for the
diffraction-limited SXRL. Finally, this measurement of the source size of a seeded solid target SXRL
confirms the high brightness of ∼1×1026 photons·s−1·mm−2·mrad−2. In contrast, the SXRL peak
brilliance from free-electron laser in FLASH is 1×1029-1×1031 photons·s−1·mm−2·mrad−2/0.1%BW.
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CHAPTER 4

Route towards high energy, ultra-short
pulse, fully coherent SXRL

Emergence of ultra-fast coherent SXRL driven by LINAC (i.e. FEL) have opened new paradigm in
coherent nano-imaging at the femtosecond time-scale leading to major breakthroughs in biology, solid
state physics, astrophysics. The primary challenges for all the SXRL to ensure nano- femto-imaging are
pulse energy, pulse duration, beam coherence and wave front. In parallel to the development of huge
and costly FEL [1, 2, 3], table-top SXRL have achieved remarkable progresses in the past three decades.
Since the first demonstration of x-ray lasing from a plasma created by intense laser beam in 1985 [4, 5],
several table-top SXRL schemes have been developed: ASE based on laser-induced plasma [6, 7], HH
generation from gas target [8] and solid surface [9], gas-discharged SXRL [10, 11] and the HH-injection
seeded SXRL [12, 13]. Although high energy and broad wavelength range have been achieved in the
laser-induced plasma ASE x-ray source, its low beam quality on pulse duration and spatial coherence is
extremely hard to come over. HH sources being fully coherent temporally and spatially, have attracted
multi-type of applications [14, 15, 16]. Indeed, the short pulse duration (10′s o f attoseconds) of HH
generated from solid surfaces brings a bright perspective [9]. However, the intrinsically poor pulse energy
is limited to single-shot ultra-fast imaging. Another compact SXRL created by an electric discharge on
gas has been optimized to reach mJ pulse energy with high degree of spatial coherence [4, 17, 18].
However, saturation level was obtained only at a wavelength of 46.9 nm with long pulse duration (∼ns).

Seeding soft x-ray plasma amplifier with HH pulse has achieved remarkable progress in the past two
decades. The first attempt to seed plasma amplifier with femtosecond HH pulse was demonstrated in
1995 [19]. A specific order harmonics (the 21st ) from helium gas jet was tuned to overlap the 25.11 nm
J = 2−1 laser transition of the ne-like Ga x-ray plasma, and then amplified after injection. However, the
observed x-ray amplification was not as high as expected. Two main factors were taken into account:
the spectral line-width coupling efficiency and spatial overlap between seed beam and the gain region.
Dawn was beginning to show after the excited experiment in 2004 [12], where a deeply saturated,
highly energetic, excellently coherent and fully polarized SXRL was reported with gas-plasma amplifier.
Inspired by it, the HH-injection seeding concept was soon extended to the solid target [20, 13]. So far,
there are two main divisions of this table-top coherent seeded SXRL source, which are based on the
gas-plasma amplifier [12] and solid-plasma amplifier [20, 13] respectively. Both SXRL sources have
showed their impressive advantage of high-brightness pulse with full temporal and spatial coherence
[12, 20, 13] as well as aberration free beam [21, 22]. However, the restricted pulse duration [23] and
inefficient energy amplification are still limiting their interest for coherent femto- nano- imaging [24]. In
this study, we concentrated on the seeded SXRL based on solid-plasma amplifier due to the higher
energy in the plasma reservoir respected to the gas-plasma amplifier, aiming to come over the limits on
pulse duration and energy amplification simultaneously.

So far, there have been several modelling codes dedicated to this specific seeded SXRL scheme.
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The first Maxwell-Bloch code, COLAX [25], originally developed for SXRL in a single- and double-pass
configuration using a half-cavity mirror [26], was then updated to take into account seeding by HH as well
as coupled with a hydrodynamics and collisional-radiative code. Achieving ultra-short (∼10 f s) amplified
HH seed was recently proposed [27, 28] using tricky system geometry and HH pulse parameters by
this 2D Maxwell-Bloch code. Another 1D model based on Maxwell-Bloch equations investigating the
amplification of HH pulse in an active x-ray plasma was developed by a south Korean group [29, 30], in
which the temporal shape and polarization of the seeded SXRL were taken into account. In addition to
these codes, the COFIXE numerical code [31, 32, 33] was applied to OFI SXRL based on the gas-plasma
amplifier. A 2D hydrodynamical simulation code of SXRL solid-plasma amplifier was developed by the
team of Colorado State University [34], which was particularly designed for the SXRL seeding experiment
based on solid-plasma amplifier. It is interesting to note that a resembling code was recently reported for
the two-stage x-ray plasma amplifier by a Russian group [35].

In this chapter, we firstly reviewed the previous work of our group on 2D hydrodynamic code
ARWEN in Section 4.1. It presented a significant enhancement of the seeding energy amplification by
tailoring plasma gain zone [36, 37]. Sequentially, in Section 4.2, the time-dependent 1D Maxwell-Bloch
code DEEPONE developed by E. Oliva [38, 39] was briefly presented. This code is dedicated to
simulate the HH injection seeded SXRL in the thesis work. In Section 4.3, previous efforts of our
group as well as our current simulations work on HH seeding with single- and multi-stage x-ray plasma
amplifier were discussed at in the first two subsections. In the third subsection (Section 4.3.3), a recent
experiment to test multi-stage and wide plasma amplifier was studied. After the efforts with enlarging
the cross-sectional area of plasma amplifier, we turned to the enlargement in time. In Section 4.4, the
fast gain recovery behaviour in the x-ray plasma amplifier after the population inversion depletion when
seeding a ultrashort coherent pulse was predicted [40] using the DEEPONE code. As a consequence,
in Section 4.5, we suggested changing the seed pulse temporal properties to take advantages of this
recovery behaviour and extract much more energy from the plasma amplifier as coherent emission.
Seeding a train of coherent pulses or a stretched seed pulse were considered. Owing to the feasibility in
experiment, we therefore proposed the x-ray CPA scheme [40, 41, 42]. Final output towards multi-tens of
GW fully coherent femtosecond SXRL is extremely attractive to the single-shot coherent phase imaging
applications [43] which are showing many advantages of reaching high temporal and spatial resolution
nowadays. In this x-ray CPA scheme, future pulse shortening near to the Fourier-limited beam was
proposed in Section 4.6. Finally, the key technique of the x-ray CPA system was briefly mentioned in
Section 4.7 adopting conical diffraction gratings.

4.1 2D Hydrodynamic modelling

Early simulation work of our group started with a 2D hydrodynamic code ARWEN [44], which has been
used in several fields, such as inertial confinement fusion (ICF) [45], laboratory astrophysics [46] and
the present plasma-based seeded SXRL [36, 47]. This 2D hydrodynamic code with radiation-transport
solves radiation hydrodynamics equations enhanced with the treatment of electron thermal conduction.
Electron thermal conduction and radiation transport are solved with matrix-free solvers and Sn multi
group methods respectively. Owing to the Adaptive Mesh Refinement technique, it saves computational
time by refining the mesh only in a small part of the simulation domain. Section 4.1.1 and 4.1.2 are the
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brief introduction of the ARWEN code as a courtesy from E. Oliva [37], and more details are described in
[48]. In section 4.1.3, optimization of x-ray amplifier by tailoring the plasma hydrodynamics is discussed.

4.1.1 ARWEN code

The ARWEN code is a 2D hydrodynamic code incorporating radiation transport that was developed at
the Instituto de Fusión Nuclear of the Universidad Politécnica de Madrid, Spain. The equations solved
are those of radiation hydrodynamics with thermal conduction:

∂ρ

∂ t
+∇ · (ρu) = 0, (4.1)

∂ρu
∂ t

+∇ · (ρuu) =−∇(Pm +Pr), (4.2)

∂ρEm

∂ t
+∇ · [ρEmu+(Pm +Pr)u] = SE +∇ ·qc +∇ ·qr, (4.3)

Ω ·∇I +κ · I = ε, (4.4)

∇ ·qc =−∇ ·ke∇T, (4.5)

∇ ·qr =
∫
(κ · I− ε)dν , (4.6)

Er =
1
c

∫
IdΩdν , (4.7)

Pr =
1
3

Er, (4.8)

where ρ is the density, u is the velocity vector, Pm and Pr are, respectively, the matter and radiation
pressure tensors, Em is the energy of the matter, SE is the laser energy source, qc and qr are, respectively,
the heat fluxes due to conduction and radiation, c is the light celerity, I is the radiation intensity, Ω is the
solid angle, κ and ε are, respectively, the opacity and the emissivity of the medium, ke is the thermal
conductivity, ν is the frequency of the radiation and Er is the energy of the radiation field.

The Navier-Stokes equations (Eqs. (4.1)-(4.3)), including radiation pressure Pr and radiation heat
transfer qr, are solved with an Eulerian scheme using a high- order Godunov type method with an approx-
imate Riemann solver based on [49]. Flux-limited thermal electron conduction (Eq. (4.5)) and radiation
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transport (Eq. (4.4)-(4.5)) are treated with multi-grid [50] and Sn multi-group methods [51, 52], respec-
tively. Matrix-free solvers for thermal conduction are available in the new version of the code.Laser energy
deposition is treated with a simple model, explained later in this paper. The laser energy is treated as a
source term for Eq. (4.5). Planar and cylindrical geometries are available.Equation of state (EOS) data
are obtained from the QEOS [53] equation of state, and the multipliers are adjusted to fit experimental
data as Hugoniot curves. Opacities are computed with JIMENA [54] code, also developed at the Instituto
de Fusión Nuclear.

The ARWEN code (and thus all its packages) is based on the adaptive mesh refinement technique
[55, 56]. It is common in plasma hydrodynamics simulations to have small zones where high resolution
is needed (i.e., shockwaves or high energy zones), whereas the majority of the computational domain is
well resolved with coarser grids. The AMR technique consists of putting patches of finer grids where they
are needed, producing a uniform numerical error and saving computational time. The structure of levels
and grids is created and controlled by the C++ library BoxLib [57].

The output of the code is in both our native format (rwm) and also the standard HDF format to
facilitate post-processing with other codes, such as our atomic model or codes that model the injection
and amplification of radiation in the plasma, such as SHADOX [58].

4.1.2 The atomic model

The hydrodynamic parameters obtained from ARWEN were postprocessed to obtain 2D maps of atomic
data as small-signal gain (which we will call "gain" in the rest of the paper) and saturation fluence, among
others. This post-processing is done with a simple three-level atomic model that computes the gain
and saturation fluence on the 2p5

1/23s1/2 J=1 → 2p5
1/23p1/2 J=0 Ne-like Fe16+ transition occurring at

λ = 25.5nm, as it illustrated in Fig. 4.1. This calculation slightly overestimates the gain [59]. In our
model, we follow the classical assumption that assumes that the fundamental level (0) is much more
populated than the other two levels. There is a forbidden transition between the fundamental level and
the upper lasing level (2). The lower lasing level (1) depopulates quickly toward the fundamental level
(0), creating a population inversion between the two lasing levels (1,2) by collisional excitation, as shown
in [60]. This phenomenon was confirmed later by [61], demonstrating that for the high temperatures
that typically exist in transient collisional excitation [62], collisional excitation is the dominant process
populating the laser levels.

The objective of the model is to compute the small signal gain coefficient g0(ν = ν0) and saturation
fluence Fsat(ν = ν0) at the lasing line central frequency ν0. For simplicity of notation, we will later use
g0(0) and Fsat(0):

g0(ν = ν0) =

(
N2−

γ2

γ1
N1

)
σstim(ν = ν0), (4.9)

Fsat(ν = ν0) =
hν0

σstim(ν = ν0)
. (4.10)

In these formulas, Ni and γi are, respectively, the population and degeneracy of the ith level of the tran-
sition, and σstim is the stimulated emission cross section. These last four values are computed at the
line center. The populations of the levels are computed by solving the stationary rate equations of our
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Figure 4.1: Simplified Grotrian scheme and transitions obtained from [63, 64] for Ne-like Fe.

three-level model:
dNi

dt
= ∑

j
Ci jneN j +∑

j
Ai jNi, (4.11)

dNi

dt
= 0, (4.12)

where the Ci j are the collisional excitation rates between levels i and j, the Ai j are the spontaneous
emission and absorption coefficients, the Ni are the populations of the corresponding level i and ne is
the electron density. The plus or minus sign is included in the coefficients depending on the effect of the
transition (populating or depopulating level i).

The upper (numbered 2) and lower (numbered 1) lasing levels are 2p5
1/23p1/2 J=0 and 2p5

1/23s1/2

J=1, respectively. The fundamental level (numbered 0) is 2p6 J=0. The mechanisms taken into account
in our model are collisional excitation between the fundamental and the two lasing levels (0→ 2, 0→
1), collisional de-excitation and radiative transitions (2→ 1,1→ 0). Electron collisional rates are Van
Regemorter´ s rates [65], which depend on the electron temperature and electron density. The rates are
calculated assuming that the electrons have a Maxwellian distribution of velocities.

Ci j ≈ 1.6×10−5 fi j < g >

∆Ei j ·
√

kTe
e−

∆Ei j
kTe , (4.13)

C ji ≈
γi

γ j
Ci j · e

∆Ei j
kTe , (4.14)

where fi j is the oscillator strength, < g > is the Gaunt factor (assumed to be < g >= 0.2), ∆Ei j is the
difference of energy between levels i and j, k is Boltzmann’s constant and Te is the electron temperature.

The stimulated emission cross section is computed as follows:

σstim(ν) = Φ(ν)
λ 2

8π
A21, (4.15)

where A21 is Einstein´ s coefficient of the 2→ 1 transition and Φ(ν) is the spectral line profile. We
assume only a Doppler profile. Neglecting collisional broadening reduces the profile width, artificially
augmenting the gain and underestimating the saturation fluence [39], as shown in [64].



124 Chapter 4. Route towards high energy, ultra-short pulse, fully coherent SXRL

The Doppler effect is the principal mechanism of line broadening. In addition to this, we computed
the value of the gain at the center of the line profile. Then, the peak Doppler value is:

ΦD(0) = λ

(
m

2πkTi

)1/2

, (4.16)

where m is the atomic mass of the lasing ions, k is Boltzmann’s constant and Ti is the ion temperature.
Because these simulations were performed with a one-temperature hydrodynamic version of the

ARWEN code, we made the assumption that the plasma is in quasi local thermodynamic equilibrium,
meaning that the temperature is the same for electrons and ions. This assumption has been validated
in several experiments and modelling of plasmas heated with nanosecond pulses. This scheme is called
QSS. For shorter pulses, this assumption fails. In the specific case of transient collisional excitation
pumping, using a combination of a long nanosecond pulse and a short picosecond pulse, the peak gain
appears only after interaction with the picosecond pulse, when the electron temperature has been dra-
matically increased, while the ion temperature has changed only negligibly. Consequently, we calculated
the gain at the instant of the peak value, using the ion temperature before the interaction with the short
pulse and the electron temperature as the value given by ARWEN at the moment of the pulse interaction.

4.1.3 Plasma amplifier optimization by tailoring plasma hydrodynamics

We benchmarked our numerical code addressing the successful coherent seeding experiment based on
solid-plasma experiment [13]. In that experiment, TCE pumping scheme (as described in Section 2.6)
was employed, combining a long IR pulse that creates the plasma at the proper ionization stage followed
after a variable delay by a short (ps) pulse that produces the population inversion. All modelling showed
in this chapter was done using this scheme: the plasma is created by a 100 ps IR pulse (I = 1.2×1012

Wcm−2) preceded by a 1 ns pre-pulse(I = 1.2×1011 Wcm−2); free-electrons are heated up directly
by the short IR pulse (0.5 ps, I = 1.1×1015 Wcm−2) and later by thermal conductivity; then, they
collide with the lasing ions populating both the lower (1) and upper (2) lasing levels. On a simplified but
realistic description, population inversion is created because the upper level is metastable (the radiative
transition between the fundamental and the upper level is forbidden) and the lower level is coupled to the
ground-state (0) by a very fast E2 transition. Lasing ions considered here are either neon-like (10 bound
electrons) or nickel-like (28 bound electrons). Einstein’s coefficients for the different transitions involved
on this scheme are A21 = 1.3×1010 s−1 and A10 = 8.3×1011 s−1 for the 2p53s(J = 1)→2p53p(J = 0)
neon-like Fe transition occurring at λ = 25.5 nm; A21 = 1.8×1010 s−1 and A10 = 1.0×1012 s−1 for the
2p53s(J = 1)→2p53p(J = 0) neon-like Zn transition at λ = 21.2 nm and A21 = 4.4×1011 s−1 and
A10 = 4.2×1011 s−1 for the 4p1(J = 1)→4d1(J = 0) nickel-like Mo transition occurring at λ = 18.9 nm.

In Fig. 4.3, a map of the plasma and of the gain region is displayed. This plasma is assumed to
be homogeneous along the longer (Z) dimension. In Wang et al.’s experiment [13], the pump laser was
focused over a 30 µm× 5 mm line. At first glance, we observed that the plasma is almost three times the
size of the focal width along the target surface (Y ). Such a strong plasma flow was not expected, leading
to a larger gain region, about 50 µm wide. It is interesting to observe that the gain zone extends only over
10 µm along the pump laser axis (X ). The gain peaks at about 62 cm−1 agreeing very well with Wang
et al.’s data. It decreases very fast when the distance from the target surface increases. The saturation
fluence calculated over the gain region is roughly stable at 2.3 mJ/cm2 agreeing well with Wang et
al.’s article (fluence of 1.8 mJ/cm2). These two results are striking. Although most plasma-based soft
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Figure 4.2: X-ray plasma amplifier created by two laser pulses and the gain region map in false color. This
modelling has been used to benchmark ARWEN code against Wang et al.’s experiment [13]. from [42]

X-ray lasers are running at about 10 times the saturation fluence, in order to break the mJ threshold,
one needs to produce a gain region of 0.1 cm2 (to be compared to 5×10−6 cm2 for Wang et al.). We
therefore explored the possibility of enlarging the gain region. The most accessible solution consists in
enlarging the focal width while keeping the intensity constant. We modelled plasmas created with focal
widths from 30 µm up to 2 mm (Fig. 4.2). It is striking to observe that peak gain increases very quickly
from 62 to 126 cm−1 when enlarging the focal width from 30 µm to 100 µm. Then, peak gain remains
constant for widths larger than 100 µm [36]. Note that the gain region increases nearly 8 times along
the x direction from 10 µm to 76 µm while the vertical flow becomes negligible maintaining the gain
region near the focal width size. When the focal width is larger than 100 µm, the gain zone is rather
homogeneous. These changes are due to a reduction of the thermal losses by lateral conduction and
radiation cooling as well as the inhibition of the lateral expansion when increasing the focal width [37].

However, the plasma vertical extension will generate a spurious effect already observed on Ti:Sa
lasers: the transverse lasing. With a gain of about 130 cm−1 and a transverse amplification length of
2 mm, the gain-length product can be as high as 26. However, it is commonly observed that SXRL
saturates at a gain-length product of about 18. Thus the self-emission emitted from one side of the
plasma will be amplified along y direction above saturation with the result to extract most of the energy
stored. Actually, considering 18 as the saturation gain-length, the transverse lasing will be problematic
for plasma larger than 1.4 mm. One solution we explore consists in reducing the pumping intensity so
as to decrease the gain. For a reduction of 50% of the pump energy of the short pulse, the gain can
be halved. In that case, 2 mm large plasma does not generate too strong transverse lasing. With this
condition, we estimate the total output energy to be around 44 µJ.

Considering a 1 mm large plasma that may be created with a sub-PW laser, about 0.4 mJ is stored on
the population inversion. This value, although too low for the most demanding experiments like biological
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Figure 4.3: Image in false colors of plasmas created by 100 µm (left) and 1 mm (right) focal width. For 1 mm large
width, the plasma along the target surface is very weak. from [42].

imaging, represents a huge step forward. However, using only a hydrodynamic code is not sufficient to
give a precise estimate of the output energy when seeding this amplifier with high harmonics. Several
issues still remain to be studied numerically to define the best seeding conditions and thus the highest
output energy and shortest duration achievable.

4.2 The time-dependent Maxwell-Bloch model

When the SXRL beam propagates in the plasma medium, the only amplification bounds are set by gain
coefficient distribution and the refraction effects within the amplifying plasma. There is no mode selection
as in the most lasers. Once population inversion is achieved, brightness and coherence of the laser are
basically depending on the conditions of propagation in the plasma. The propagation of an electric field
in a plasma is generally described by the Maxwell wave equation [66]

∇
2E− 1

c2
∂ 2E
∂ t2 = µ0

∂ 2P
∂ t2 −

ωp
2

c2 E , (4.17)

where ∇2E is the Laplacian of the electric field E, c is the speed of light, P is the plasma polarization
density and ωp is the plasma frequency. Polarization (the first term at right side of equation) depends on
the population inversion density and to the field amplitude E. The second term represents the interaction
of the field with the plasma free electrons, which introduces the refraction of the beam in the wave
equation. Refraction is given by the Laplacian term, while in one-dimensional model, the transverse
Laplacian is neglected, retaining only the derivatives on the Z coordinate. Therefore, the electric field can
be written as Ez = Re[Ee(−iωot+iκz)], where ωo is the frequency of the field and κ is the wave number.
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Polarization density can be expressed in a similar way. With this simplification we lose the capacity of
studying refraction and diffraction effects but the resolution of the equations is significantly simplified.
Moreover, in the case of HH-injection seeded SXRL, the seed pulse (∼30 f s) is normally much shorter
than the time scale of the atomic response of the lasing ions (few ps) due to the electron-ion elastic and
non-elastic collisions. It has nothing to do with the slowly varying envelope approximation in classical
Maxwell equation (Eq. 4.17). It is not necessary to resolve the high frequency oscillations of the electric
field due to the short seed pulse. We therefore assume that the second derivatives of the envelope
function E(z, t) can be neglected. Then the wave equation can be written as [38]

2iωo

c2 (
∂E
∂ t

+ c
∂E
∂ z

) =−ωo
2

c2 (−
ωp

2

ωo
2 E +µoc2P). (4.18)

Therefore, with the coordinate change τ = c− z
c , which is so called reduced time, and defining

ζ = cτ , the first order ordinary differential equation for the propagation and amplification of the electric
field in plasma is described as [38, 41]

∂E
∂ζ

=
iωo

2c
[µoc2P− (

ωp

ωo
)2E]. (4.19)

The polarization density is normally given by P = Tr(ρd), ρ is the density operator and d is the atomic
electric dipole. According to [68], the equation related to the matrix element z21 is written as

∂ρ21

∂τ
=−γρ21 +

iE
h̄

Z21(N2−N1), (4.20)

where γ is the depolarization rate which is proportional to the electron-ion collisional frequency [26] and
N2 and N1 are the population of the upper and lower level, respectively. Multiplying the equations that give
the evolution of the density matrix elements by Z21 (non-diagonal elements) and N0 (diagonal elements),
we get the following equations:

∂P
∂τ

= Γ− γP− iz21
2

h̄
E(N2−N1), (4.21)

∂N2

∂τ
= ∑

k
Ck2Nk + Imag(E ∗P)

1
2h̄

, (4.22)

∂N1

∂τ
= ∑

k
Ck1Nk + Imag(E ∗P)

1
2h̄

, (4.23)

where Γ is a stochastic source term corresponding to the spontaneous emission. The evolution of
the plasma polarization density is demonstrated in Eq. (4.21), spontaneous emission has been taken
into account. The random term Γ is properly normalized to obtain the expected Lorenzian lasing line
profile [26]. Finally, the populations of the upper and lower levels involved on the lasing transition are
respectively represented in Eq. (4.22) and Eq. (4.23), which are coupled with collisional excitation/de-
excitation and radiative de-excitation rates (Ck2 and Ck1) and with the SXRL electric field through
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polarization density. This time-dependent Block-Maxwell code, so called DEEPONE, allows to study
several processes required to understand the amplification of soft x-ray emissions in a plasma as Rabi
oscillations or amplification of a noisy ASE mixed with a non-random signal (HH-seeded SXRL).

4.3 Single- and multi-stage x-ray amplification schemes

All the seeding experiments [12, 13, 19, 20, 69] prior to this study have demonstrated energy amplifi-
cation up to two orders of magnitude and excellent hereditary optical-quality with respect to the fully
coherent HH seed source. However, the energy is limited to 0.1 µJ which is far from the requirement of
high-resolution ultra-fast single-shot imaging [43, 70]. The efforts on single- and multi-plasma-amplifier
schemes are discussed in this section.

4.3.1 Single-plasma-amplifier scheme

Previous efforts using DEEPONE code have showed the effect of seed pulse properties in the polar-
ization density [38], as illustrated in Fig. 4.4. Modelling of Wang et al.’s experiment [13], we observed
well-known weak amplification of the HH seed followed by a wake field that is amplified [25, 30] and
contains most of the energy in a 2 ps pulse (Fig. 4.4(a) and Fig. 4.4(b). The incapacity of such plasma
in amplifying the seed comes from the mismatch between the polarization characteristic time (0.1-0.2
ps) and the HH pulse duration (30 f s). Also, the long lasting (several picosecond) wake originates from
the long duration of the polarization induced by the seed. Indeed, depolarization mainly occurs through
electron-ion collisions that have a characteristic time of several picoseconds.Therefore, longer HH seed
pulse (200 f s) injection to high-density plasma was proposed, showing the results in Fig. 4.4(c) and
Fig. 4.4(d), which presents a faster depolarization time scale and thus a shorter wake. This modelling
pointed out that increasing the duration of the HH seed is not only interesting to the transfer of energy
from to wake to the seed, but also to enhance the polarization, which would allow more efficient SXRL
amplification through the plasma.

ARWEN modelling (Section 4.1) showed that plasmas larger than 100 µm have the adequate
conditions. Seeding with these parameters (and 50 nJ energy to maintain the seeding intensity) a 100
µm wide plasma enhances the coupling HH-plasma. The combination of the fast depolarization of the
plasma (due to electron collisions) and the strong saturation of the population inversion by the HH field
inhibits the creation and amplification of the wake, conserving the femtosecond duration of the seed.
Furthermore, as observed on classical lasers [71, 72], amplification in this deep-saturation regime is only
efficient during the first part of the HH pulse while the second half of the pulse encountering a reduced
population inversion is weakly amplified. This phenomenon results in the pulse shortening observed for
lengths above 2 mm (Fig. 4.4(d)). This single plasma amplifier scheme leads to the generation of a 1.4
µJ, 80 f s pulse after passing through a 2.5 mm length plasma (Fig. 4.4). It is not worth to use longer
plasmas as the ASE and the wake are strongly developed after this optimal length.

Kim et al. [30] suggested that adjusting the injection time of the seed allows the coherent amplified
seed to dominate the output beam. We performed a modelling in DEEPONE, as illustrated in Fig. 4.5,
for a 4×1 mm2 plasma seeded with a 100 nJ, 200 f s HH pulse at 2 ps before the maximum gain value
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Figure 4.4: Electric field (black lines) and computed polarization (red lines) at z = 0 mm of (a) 1.5 nJ, 30 f s and
(b) 1.5 nJ, 200 f s HH seeded in a plasma with ne = 2.2×1020 cm−3 and Te = 531 eV . The temporal profiles of
both cases are displayed in (c) and (d) respectively. The colours represent the ASE (green stars), HH seed (red
triangles) and wake signal (blue squares). from [38].

(Fig. 4.5(a)) and 1 ps after the gain peak (Fig. 4.5(b)) respectively. It is clearly seen that adjusting
the seeding time has a strong impact on the output beam temporal profile. When seeding earlier, the
structure composed of HH and wake signal is completely developed and clearly differentiated from the
ASE which appears before the HH pulse and after the wake. On the other hand, when seeding later the
ASE is strongly amplified. The seed appears as strong spike while the wake cannot be amplified due to
the low gain it encounters. Nevertheless, from Fig. 4.5, it is apparent that optimizing the seeding time is
not sufficient to destroy the ASE signal and, in addition to this, the output pulse will have the complicated
structure described above, during several picoseconds and preventing to obtain single short and intense
pulses (100 f s or less). In order to get rid of the wake and ASE obtaining a short, energetic single pulse,
one strategy is that seeding earlier is better than later as explained by Kim et al. [30]. The ASE and wake
need some millimetres of plasma to develop, shortening the plasma would inhibit these structure at the
cost of decreasing the output energy.

Another approach is to seed HH pulse with higher intensities. In this case, the HH pulse will saturate
the plasma, destroy the population inversion and thus prevent the development of the ASE and wake. In
Fig. 4.6, the output pulse obtained by seeding 100 nJ, 200 f s HH pulse into 2×1 mm2 plasma amplifier
(Fig. 4.6(a)) and seeding 2.2 µJ, 200 f s HH pulse into 4×1 mm2 plasma amplifier (Fig. 4.6(b))
respectively. Although the output pulse is improved for both of them, none of the beams is optimal for
applications. When the length of the plasma is reduced (Fig. 4.6(a)) the wake is still developed, and
reducing more the length of the plasma would be impractical as the HH seed would not be amplified
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Figure 4.5: Temporal profile of output beam from a 4×1 mm2 plasma seeded with a 100 nJ, 200 f s HH seed pulse
at 2 ps before the maximum gain (left) and 1 ps after the gain peak (right).

enough. Seeding at higher energies (Fig. 4.6(b)), as expected, saturates the amplifier and prevents the
wake and ASE to appear after the HH pulse. However, even for this high-density plasma, the spectral
width of the soft X-ray laser is about 30 times narrower than the spectral width of the HH pulse [73],
meaning that we need 30 times more HH seed pulse energy. Nevertheless, as the gain on this kind of
plasmas has a duration of several picoseconds, the population inversion is recovered some picoseconds
(discussed in Section 4.4) after the HH seed and the wake and ASE appear later in the beam. All these
seeding strategies with single plasma amplifier are working relatively well but not adequate to obtain an
optimized beam for the single-shot CDI [43, 70].

Figure 4.6: Temporal profile of output beam from a 2×1 mm2 plasma seeded with a 100 nJ, 200 f s HH seed
pulse (left) and from a 4×1 mm2 plasma seeded with a 2.2 µJ, 200 f s HH seed pulse (right). Blue lines are the
HH seed, amplified HH seed is in red, and green line are corresponding to the wake and ASE signals

4.3.2 Multi-stage x-ray amplification scheme

Consequently, we proposed a multi-stage x-ray amplification scheme [41, 42] schematically illustrated in
Fig. 4.7. The idea is to combine all the above strategies and seed a short (less than 2 mm), wide (1 mm)
plasma amplifier with an intense (> 1 µJ, 200 f s) structure-free coherent seed pulse. The combination
of these techniques should have all the advantages whereas the drawback of losing amplification power
by shortening the plasma is overcome by seeding at higher energy. However, as our best knowledge,
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common HH sources provide tens of nJ, which is clearly insufficient to directly seed these plasmas.
Plasma-based SXRL easily achieve this energy but resulting in incoherent beam. The optimize source to
seed these wide plasmas would be another plasma, narrower (100 µm), directly seeded with HH pulse,
which is considered as the pre-amplifier as described in Fig. 4.7. This pre-amplifier stage must augment
the energy of the seed from several tens of nJ to several µJ, while maintain the duration of the pulse
(∼150 f s). In addition to this, the output beam of the pre-amplifier must present a structure free of ASE
or wake, as these undesirable features will be strongly amplified in the 1 mm plasma (main-amplifier)
and thus increase the pulse duration. The pulse described earlier in this section is ideal in terms of
energy, duration and temporal structure to seed wide, dense plasmas.

Figure 4.7: Artistic view of an multi-stage x-ray amplification chain, starting from left to right, consists of HH source,
focusing optics of image relay, pre- and main-amplifier. from [42]

As shown in Fig. 4.8(a), the 50 nJ, 120 f s HH seed beam is amplified to 1.8 µJ through a 2.5
mm × 100 µm pre-amplifier. Owing to the short plasma amplifier and intense seed pulse, the output
beam contains negligible level of the wake (49 nJ) and the ASE (0.2 nJ). Saturation effects reduce the
duration of the pulse to 80 f s (more discussion in Section 4.5). In order to reduce the amplification of
the wake, this pre-amplified beam was then seeded into the 3 × 1 mm2 main-amplifier with 1 ps time
delay. Final output beam consists of amplified seed (46.6 µJ, 160 f s), ASE (21.6 µJ) and the wake (2.8
µJ) as illustrated in Fig. 4.8(b). Here, 20% of the input energy loosing has been taken into account
due to the coupling efficiency. It is important to note that the beam intensity is not improved as much as
the energy, because the amplifier SXRL beam size after the main amplifier is increased by 1000 times
which promises the total energy improvement. If the amplifier is shortened to 2 mm, the output pulse has
a total energy of 24.8 µJ in 80 f s. The wake and the ASE takes only 4% and 8% of the energy. It is
interesting to note that about 30 J is necessary to create this kind of main plasma, which is achievable
using commercial 10 Hz lasers nowadays.
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Figure 4.8: (a) Temporal profile of output beam from 2.5 mm × 100 µm pre-amplifier seeded with a 50 nJ, 120
f s HH seed pulse. The ASE (green asterisk) and wake (blue squares) are zoomed 104 times and 100 times,
respectively. Red triangles are corresponding to the amplified seed. (b) Output intensity through the 1.5 × 1 mm2

main-amplifier seeded with by the output beam from pre-amplifier. The energy lose of 20% due to the coupling
efficiency has been taken into account. [41]

4.3.3 Experiment on ASE self-seeding with wide plasma amplifier

An experiment using a wider plasma amplifier with ASE self-seeding was conducted in GSI (Germany) in
collaboration with the teams of Prof. T. Kuehl (GSI, Germany), Prof. M. Fajardo (IST, Portugal) and Prof.
D. Ursescu (ELI-NP, Romania). This IR laser (1064 nm) system is similar to that described in Section 3.1.
The nanosecond long pulse was from a fibre laser system (ns Front-End), as illustrated in Fig. 3.1, which
only delivers nanosecond long pulses and runs independently from the femtosecond Front-End. The two
short pulses were generated and combined into a collinear beam with 200 ps delay of peak-to-peak in
the femtosecond Front-End. The three pulses were then combined into a collinear beam before sending
them to the pre-amplifier section (Fig. 3.1). The amplified triple-pulse beam with total energy ∼5.7 J was
finally sent into a compressor. Energy proportion and time delays of the three pulses after compression
are described in the inset (a) of Fig. 4.9. A 1 ns long pulse with 170 mJ energy was delivered 1.5 ns
before the first short pulse (3 ps, 0.8 J), the second short pulse (3 ps, 2 J) was arriving 200 ps later
than the first short pulse. As illustrated in Fig. 4.9, this triple-pulse beam was divided into two arms by a
mirror clipping. The top part of the beam (∼30% of the full energy), through a delay line, delivered into
the target chamber and line-focused by a spherical mirror, was used to create the seed plasma (50 µm
wide) by irradiating on a 5.4 mm long molybdenum slab target with 28◦ grazing incident angle. In order
to create a much broader amplifier-plasma respected to the experiment discussed in Section 3.1 (30
µm), much higher intensity is requested at the focal line of the amplifier-plasma. The other arm (lower
part of the clipped beam) with ∼70% of the full beam energy was sent to an OAP mirror with f = 350
mm, as depicted in inset (b). Another spherical mirror was set after the focal spot by OAP mirror and
used to focus this divergent beam into a short intense line. It was subsequently sent to a 2 mm long
molybdenum slab target with incident angle of 68◦ comparing to the driven laser of seed plasma, which
is dedicated to generate much broader plasma (300 µm) as the main amplifier in this ASE self-seeding
experiment, as it called amplifier plasma. This GRIP technique (as described in Section 2.6.3) coupled
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with triple-pulse combining is so called TGRIP scheme. It is interesting to note the that the beam shapes
of the two clipped arms remarked in Fig. 4.9 with different energy proportion are finally contributed to
the line focusing for the creation of narrow seed-plasma and broader amplifier-plasma.

Figure 4.9: Schematic overview of the ASE self-seeding experiment with the 5.4 mm × 50 µm seed plasma and
2 mm × 300 µm amplifier plasma. Inset (a) is describing the parameters of three pulses. The reflection mirror and
OAP mirror at the entrance of the target chamber are delivering the seed-plasma driven laser and amplifier-plasma
driven laser, respectively, as illustrated in inset (b).

Centre-to-centre distance between the two targets is 22 mm, which are controllable independently in
three dimensions, as displayed in Fig. 4.10. By adjusting the delay line, one could change the injection
time of the seed plasma (5.4 mm × 50 µm) on the broader amplifier-plasma (2 mm × 300 µm). The
final output was detected by a x-ray CCD camera coupled with a 45◦ multilayer mirror. Fig. 4.11(a) and
Fig. 4.11(b) are showing the output of seed-plasma and amplifier-plasma alone, respectively. It is worth
nothing that the signal is clipped by the edge of the second target. The estimated energy of the ASE
seed was 0.5 µJ and beam divergence was ∼15 mrad in vertical ∼8 mrad in horizontal. The slight
fringes are produced by the diffraction of the target edge. However, detected ASE signal from the shorter
and wider amplifier-plasma (2 mm × 300 µm) was showing very homogeneous energy distribution and
much bigger source size due to the broader plasma. Both images were obtained with same detection
conditions. Sequentially, the divergent ASE seed beam was naturally injected to the amplifier-plasma.
Fig. 4.12 shows the amplification curve obtained when scanning the injection time. The narrow temporal
amplification curve (3.6 ps duration) agrees with our previous experiment conducted in LASERIX (see
Fig. 3.13) using a long pulse and two short pulse configuration for the plasma amplifier creation, as
represented in Section 3.2. The long pulse was to generate a warm, expanding plasma. Then the
first short pulse heats the plasma and ionizes it, attaining the Ni-like stage. After several hundreds
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Figure 4.10: Photograph of the two independent controllable targets.

Figure 4.11: Foot-print images of the ASE signal from (a) seed-plasma and (b) amplifier-plasma alone, respec-
tively.

picoseconds, the final short pulse heats the free electrons of the plasma. These electrons will create
the population inversion by collisional excitation. Due to the short duration of pump pulse, the maximum
population inversion was achieved 1 ps after the arrival of the peak of pump pulse, as represented in
Fig. 4.12. one need to be aware of that the T = 0 ps is not exactly calibrated, but the relative time is
corresponding to the delay between injection time of the seed and peak of the 2nd short pump pulse for
amplifier-plasma.

There are three amplified seed images from different time delays as the insets illustrated in Fig. 4.12.
It is apparent to see the energy changing from T = 0 ps to T = 2.7 ps. Due to the strong refraction
effect by the density gradient in the amplifier-plasma, part of the amplified seed beam was out of the
detection region, only half of the beam was captured by the detection system. We assume the beam
is symmetrical in horizontal direction to calculate the output energy. The maximum amplification factor
achieved (at T = 0.9 ps) was 6.5. It is interesting to point out that the "bubble" shape caused by the
plasma refraction appears well before the population inversion is created. Thus, we can conclude that
it is due to the dense plasma created from the second target. This bubble shape is implying the dense
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Figure 4.12: Temporal evolution of amplification for the ASE seed from 5.4 mm × 50 µm plasma injected to 2 mm
× 300 µm wider plasma. Three sample images are showing the amplification at T = 0 ps, T = 0.9 ps and T = 2.7
ps respectively. T = 0 ps time is corresponding to the zero delay between seed injection and arrival of the peak of
the 2nd short pump pulse for amplifier-plasma.

plasma shape created on the second target surface. During the experiment, we found that the "bubble"
shape is due to the second target location in the clipping direction. The visibility of observed fringes
shoes an interesting behaviour. Comparing the three images illustrated in Fig. 4.12, it is clearly seen
that the visibility of the fringes is strongly dependent on the amplification energy. These fringes come
from the interference between the amplified seed and the refracted un-amplified beam. Refraction by the
edge of the dense plasma also contributes to them.

Further understanding of this deflection behaviour in the plasma amplifier, we compared the HH
seeding from Chapter 3, Section 3.2.2 (x-ray seeding experiment at LASERIX) with this ASE self-seeding
experiment, as illustrated in Fig. 4.13. Fig. 4.13(a) and Fig. 4.13(b) are taken from Fig. 3.12 with
the HH seeding time at −2.3 ps and 3 ps, respectively. At −2.3 ps, the amplification of the plasma is
negligible as it is shown in the gain curve in Fig. 3.13. This implies that the large population inversion
region (so called "gain zone"), which is considered as density homogeneous, is not created. The density
distribution along the plasma expanding direction x axis is shown on Fig. 2.36(a), where a steep density
gradient is presented. Consequently, one could explain the deflection of seed beam with "bubble shape"
described in Fig. 4.13(a) owing to the density gradient. Fig. 4.13(b) is the mixture of deflected HH seed
and amplified seed at 3 ps, when the population inversion remains a certain level. Part of the beam was
allowed to be amplified, and the rest was refracted. The two output beams were then interfered causing
the fringes.

In term of ASE self-seeding, it is interesting to note that in Fig. 4.13(c), the ASE seed was
delivered to the amplifier at −27 ps which is much earlier than the arrival of the short pump pulse for
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Figure 4.13: Divergent HH seed (a, b – at LASERIX, France), divergent ASE seed (c, d – at GSI, Germany ) and
near-collimated HH seed (e – at Colorado State University, US) injected to the plasma amplifier.

amplifier-plasma. It is indicated that in this case, the amplifier-plasma is only irradiated by the pre-pulses.
owing to lack of short pump pulse, the population inversion is considered at negligible level. The seed
beam can not be amplified, however, it was substantially refracted due to the density gradient, which
produced the "bubble shape". Similar behaviour was reported recently as x-ray plasma mirage [35]. In
Fig. 4.13(d), ASE seeding time at 0.9 ps, which is observed as the peak of the gain. Both amplified
seed and deflected "bubble shape" , as well as their interference, were apparently obtained.
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In contrast with the near-collimated seeding approach in our experiment conducted at Colorado
State University (US), where a toroidal mirror was adopted for the image-relay injection, Fig. 3.48 is
displayed in Fig. 4.13(e). The main amplified seed was observed as a single clean beam as marked
as "Primary SSXRL" in the figure. One should be noted that the secondary and tertiary SSXRL are
caused by the separated HH seed sources in the plasma amplifier as explained in Chapter 3, Section
3.3. Therefore, no fringes were observed.

We therefore blocked out the following sketch to simplify this behaviour caused by plasma refraction
with different seeding approaches. In Fig. 4.14, (a) divergent and (b) collimated seed pulses injection
to the plasma amplifier were taken into account. Fig. 4.14(a) shows the divergent seed propagating in
the expanding plasma. In this case, divergent beam passing through a x-ray plasma amplifier associated
with a gain zone. As our previous description in Fig. 2.35, gain zone is considered as homogeneous
region with much higher density than its surrounding. Part of the seed will be avoided from the gain
zone due to the refraction and some part of the beam can pass into the dense gain zone. Owing
to the divergent property, most of the seed beam can not propagate along the whole gain zone, it
experiences only part of the distance in the gain zone then turns into the expanding plasma, which is
so call breakup amplified seed. The big density gap between the gain zone and its surrounding area
causing a strong deflection. Only the beam centre along the gain zone can be fully amplified through
the whole amplifier. The breakup amplified will beam will be separated from the fully amplified beam
on the detection plane, as displayed in Fig. 4.13(a). Interference between the breakup amplified seed
beams and the full amplified beam can be occurred. The refractive index is discussed in Chapter 2,
Section 2.6.4. This deflection behaviour of the seed beam could also cause a reduction of the effective
gain-length product[67]. Moreover, the amplified seed has a divergence of 15×4 mrad in horizontal
and vertical directions, compared to the divergence of the seed (8×15 mrad) (see Fig. 4.11). The
divergence improved in the vertical direction a factor of ∼3.5 while it becomes larger in the horizontal
direction, which might be caused by the above explanation in Fig. 4.14(a). Further detailed explanation
of the elongate amplified seed, more information about the gain zone of the amplifier-plasma is required.
One can measure the amplified seed using x-ray Hartmann sensor (described in Chapter 3), which
allows back-propagation of the detected beam.

However, in the collimated seeding configuration represented in Fig. 4.13(b), most of the seed beam
can pass through the whole gain zone to reach fully amplification. The un-amplified beam is deflected
due to the plasma gradient. Most of the amplified seed beams are in parallel at the output, therefore, one
cannot observe the interference. In this case, breakup amplified seed are significant prevented.

In conclusion, preliminary results from ASE self-seeding with wide plasma amplifier (300 µm)
demonstrated an energy amplification of 6.5 times and vertical divergence ∼3.5 times smaller than
the seed. This is the best amplification achieved within the self-seeding scheme [74]. A more efficient
seeding approach and detection system are required to reduce the refraction effect, such as using
convergent seeding instead of the divergent injection, optimizing the pumping pulse configuration (as
the improvement discussed in Section 3.1), seed with coherent beam source, employment of X-ray
Hartmann sensor and more flexible operation for the full detection of the amplified signal. Nevertheless,
the wider plasma amplifier has showed its attractive advantages. However, the experiments confirmed
the conclusion based on our modelling that the output energy of seeded transient x-ray laser would not
exceed several 10′s of µJ, far from our mJ-range goal. Consequently, we have had to consider a totally
different approach, that is described in the next chapter.
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Figure 4.14: (a) Divergent and (b) collimated HH seed beams injected into the x-ray plasma amplifier.

4.4 Simulation of seeding with QSS x-ray lasers

We thus numerically studied the first SXRL seeding experiment demonstrated by Ditmire et al. [19]. Three
1054 nm beams, each providing 200 J in an 800 ps pulse, were delivered to the target for pumping the
SXRL amplifier. The HH beam with 140 f s pulse duration was then injected into the plasma amplifier with
proper time delay. The final amplified seed beam had 0.1 µJ while the ASE achieved 5 mJ, as illustrated
in Fig. 4.15(a). ASE dominates the x-ray emission from this plasma amplifier after HH injection and the
energy amplification observed as ∼3.5. This is far from the expected signal amplification ≈220. Two
main effects were taken into account for this observed gain reduction:
1) the spatial overlap between the HH seed beam (∼300 µm) and gain region (∼80 µm) of the plasma
amplifier,
2) spectral matching of the 21st order harmonic (≈0.01 nm) and the Ga XXII, J = 2− 1 transition line
(≈0.005 nm) in the plasma amplifier.

Actually, all seeding experiments apart Ditmire’s experiment [19] exhibit ASE at negligible level. From
our extensive modelling on TCE scheme (discussed later), we observed that ASE starts to have non-
negligible contribution for very large plasmas, about 1 mm wide. Even for such plasmas, ASE is not
dominant. Since for Ditmire’s experiment, the focal width for generating the plasma was about 200 µm
width, we would expect to observe some ASE but not reaching an energy 1000 times stronger than the
amplified seed, as measured in Fig. 4.15(a). Also, considering the time-resolved signal, it is striking to
observe that the ASE remains at a very strong level of intensity after amplification of the seed. Consider-
ing a classical laser, one would expect to have ASE prior amplification of the seed while after, due to gain
saturation by the seed, ASE should drop to very low level, as described in Fig. 4.15(b). Such behaviour
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Figure 4.15: Temporal intensity lineout of the seeded SXRL and ASE for (a) Ditmire’s experiment and (b) expected
result as a classical behaviour of a laser amplifier. from [19]

has been observed on all our previous modelling whatever the plasma size is. This introduction pointed
out that the cumulated emission after the seed amplification keeps most of the ASE energy. This peculiar
behaviour of QSS plasmas when seeded holds the key to milli-Joule energy. Several issues have to be
investigated, within them the most obvious was the seeding intensity. Seeding intensity level plays a cru-
cial role of energy extraction. On Ditmire’s experiment, the seeding intensity was rather low (low energy,
low geometrical coupling between the seed and the gain region, long pulse duration) with the possible
drawback that the saturation was probably not reached.

Therefore, by using the Maxwell-Bloch code (DEEPONE), we modelled exactly Ditmire’s experiment
as displayed in Fig. 4.16. Modelling parameters of our Maxwell-Bloch model were adjusted on the basis
of Ditmire’s experiment with a 200 f s, 0.5 nJ, 21.2 nm seed, and plasma with an electron density of
4×1020 cm−3 and temperature at 550 eV . In the absence of seed, gain peaks at 25 cm−1 were in good
agreement with the data from previous work [79]. It shows the temporal evolution of the seed and ASE
intensities at different locations (z) along the plasma amplifier. Modelling reproduces the experimental
data well:
1) the amplified seed (Fig. 4.16, red lines) is about two times as intense as the ASE (Fig. 4.16, blue
lines);
2) ASE develops strongly before and after the propagation of the seed, its energy (5 mJ) dominates
greatly over the energy of amplified seed (11 µJ);
3) modelled ASE signals presented stochastic characteristics with variable intensities by the presence of
much more spikes than the experimental results illustrated in Fig. 4.15. ASE occurs occasionally from
the plasma amplifier due to the plasma polarization density, and the measured temporal profile as well as
the seed duration were limited by the temporal resolution ∼30 ps of the streak CCD;
4) plasma pumped by long pulses lasting hundreds of picoseconds (QSS) has a different intrinsic be-
haviour in comparison with those of plasmas pumped by picoseconds lasers [12, 13, 36], with the latter
exhibiting much lower ASE and very strong seed amplification (∼600).

It is interesting to note that increasing the seed intensity by a factor of 1000, changes the ratio be-
tween ASE and amplified seed intensities, meaning that during Ditmire’s experiment the gain was not
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Figure 4.16: Temperal evolution of the amplified seed (red lines) and ASE (blue lines) intensities in the modelling
of Ditmire’s experiment. from [40, 42]

deeply saturated. However, the seed output energy increases by less than a factor of 2 to reach 20 µJ
while the ASE energy remains unmodified at 5 mJ. This result seems contradictory with previous con-
clusion that the Ditmire’s experiment was not running in deep saturation leaving the place for ASE to be
amplified after seed propagation. To clarify this peculiar behaviour, temporal response of the lasing ions
to seed saturation has to be examined. We thus studied the gain temporal evolution at two locations
along the plasma column corresponding to different levels of amplification. At z = 4 mm, as shown in
Fig. 4.17(a), we observed a strong amplification of the seed (∼900 times) characteristic of unsaturated,
exponential gain. ASE was not visible although present at very low intensity. We may observe that seed
pulse induces very sharp and strong drop of the gain down to nearly 0 cm−1 but only on a very short
time. Over most time the gain remains totally unperturbed by the seed, rising. This observation closes
the option of using very intense seed for extracting the energy stored in the plasma. Considering the
time evolution of the gain for a further position z = 5 mm along the plasma column (Fig. 4.17(b)), the
amplification of the seed was improved by less than 2 times respected to the previous location. Deep
saturation and the rise of ASE prior and after the seed were apparently observed. It is worth nothing that
at this location ASE is strong enough to reduce the gain and reaching saturation for strongest spikes. For
the first time, we approach an explanation of the presence of strong ASE after seed amplification.

The presence of unperturbed gain after saturated seed was not expected, so we zoom in the gain
temporal evolution just around the presence of the seed, for both locations illustrated in Fig. 4.18. At
z = 4 mm (Fig. 4.18(a)), a strong drop of gain to nearly 0 cm−1 reveals deep saturation. However, gain
recovers fully after only 2 ps and then remains at its maximum value for ∼2 ns. For a position (Z = 5
mm) further along the plasma column (Fig. 4.18(b)), ASE develops before and after the seed with the
effect of reducing the gain. Clearly, it is the very fast regeneration of the gain that enables the ASE to
develop. This means over most time the gain remains totally unperturbed by the seed. Seed pulse ex-
tracts the energy stored in population inversion during a period od less than 0.1% of the gain lifetime. In
the other hand, more than 99.9% of the storage energy is not transferred to the coherent seeded beam,
but to the ASE instead. One can also note the development of a weak and short wake after the amplified
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Figure 4.17: Temperal evolution of the gain curve (balck lines) and temporal profile of amplfied seed (red lines)
when HH seed beam injected into (a) 4 mm and (b) 5 mm long x-ray plasma amplifier respectively.

seed pulse. ASE is not visible although present at very low intensity. Accordingly, direct seeding with a
femtosecond soft x-ray pulse into mJ-class plasma amplifier, which is characterized by gain combining a
long lifetime and fast recovery (∼2 ps), is intrinsically inefficient.

Figure 4.18: Close-up of the emperal profile of the amplfied seed (red lines) and the gain curve (balck lines) when
HH seed beam injected into (a) 4 mm and (b) 5 mm long x-ray plasma amplifier, respectively. from [40].

To obtain further information about the gain recovery behaviour, we checked the disturbed gain by
femtosecond seeding pulse from different plasma lengths, as displayed in Fig. 4.19(a). It is observed
that the population inversion is fully depleted after amplification through 2 mm, where the amplified seed
becomes strong enough to empty the gain. Another effect is illustrated in Fig. 4.19(b), where the effect
of the seeding time on the temporal gain is shown. When the HH is seeded before the peak of the un-
perturbed gain, the gain almost recovers its maximum value afterwards. On the contrary, when the seed
arrives after the peak of the gain, the unperturbed gain values are not attained. Pumping conditions are
the cause of this behaviour. To better understand this point, we therefore seed the HH pulse into different
plasma amplifiers with various electron density after the peak of the gain, as represented in Fig. 4.20(a).
In the higher ne plasma, the recovered the gain reaches a higher value. Fig. 4.20(b) shows the ampli-
fied seed from 1.2 mm long plasma with different electron densities ne. It is apparent that the "bump"
signal (wake) is sensitive to the electron density which directly contributes to the upper level population.
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Figure 4.19: Gain recovery behaviours under different seeding conditions: (a) plasma length, (b) seeding time.

Furthermore, this predicted short population inversion recovery time was experimentally measured under
various plasma parameters in recent work [80], which will be discussed in Chapter 5.

Figure 4.20: (a) Gain dynamics investigation with a variety of plasma density ne: 0.8×1020 cm−3 (red line),
1×1020 cm−3 (pink line), 1.2×1020 cm−3 (blue line), 1.5×1020 cm−3 (green line). (b) The amplified seed signal
from 1.2 mm plasma at various densities.

4.5 Towards GW coherent SXRL

An efficient approach for coherently extracting the stored energy from mJ-class x-ray plasma amplifier by
the HH-injection was requested. The first and straightforward way consists of seeding a train of femtosec-
ond coherent pulses separated by 2 ps throughout the entire gain duration. Same parameters as used
to obtain Fig. 4.18(a) were used for this modelling illustrated in Fig. 4.21(a), except that a larger gain
cross-sectional area of 4×10−4 cm−2 was applied. Using 100 seed pulses of 10 nJ each, the total energy
at the plasma exit (10 mm) was divided into 7 mJ of amplified coherent seed and nearly 1 mJ of ASE.
The ASE is still amplified but not at strong level while amplified seed pulses reach very high intensities
up to 1.4×1012 Wcm−2. Each pulse has duration of 150 f s equals to the case of single pulse seeding
mentioned before. Fig. 4.21(b) corresponded to the plasma length of 4 mm, shows that the gain is fully
saturated after amplification of each seed pulse, but recovers sufficiently to amplify the next pulse.
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Figure 4.21: (a) Temperal evolution of seeded SXRL (red) and ASE (blue) intensity along the plasma amplifier
with multiple seeding approach. (b) Amplified seed pulses temporal profile and the real-time gain curve at at z = 4
mm location of plasma amplifier. from [40]

It is interesting to note that the total energy ∼7 mJ contained in the pulse train is ∼300 times more
than optimized result of Ditmire et al.’s experiment [19]. Simultaneously, ASE keeps energy level as low
as 1 mJ. However, for extracting these 7 mJ from the plasma, we seed a train of about 100 coherent
pulses. Generating such a train pulse will be very challenging. One solution may exist by trapping one
or several femtosecond IR pulses in a cavity where a gas jet or a gas cell is placed. HH pulses are
emitted at each round-trip by interaction of the intense IR pulse with gas. One may also use an array of
birefringent crystals or employ a grating-pair stretcher, a multiple-order wave plate and a linear polariser
for the quasi-phase-matching high harmonics generation [81]. However, we could not find any technique
able to re-synchronize all the pulses contained in the train in order to generate an unique 150 f s pulse
containing a fraction of the 7 mJ. We would like to note that this source would find applications like coher-
ent nano-imprint or coherent imaging of slow varying phenomena like plasmas created by nanosecond
lasers.

Owing to the technical challenge of generating and re-synchronizing a train of SXRL pulses, we
therefore explored a second scheme, comprising extrapolation from this temporally discrete seed to a
temporally continuous seed. This process is based on the use of spatially and temporally coherent
beam, but with pulse durations of hundreds of picoseconds, so that the energy can be extracted contin-
uously, as quickly as it is restored. The seed duration in this case is now 200 ps, with 0.1 mJ energy, so
that the seeding intensity is maintained far above the self-emission level. The temporal evolution of in-
tensity versus position along the amplifier is presented in Fig. 4.22(a), and shows strong coherent seed
amplification (10 mJ) and very weak ASE spikes (90 µJ). Long seed amplification yields a 1000-fold
enhancement of the coherent energy compared to femtosecond seeding and 30% more than when using
a pulse train. Fig. 4.22(b) shows the temporal gain curve (black line) and amplified seed signal(red line)
at z = 4 mm. Furthermore, it is important to note that seeding a continuous wave instead of discrete
pulse train is very beneficial for limiting ASE. The seed/ASE energy ratio after amplification is 2×10−3

for femtosecond seeds, 7 for a pulse train and 110 for this stretched seed, demonstrating the optimized
efficiency of this scheme. This significant energy amplification scheme is greatly attractive for the SXRL
single-shot diffraction imaging [43, 70].

Considering the implementation of such a long seed pulse, we would like to stress out an important
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Figure 4.22: (a) Temperal evolution of seeded SXRL (red) and ASE (gap between blue and red) intensity along the
plasma amplifier with a long seed pulse (200 ps) instead of discrete pulse train. (b) Amplified seed pulse temporal
profile and the real-time gain curve at z = 4 mm location of plasma amplifier. from [40]

issue. Seeding is interesting only if the output beam has an improved optical quality or shorter duration
than ASE. Whatever the pulse duration of the seed, it has to be spatially fully coherent and if possible po-
larized. To-date only FEL and HH pulses have been demonstrated with full spatial coherence. Although
it is possible to seed plasma with FEL, we will not consider this issue for the table-top SXRL source
development. HH pulse has never been achieved with pump laser having duration longer than few pi-
coseconds. Indeed, the process of HH generation requires intensities above several 1014 Wcm−2 to be
efficient. However, at such intensities, gases are ionized deteriorating the phase-matching between HH
pulse and the pump laser. A solution has been found by reducing the pump laser duration down to 10′s
and even few femtoseconds. Consequently, we may hardly believe that 200 ps or longer high harmonic
pulse might be directly produced by 100′s ps IR laser. Finally, we explored the possibility of generating
intense femtosecond HH pulse then stretch them to the nominal duration prior amplification.

Before describing the SXRL stretcher, we would like to consider a key issue. As pointed out before,
long pulse (∼200 ps), spatial coherent SXRL has some niche of interest. However, our main goal is
to generate high energy (mJ-class), f s pulse. This implies that the pulse has to be compressed after
amplification. To the best of our knowledge, the only feasible solution we found is an extrapolation of the
CPA concept [82] into the soft x-ray range. Within this technique, the different spectral components are
separated in time by a grating pair, then amplified and compressed by a similar grating pair. Such system
requires the use of temporally coherent and phase-locked seed for the compression stage. Coincidently,
HH beam has been demonstrated as fully coherent (in both temporal and spatial) and phase-locked [83].

Consequently, we put forward a proposal of x-ray CPA system, based on table-top plasma amplifier,
schematically depicted in Fig. 4.23. It is composed of HH from gas cell/puff, image relay system for
the HH seed injection, plasma pre-amplifier, SXRL stretcher, plasma main-amplifier, and the final SXRL
compressor. By now, maximum HH pulse energy of soft x-ray range is in nano-Joule level. The intensity
of the HH seed pulse will be significantly reduced whilst through the pulse stretcher. Once the seed pulse
intensity is below the ASE intensity level, amplification of the seed pulse after the plasma amplifier will
hardly be observed, in other words, the energy extraction of the coherent seed from plasma amplifier
will be rather inefficient. In addition, seeding with higher intensity will saturate the plasma, destroy the
population inversion and prevent the development of ASE and wake, as discussed in Section 4.3.

Therefore, employing a x-ray plasma pre-amplifier is suggested, which can be driven with 1 J, 10 Hz
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Figure 4.23: Architrcture design of the X-ray CPA sysytem. from [40]

IR laser system as described in Chapter 3, Section 3.4.1. This pre-amplifier should be chosen as similar
electron density (ne) and temperature (Te) as the main-amplifier. Thus, the line profile of the pre-amplified
seed will well match that of the main amplifier. For example, as illustrated in Fig. 3.35, plasma amplifier
created by a combination of long (200 ps) and short (6 ps) laser pulses may achieve the right density
and temperature as long as the focal width is larger than 100 µm. After the pre-amplification, the seed
is sent to the stretcher. Stretching the pulse with a grating pair separates in time and spectral compo-
nents. We thus modified our Maxwell-Bloch model to consider the seed not as a single frequency but as
large frequency pulse with spectra-temporal stretch. The different spectral components travelling along
paths of different lengths, inducing group velocity dispersion, will separate the spectral components over
time. However, in contrary to classical laser amplifiers, plasma conditions evolve over time meaning that
every component will not encounter the same gain value. Thus, the gain that the spectral component
ω = ω0 + dω will find is G(t,ω0 + dω). As the gain is supposed to have a Lorenzian spectral shape,
G(t,ω0 +dω) can be computed from G(t,ω0) the value of the gain at the line centre given by the Bloch-
Maxwell equations (Eq. (4.19)-(4.23)) plotted in blue line on Fig. 4.24. The resulting spectral gain will
be the convolution of the Lorenzian shape and the temporal profile of gain (Fig. 4.24, red line). We may
observe a spectral narrowing of the spectrum due to the fast variation of gain near T = 140 ps.

The amplification of the pulse through the plasma induces phase distortion of the seed pulse. For a
Lorenzian line shape, the de-phasing is given by

Φ(Z, t) =
−ω−ω0

∆ω

1+(ω−ω0
∆ω

)2
GL, (4.24)

where ω0 is the central frequency, ∆ω is the bandwidth and GL is the gain-length product. The expo-
nential of the phase, e−iφ(z,t), is multiplied to the amplitude of electric field calculated by our modified
Maxwell-Bloch model prior computing its Fourier transform and calculating the temporal variation of the
intensity.

Moreover, HH pulse exhibits little phase distortion, which is responsible for only a few hundreds of
attoseconds of broadening, is negligible compared to the 150 f s Fourier limit of milli-Joule class SXRL.
We also calculated the plasma spectral phase deformation considering a 10 mm Zinc plasma amplifier
[84], as shown in Fig. 4.25, the estimated phase deformation is 2 radians. Firstly, assuming a Gaussian
profile for the HH seed at the entrance of the pre-amplifier as plotted in Fig. 4.26(a). By taking account
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Figure 4.24: Spectral gain for the main amplifier. Gain calculated from our Maxwell-Bloch model (in blue), the
spectral components as spread in time by the stretcher (in green) and the convolution of spectral stretch and
temporal variation (in red). from [40].

Figure 4.25: Spectral phase of HH seed before (circles) and after (line) the propagation in a 10 mm plasma
amplifier. from [40].

of all these effects, we calculated the temporal intensity profile of the output signal which from the pre-
amplifier (black line) and after the final amplification and compressor (red line). Note that the HH seed
and output signal from the pre-amplifier are normalized for the ease of comparison. It is observed that
there is a weak post-pulse containing 3% of the total energy with the final output signal (red line) after the
main-amplifier and compressor. The main pulse contains 97% of the full energy and has a pulse dura-
tion of 215 f s FWHM. This output temporal profile was obtained computing the Fourier Transform of the
electric field of the amplified beam. The small "bump" (post-pulse) can be caused by slight asymmetry in
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the spectral gain (see Fig. 4.24) and by the asymmetries in the phase required during amplification. It
is also found as forward shifted comparing to the seed. In addition, the spectral intensity at the entrance
(circles) and exit (line) of the main amplifier are illustrated in Fig. 4.26(b). It is worth noting that, due to
the combination of fast gain regeneration and spectral stretching, the spectral components are amplified
quasi-independently. Plasma SXRL, which are normally dominated by homogeneous broadening [39],
behave here like quasi-inhomogeneous lasers. Our preliminary calculations show that this characteristic
opens the way to achieving 100 f s pulses by means of gain temporal shaping, which will be discussed in
next section.

Figure 4.26: Temporal (a) and spectral (b) profile of the SXRL signal at the remarked position related to the marker
in Fig. 4.23. from [40]

Finally, as the bandwidth of a single HH is estimated to be 100 times larger than the linewidth of the
SXRL from [84], only 1% of the energy is efficient for seeding to the plasma amplifier. Considering a
minimum seeding level of 0.1 µJ in-band, the HH energy has to be 10 µJ, which is orders of magnitude
above the most energetic HH emitted around 20 nm. However, plasmas pumped by Joule-class lasers
may easily amplify 10 nJ HH up to the required level as demonstrated in black line of Fig. 4.27. It is
important to note that the bandwidth of the amplified seed after the pre-amplifier is well matching the
line-width of the SXRL in main-amplifier. Therefore, using the pre-amplified HH seed as the input of the
main-amplification, pulse energy requirement is as low as 0.1 µJ to achieve the final mJ level output.
Fig. 4.27 presents a full spectra-temporal energy calculation including group velocity dispersion, starting
from a low-energy HH seed, passing through a plasma pre-amplifier, the stretcher and the main amplifier
to produce a 10 mJ pulse. In this calculation,the pre-amplifier was set with ne = 2.2×1020 cm−3, Te = 531
eV , cross-sectional area of the gain zone as 120×51 µm2 and plasma length up to 3 mm. Higher electron
density and temperature of main-amplifier was chosen to ensure the 1.5−2 ps gain recovery time, and
cross-sectional area of the gain zone was set as 4×10−2 mm2 with plasma length up to 10 mm. With the
benefit of conical off-axis diffraction gratings, which experimentally demonstrated a diffraction efficiency
as high as 70% [75], the final output pulse can thus achieve around 5 mJ (5×1014 coherent photons) in
215 f s FWHM. With a power of over 20 GW , this new SXRL source is 10,000 times more powerful than
previous plasma [76] based SXRL and 100 times higher than the best current x-ray FEL [77, 78].

It is worth noting that using a pre-amplifier and soft X-ray CPA allows a dramatic reduction in the total
pumping energy, from previous kJ [19, 84] to 100 J. In supplementary, plasma tailoring by shaping the
pump laser focal line in space would generate the appropriate conditions [38]. A downscaled version
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Figure 4.27: Output energy versus plasma length for the pre- and main amplifiers. [40].

could be implemented at small-scale (hundreds of Terawatts, 10 Hz) laser facilities to deliver soft X-ray
pulses up to 0.5 mJ in 200 f s, equivalent to today’s best soft X-ray FEL and fully coherent in space
and time. Our preliminary design of the SXRL grating-pair single-pass compressor and stretcher is dis-
cussed in later in this chapter, Section 4.7. Furthermore, Our preliminary calculations showing the way to
achieve 100 f s pulses by means of gain temporal shaping is demonstrated in next section, which brings
an attractive prospective of this novel SXRL source.
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4.6 Future pulse shortening in SXRL CPA

Basically, a plasma amplifier has a frequency dependent gain and therefore will spectrally modify the
pulse during amplification. When the gain is high, the pulse is amplified several orders of magnitude
and its bandwidth is narrowed because the relative frequency amplitude within the pulse is modified. We
performed this modelling using the Maxwell-Bloch model DEEPONE and defined a frequency dependent
gain coefficient with its peak centred near 21.2 nm.

As we discussed in above sections, It is interesting to seed longer coherent pulse into the plasma
amplifier for higher energy extraction. In the following numerical simulation, the seed beam is considered
as the pre-amplified stretched seed pulse (hundreds of picoseconds) sent to the main-amplifier. The
temporal gain curve of 21.2 nm for a 100 ps-pumped plasma-amplifier is descried as the red line in
Fig. 4.28. In this plasma (up to 20 mm long), cross sectional area of the gain region is 4×10−2 mm2,
Ne = 4×1020 cm−3, Te = 550 eV . The coherent seed beam size is set as 2.4×1.2 mm2 with 10 µJ pulse
energy in 160 ps FWHM. After propagation through 11 mm, the seed pulse is amplified with the temporal

Figure 4.28: Temporal gain curve of 21.2 nm for a 100 ps-pumped plasma-amplifier (red line) and pre-amplified
stretched seed pulse injected at T = 500 ps (blue line).

profile (blue line) represented in Fig. 4.29, while the gain is depleted strongly (red line). The amplified
beam is then sent to the x-ray compressor for the pulse compression. It is worth nothing that during
the CPA processing, the temporal pulse is always related to the spectra. The final signal was computed
through Fourier Transform with pulse duration of ∼210 f s.

We therefore simulated the final output pulse duration as a function of the propagation distance in
plasma amplifier with different seed energy, as illustrated in Fig. 4.30. The pulse duration is rapidly
increasing with the short plasma length (< 5 mm), while from 5 mm, the final pulse duration is decreasing
as increasing the propagation distance in the plasma. Normally, the collisional pumped plasma is
reaching the saturated amplification around 4 mm plasma length. Moreover, as we mentioned before,
the temporal gain curve displayed in Fig. 4.28 is for the specific wavelength 21.2 nm, however, the
input seed pulse has a finite bandwidth (∆λ/λ∼10−4) and the relations between gain coefficient and
wavelength is as Lorentzian function. This spectral-dependent gain curve with a Lorentzian profile is
directly causing the spectral bandwidth of the amplified beam. Therefore, one could understand that the
amplification under non-saturated amplifier induces spectral gain narrowing [85] when the plasma length
is less than 5 mm. This is ultimately broadening the final pulse duration after compressor. However,
after 5 mm of the plasma, the gain is saturated for the central wavelength (21.2 nm), as the increasing
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Figure 4.29: (a) Amplified seed (blue line) and depleted gain (red line) of 11 mm long plasma. (b)Calculated final
output SXRL signal after the compressor through Fourier Transform.

of the plasma length, the spectra-dependent gain are reaching saturation while the rest of the spectral
components are still efficiently amplified, broadening the bandwidth of the amplified beam, so that the
Fourier Transformed pulse shows the decreasing of the pulse duration.

Figure 4.30: Computed final output SXRL pulse duration as a function of the plasma amplifier length with different
seed pulse durations: 160 ps (black line), 233 ps (red line), 300 ps (green line) and 333 ps (blue line).

This spectral gain saturation behaviour becomes very interesting for the pursuit of Fourier Trans-
form limited SXRL. More temporal gain shaping with different techniques have been attempted. In
Fig. 4.31(a), temporal gain curve with a "deep hole" in the middle was generated adopting two pump
pulses with 50 ps pulse duration. By seeding with a 50 ps FWHM and 10 µJ pre-amplified seed pulse,
pulse duration and energy of final output SXRL after the compressor as a function of plasma length is
shown in Fig. 4.31(b). Pulse duration below 140 f s was obtained when the plasma length reached 20
mm. Energy amplification indicated a linear amplification curve with the plasma length longer than 5 mm
and reached 10 mJ pulse energy. Note that 50% of the energy efficiency through the compressor was
taken into account.
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Figure 4.31: (a) "Deep hole" gain shape and (b) the final output pulse energy (blue line) and pulse duration (black)
as a function of plasma length.

Another temporal shaping of the gain is displayed in Fig. 4.32(a), which is due to two pump pulse
with 150 ps pulse duration. It is clear that the shape of the "deep hole" is different from previous case
and gain duration is much longer than using 50 ps double pump pulses. In order to extract as much
energy as possible from the amplifier, a 300 ps FWHM seed pulse with 10 µJ energy was seeded at the
centre of the gain. Final output over 35 mJ and pulse duration below 150 f s was achieved, as illustrated
in Fig. 4.32(b). Considering much longer seed pulse (300 ps) in this case and the seed pulse duration
effect demonstrated in Fig. 4.30, the final output with 20 mm long plasma amplifier could reach Fourier
Transform limited (∼100 f s) if one seed with 50 ps pulse. In that case, pulse energy of the final beam
would reduced to several milli Joules. Coupled with the ∼100 f s, this fully coherent SXRL source is
adequate to make diffraction imaging.

Figure 4.32: (a) "Special hole" gain shape and (b) the final output pulse energy (blue line) and pulse duration
(black) as a function of plasma length.

Furthermore, double-main-amplifier configuration was taken into account. 10 µJ, 160 ps seed pulse
was injected to the 1st main-amplifier at the first half of the gain curve (Fig. 4.33(a)), sequentially, the
output beam was directly seeded into the 2nd plasma amplifier ((Fig. 4.33(b)). Fig. 4.34 is showing the
output signal from the 10 mm 2nd main-amplifier after compressor. 14 mJ in 150 f s of the final SXRL
was eventually achieved.

It is important to point out that the temporal gain shapes we used in this section do not have the
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Figure 4.33: Seeding in the fist main-amplifier (a) and its ouput seeded into the second main-amplifier (b).

Figure 4.34: Calculated final output SXRL signal from 10 mm long 2nd main-amplifier after the compressor through
Fourier Transform.

practical support, which means all the creation parameters of the special temporal gain shape have not
been verified with the experiments. A more practical high-dense plasma simulation code is required
to shape the temporal gain curve, such as EHYBRID code [86]. However, this technique by temporal
shaping the gain to shorten the final output SXRL pulse from the x-ray CPA system, demonstrated
reaching 10 mJ in 100 f s, brings an attractive prospective for reaching ultra-high temporal and spatial
resolution in the SXRL imaging nowadays [43].
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4.7 Technical challenges of SXRL CPA

CPA is a technique for amplifying an ultrashort laser pulse with the laser pulse stretched out temporally
and spectrally prior to amplification, as well for compressing the pulse duration with a compressor after
amplification to achieve ultrashort laser pulse. Basically, the grating-pair are used for the pulse stretcher
and compressor. However, for the short wavelength (below 50 nm), the efficiency of the grating is always
the most concerning issue.

The groove profile has a significant effect on the light intensity diffracted from the grating. While ruled
gratings may have triangular or trapezoidal groove profiles, holographic gratings usually have sinusoidal
(or nearly sinusoidal) groove profiles (see Fig. 4.35). A ruled grating and an holographic grating will
have demonstrably different efficiencies (diffraction intensities) for a given wavelength and spectral or-
der. Moreover, ruled gratings are more easily blazed (by choosing the proper shape of the burnishing
diamond) than holographic gratings, which are usually blazed by ion bombardment (ion etching). Differ-
ences in the intensity diffracted into the order in which the grating is to be used implies differences in the
intensities in all other orders as well; excessive energy in other orders usually makes the suppression of
stray light more difficult. For the short wavelength laser, blazed grating is preferred.

Figure 4.35: Groove profiles for blazed and holographic gratings. (a) Sinusoidal groove profile of an holographic
grating. (b) Triangular groove profile of a mechanically ruled grating.

When working with wavelengths below 35 nm, grazing-incidence configuration has to be used be-
cause of the low reflectivity of conventional coatings at normal incidence. The time compensation in this
case is harder because of the intrinsic difficulties that arise from grazing-incidence mountings, which are
quite sensitive to aberrations and misalignments. Finally, once the grating’s subtended angle is chosen,
time compensation is optimum only in a narrow spectral region.It is well known that the grating efficiency
at the blaze wavelength in a conical diffraction (off-axis) mounting , in which the direction of incident light
belongs to a plane that is parallel to the direction of the grooves, is close to the reflectivity of the coating,
as depicted in Fig. 4.36. The basic equation of off-axis diffraction [75] is:

sinφ(sinθ + sinθ
′) = mλ/d, (4.25)

where φ and θ are the altitude angle and azimuth angle, respectively. The altitude angle is the angle
between the direction of incident rays and the direction of grooves. θ ′ is the azimuth of the diffracted light
at wavelength and order m. λ is the operating wavelength and d corresponds to the line spacing of the
blazed grating. This can be transformed in classical diffraction formula as

sinθ + sinθ
′ = mλ/d′, (4.26)
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Figure 4.36: Geometry of the conical diffraction.

with
d′ = dsinφ . (4.27)

The blaze condition of maximum efficiency is described in the classical diffraction geometry: the
light has to leave the grating such a way that performs a specular reflection on groove surface, that is
θ +θ ′ = 2θBm where θB is the blaze angle. in addition, when θ = θB, shadowing effects from adjacent
grooves would be avoided. So the highest efficiency of a blaze grating in the off-plane mout is achieved
when θ = θ ′ = θB, which is so called blaze condition. In this case, the grating equation is expressed as

2sinφsinθB = mλ/d, (4.28)

efficiency peak occur at
λ

d′
= 2sinθB. (4.29)

Moreover, Fig. 4.37 is showing the conical diffraction in the plane of the groove profile. For a given
wavelength λ , we may consider the ratio of the width of a collimated diffracted beam to that of a collimated
incident beam to be a measure of the effective magnification of the grating (see Fig. 4.36). From this
figure we see that the ratio between the diffracted beam size b and input beam size (a) is

b
a
=

cosθ ′

cosθ
. (4.30)

Since θ and θ ′ depend on λ through the grating equation, this magnification will vary with wavelength.
the ratio b

a is so called anamorphic magnification. For a given wavelength λ , it is only depending on the
angular configuration in which the grating is used. Moreover, an Italian group [75] recently demonstrated
the high diffraction efficiency at SXRL region (from 18 nm to 45 nm) over 50% using the conical diffraction
concept in both simulation and experimental results.
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Figure 4.37: Anamorphic magnification of blaze grating.

The stretcher and compressor are designed with similar parameters in order to ensure the best com-
pensation of aberrations generated by the stretcher. Since soft x-rays are highly absorbed in any material,
we consider only reflective or diffraction optics. Among all the possible geometries, we consider as the
basic design single pass stretcher and compressor in order to maximize the output energy by limiting the
number of reflections. It is important to note here that just after the HH source and all along the chain
(see Fig. 4.23) the soft x-ray beam is collimated meaning that no extra optic is required to achieve parallel
beam at the entrance of the stretcher or compressor. Compressor and stretcher are similar with the only
difference of requiring "negative" distance between gratings for the stretcher. This is achieved by imag-
ing the first grating on a position, Z, situated beyond the second grating. Several optical systems have
been tested for IR and visible lasers. For the chosen geometry, the system must have a magnification of
−1, meaning to reverse the image. Telescopes are the most appropriate. We consider a telescope with
minimum reflections composed of two spherical mirrors (one convergent and one divergent) both under
grazing incidence. The telescope throughput is assumed to be as high as 64% corresponding to classical
single-surface reflectivity of 80%. The compressor is working with the same geometry with a real spacing
of 5 m between the two gratings, thus requiring no telescope.

The schematic representation of the stretcher and compressor is shown in Fig. 4.38. The stretcher is
composed of a grating working under off-axis incidence, a telescope with magnification of −1 composed
of confocal convergent and divergent spherical mirrors and a second grating. The total transmission is
evaluated at about 30%. The distances and the angles depend on the wavelengths and the targeted
stretch factor. Typically, for achieving 200 ps pulse with a spectral bandwidth of 7×10−3 nm, the distance
between gratings is about 5 m. The telescope makes an inverted image of the first grating at 5 m on
the back of the second grating. The compressor is similar to the stretcher but keeping only the gratings.
Their separation equals the distance last grating-image in the stretcher. Note that the beam will be about
2 mm in diameter meaning that between gratings a small tube will be used.
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Figure 4.38: Full design of soft x-ray CPA system including the x-ray stretcher and comperessor.

We calculated the geometry of the stretcher and compressor using the classical group velocity dis-
persion equation:

d2φ

dω2 =
nλ 3Z

πc2d2cos3θ ′
, (4.31)

and the stretched duration with:

τ =
2
τ0

d2φ

dω2 , (4.32)

where τ0 is the Fourier-limited incoming pulse duration.
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Figure 4.39: Diffraction grating test in classical geometry using HH beam from argon gas cell.

In order to stretch 21.2 nm high harmonic from 200 f s to 200 ps, we consider 1000 lines/mm grating
with φ = 7◦, θ = 55.34◦ and θ ′ =−87.72◦. These values are given for central wavelength. Since SXRL
bandwidth is much smaller than HH seed, we calculated the stretcher parameters so as to attain 200 ps
with narrowest spectrum ( 7×10−3 nm). With a distance of 5 m between compressor gratings, the second
grating will have an active area of 1×480 mm2.

As a preliminary test of the conical diffraction, we conducted a grating test experiment at LOA with
the HH beam in Salle Orange. Firstly, the classical diffraction grating mounting was performed, as it is
schematically showing in Fig. 4.39. HH beam was generated by focusing 5 mJ, 60 f s, 810 nm IR laser
into a 15 mm long argon gas cell using a lens f = 1 m. HH driven laser (IR beam) was stopped by the
two aluminum filters (464 nm and 300 nm). A gold-coated spherical mirror with f = 2 m was used to
deliver the HH beam to the gold-coated grating, which is with 5760 lines/mm. The diffracted HH beam
was then detected on the x-ray CCD as it displayed in the detection plane. Within the classical diffraction
approach, incident beam was perpendicular to the grooves on the grating. A translating stage was set for
the grating, so that the grazing incident angle γ can be varied.

The diffraction patterns of the HH beam from the classical scheme are shown in Fig. 4.40. A variety
of grazing incident angles were performed: (a) 13.5◦, (b) 20◦, (c) 26.8◦, (d) 31.9◦ and (e) 40◦. The +1
order and −1 order are observed apart from the 0 order. Several high harmonics orders have been
collected in the +1 and −1 diffraction order, as the wavelengths marked in the figure. Optimal grazing
incident angles are between 25◦ to 40◦. The separation of the high harmonics orders in the +1 and −1
diffraction order are sensitive to the grazing incident angle γ . However, the maximum estimated diffraction
efficiency is less than 5%.

Using the same HH beam, the conical diffraction mounting of the grating was sequentially carried out.
As it illustrated in Fig. 4.41, the grating was set up with groove along the HH beam incident direction,
as described in Fig. 4.36. In order to study the effect of azimuth angle θ in the conical diffraction
configuration, the grazing incident angle (between the HH incidence and grating surface) was fixed at
26.5◦. A rotation stage was employed varying θ .

In the conical diffraction scheme, the diffraction patterns including +1, 0 and −1 order are displayed
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Figure 4.40: The diffracted patterns with different incident angles in the classical diffraction mounting.

Figure 4.41: Conical diffraction mounting scheme of the blazed grating using HH beam from argon gas cell.
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in Fig. 4.42 as a function of incident azimuth angle θ . θ = 0◦ corresponded to the incident plane is
along the groove direction. Positive value of the angle is indicating a clockwise turning, and vice versa.
Due to the experiment condition, one can only detect two diffraction order (+1 with 0 orders or −1 with 0
orders), as seen in Fig. 4.41. In the sake of comparison, we combined three diffraction orders in a single
image, as illustrated in Fig. 4.42 where the positions of the diffraction patterns have been calibrated.
An interesting observation is that the vertical and horizontal separation between the 0 and the other two
orders is changing as a function of the azimuth angle θ . At θ =−3◦, most part of the +1 order diffraction
pattern is beyond detection region, while it was full recorded at θ = 3◦. However, the full diffraction
pattern of −1 order was detected at θ = −3◦, and at θ = 3◦ it is clipped. Another interesting point is
the high harmonics orders at both +1 and −1 diffraction order are separated apparently. Further study
and efficiency measurement under the conical will be considered in the upcoming experiments. The full
calculation, design and experiments on grating-pair SXRL stretcher and compressor would be emerged
in the thesis of H. Dacasa.
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Figure 4.42: HH diffraction patterns from conical mounting with various azimuth angles θ . the "+1", "0" and "-1"
order are all displayed.
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4.8 Summary

In summary, previous work on 2D Hydrodynamic and 1D time-dependent Maxwell-Bloch modellings on
HH-seeded SXRL were firstly mentioned in Section 4.1-4.3. Substantial enhancements was obtained
in single- and multi-stage plasma amplification schemes. An experiment with double-plasma and wider
amplifiers was carried out with some evidence of amplification enhancement. Besides the effort on en-
larging plasma cross sectional area, investigation of enlarging time to extract more stored energy in the
plasma was performed in Section 4.4. As the first time, we successfully explained that the poor seeding
efficiency according to Ditmire’s experiment [19] is due to the rapid depletion of population inversion. And
a fast population inversion recovery behaviour was predicted. Based on this context, in Section 4.5, we
proposed a soft x-ray CPA scheme. The stretched seed pulse can take the advantage of fast gain recov-
ery after the rapid depletion during the seeding. Further strategy of shortening the pulse duration from
x-ray CPA system was discussed in Section 4.6. Final output coherent SXRL from the proposed x-ray
CPA system could reach several milli-Joule within 150 f s. There are two crucial issues in this proposal.
One is the x-ray grating efficiency for the stretcher and compressor. Some preliminary results with coni-
cal diffraction geometry were demonstrated in Section 4.7. The continue work is undergoing and will be
done during the thesis of my colleague H. Dacassa. Another important issue is the gain recovery time,
the experiment evidence is mandatory to bolster up the x-ray CPA proposal. We therefore conducted a x-
ray probe/x-ray pump experiment to diagnostic the gain dynamics of the x-ray plasma amplifier, resolution
of 250 f s has been achieved. The detailed experiment is discussed in Chapter 5.
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CHAPTER 5

Dynamics of SXRL Solid-Plasma Amplifier

The main pursuit of working with x-ray plasma amplifier is to reach saturated amplification, which allows
maximum energy extraction from the plasma. As described in Eq. 2.10 (see Chapter 2), saturation in-
tensity of the x-ray plasma amplifier is corresponding to the recovery time of the population inversion
between the lasing levels, so called gain recovery time τr. There is no experimental value of the gain re-
covery time in the past 40 years. Moreover, the gain recovery time of the x-ray plasma amplifier predicted
by our Maxwell-Bloch modelling (described in Chapter 4) opened an attractive prospect of achieving fully
coherent mJ-class SXRL with the seeding concept in table-top facility. These encouraged us to perform
an experiment to measure this crucial parameter of the x-ray plasma amplifier −− gain recovery time.
Experiment was carried out at Colorado State University in collaboration with Prof. Jorge J. Rocca’s team
[1].

5.1 Double-independent HH generations

The premier issue for the experiment of gain dynamics diagnostics is to generate two independent and
controllable HH seed pulses. HH driven laser was from the femtosecond beam line described in Chapter
3, Section 3.4, Fig. 3.28. This 60 f s IR laser (810 nm) with beam diameter of 15 mm was divided
into two divisions using a beam splitter shown in Fig. 5.1. Equivalent pulse energy around 17 mJ for
both beams were obtained after this beam splitter. A time delay and energy adjustable Mach-Zehnder
interferometer was sequentially employed. Delay line was set-up with the reflected beam from the first

Figure 5.1: Mach-Zehnder interferometer sysytem for double HH-driven IR lasers. The time delay and energy
controlling were set up in the refelected beam path from the first beam splitter.

beam splitter. And Brewster polarizer was adopted for energy adjustment. Two HH-driven beams were
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separated by ∼6 mm in vertical on the second beam splitter. Two temporally and spatially separated HH
pulses were generated when focusing these two IR lasers into a single neon gas jet using a f/44 focal
lens ( f = 1.1 m), as illustrated in Fig. 5.2. According to the vertical separation between two IR lasers
before focusing, the estimated angle between the two focused beams is 5.5 mrad. The interacted neon
gas was spurted from a gas puff with backing pressure ∼1.5 bar. In the sake of avoiding interference
between each other, the two focusing IR lasers were superimposed at 16 mm after the gas centre, as it
traced out in the close-up of Fig. 5.2. Separation between the two HH sources inside the gas puff was
observed as ∼90 µm. With the Benefit of the Mach-Zehnder system, displayed in Fig. 5.1, time delay
between the two HH pulses can be adjusted with a step of 250 f s.

Figure 5.2: Experiment schematic of double HH beams generation with a single neon gas jet.

In order to minimize the refraction effect during the HH seeding into plasma amplifier (see discussion
in Chapter 4, Section 4.3.3), a toroidal mirror with focal length of 0.25 m was employed as relay-imaging
optics. The overlapped point of the two HH pulse after the gas puff was then relay-imaged with a
magnification of one onto the target chamber using a 9.65◦ grazing incident angle. Further details about
the SXRL amplifier creation and the synchronization with two HH seed pulses will be discussed in the
later section.

A pair of BK7 flat mirrors were adopted along the propagation of the two HH pulses with 9◦ grazing
incident angle to stop most of the IR lasers. Further filtering was performed using a 300 nm thick
aluminium (Al) filter. As illustrated in Fig. 5.3, the cut-off edge of the transmission curve for this Al
filter is at 17 nm. Blue line indicates the transmission of purified 300 nm Al filter, and more than 60%
over 17 nm− 26.5 nm is achieved. However, when taking into account the oxidization and coating
effect, which induced a configuration of 290 nm Al, 10 nm Al2O3 and 100 nm Parylene-C (C8H7Cl), the
transmission efficiency is down to below 30% ranging from 17 nm to 26.5 nm.Spectrums of the two
HH pulses were sequentially detected with a soft x-ray spectrometer comprises a variable-line-spacing
diffraction grating (nominally 1200 lines/mm) and a x-ray CCD (Andor DO436). Distance between
CCD and grating is 237 mm. Owing to the angle (5.5 mrad) between the two HH-driven IR lasers after
focusing (see Fig. 5.2), the two HH pulses were eventually separated in spatial on the CCD detection
plane, thus allowing for their simultaneous detection.

Only the odd numbered high harmonics were observed due to the symmetrical reason [3, 4, 5], as
marked in the spectral image (Fig. 5.4(a)). Horizontal coordinate is the lasing wavelength in nm and
vertical axis corresponded to the spatial divergence in mrad. Two independent HH beams generated
with a proper time delay (6 ps in this sample) are spatially separated on the CCD detection plane. The
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Figure 5.3: Al Filter transmission curve of the SXRL ranging from 15 nm to 26.5 nm. The upper blue curve
indicates the transmission of 300 nm Al filter and lower black curve corresponds to a complex Al filter composed of
290 nm Al, 10 nm Al2O3 and 100 nm Parylene−C (C8H7Cl). data from [2]

Figure 5.4: Comparison of double-HH pulses detected on x-ray CCD coupled with a diffraction grating. Time delay
between the two pulses is 6 ps. The 2nd HH spectral line is offset in energy for ease of comparison. (a) Raw
image of double-HH pulses, (b) integral spectral line-out of the double HH pulses, (c) line-out without background
of double-HH spectrums, (d) spatial integral line-out of the 43rd order (18.9 nm) for both HH pulses.



172 Chapter 5. Dynamics of SXRL Solid-Plasma Amplifier

lower beam is the 1st generated HH, so called HH-pump, and the upper beam is the 2nd HH which is
used as HH-probe during the gain dynamics diagnostics in following Sections. HH orders from the 31st

to the 47th were observed in this detection with respect of the 810 nm driven lasers. Integral line-out of
both spectra including full beam information are plotted in Fig. 5.4(b). Vertical axis is corresponding
to the line energy with arbitrary units (a.u.). The 2nd HH spectral line-out is offset in energy for ease
of comparison. Red fitting lines are indicating the general background,which might be caused by dark
current noise of CCD and the scattering lights in the vacuum chamber. It is therefore removed out in
the sequential data processing, as it shown in Fig. 5.4(c). Due to population inversion mechanism of
the molybdenum-plasma amplifier (see Chapter 2, Section 2.6.1), which will be used in the upcoming
seeding experiments, only the 43rd harmonics (18.9 nm) can be amplified after seeding. We therefore
plotted the most interested line for both HH beams as a function of divergence in Fig. 5.4(d). Divergence
of the two HH beams are observed as less than 1 mrad.

To calibrate the HH beam energy, several compensation factors have to be taken into account. The
photo-electron pair curve and the quantum efficiency over broad energy range of the Andor DO436
x-ray CCD used in this experiment are represented in Fig. 5.5(a) and Fig. 5.5(b), respectively. The
diffraction efficiency of the grating is considered as ∼10% and the reflection rate of the BK − 7 flats
within 9◦ grazing incident angle is estimated as 75% for wavelength at 18.9 nm. Finally, coupled

Figure 5.5: Andor DO436 x-ray CCD photo-electron pair (a) and quantum efficiency (b) over broad energy range.
from [6]

with the contribution of the Al filter described in Fig. 5.3, one could calibrate the energy of the 43rd

harmonics (18.9 nm) by energy integration, as displayed in Fig. 5.4(d), confirming 5.8 pJ for the 1st

HH pulse and 6.2 pJ for the 2nd HH pulse, respectively. This is weaker comparing with the optimized
HH using this beam line [7]. A main effect of this lower energy is considered that the laser-gas reaction
region to generate HH is 16 mm before the focal spot according to the experimental setup, which could
substantially reduce the intensity of the HH-driven filed. For better understanding of this behaviour, a
sketch of the two HH-driven beams focusing in the gas puff was art-worked in Fig. 5.6. Only 5% of
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the peak intensity was achieved at the centre of the gas puff respected to the focal spot. Fortunately,
the high energy of the HH seed pulse is not the essentially required in the gain dynamics diagnostics.
Instead of that, independence of the two HH is the crucial point.

Figure 5.6: Geometrical sketch of the driven IR lasers for double-HH generation in the gas puff. Same beam
parameters of both HH pulses were assumed. Estimated focusing beam size at the centre of the gas is 220 µm,
while the separation between each other is 90 µm.

Therefore, in order to study the independence between the two HH beams, time evolution investiga-
tion of the HH pulses was carried out by varying the time delay between the two HH-driven IR lasers.
The 1st HH pulse was retained at constant time, while the 2nd HH pulse was generated with a variety
of time delays after it. Typical spectral image and its integral line-out of both HH beams for time delay
from 0.25 ps to 7 ps were demonstrated in Fig. 5.7, where the 2nd HH spectral line-out are offset in
energy for ease of comparison. Throughout the 7 ps time range, the 1st HH beam remained the same
characteristics. At delay of 0.25 ps, apparent bandwidth broadening was observed in the 2nd HH pulse.
From delay 0.5 ps to 1 ps, the spectral profile was improving, only slight distortion can be observed.
Fortunately, after 1 ps time delay, the two HH signals became totally independent and stable.
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Figure 5.7: Raw image (left) and spectral line-out (right) of double HH pulses with a variety of time delays between
each other: (a) 0.25 ps, (b) 0.5 ps, (c) 0.75 ps, (d) 1 ps, (e) 2 ps, (f) 3 ps, (g) 5 ps and (h) 7 ps. The 2nd HH spectral
line-out are offset in energy for ease of comparison.
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More detailed study of the energy stability for both HH pulses are demonstrated in Fig. 5.8, where
only the 43rd order of HH was taken into account. Energy stability of the 1st HH beam represented in
black line is fixed in time. Blue line is indicating the 2nd HH beam energy stability as a function of time
delay respected to the 1st HH generation. In the sake of comparison, the result of 1st HH was divided
into ten data groups, each group is corresponded to 20 shots and related to the different times of the
2nd HH generations because of the milli-second level time resolution during the CCD acquisition. All the
error bars are corresponding to 20 shots. Average pulse energy of both-HH is about 6 pJ. There is small
energy fluctuation of the 2nd HH when time delay between the two HH is less than 1 ps, while the 1st

HH is as stable as expected. It is interesting to note the measured beam energy of the 2nd HH pulse at
0.25 ps time delay is beyond the average HH beam energy by ∼1 pJ. However, when one checks out
the spectral profile displayed in Fig. 5.7(a). Spectral broadening was obvious for the 2nd HH pulse at
this closing time delay (0.25 ps). Due to the narrow lasing linewidth of the amplified seed, injecting this
HH pulse into the plasma amplifier, the seeding efficiency would be depressed [8, 9]. According to the
spectral shape, the effective seed energy of the 2nd HH pulse at 0.25 ps times delay is estimated as the
similar value as at 0.5 ps and 0.75 ps time delays.

Figure 5.8: Pulse energy stability of the 1st (black line) HH at constant time and the 2nd (blue line) HH with time
delay over 8 ps respected to the constant time of 1st HH. The error bars are corresponding to 20 shots. It is noted
that only the 43rd order of both HH was taken into account.

This energy fluctuation of the 2nd HH pulse could be caused by the quantum path [10] effect during
the generation. As illustrated in Fig. 5.6, separation of the two beams is ∼90 µm at the gas centre where
the focusing beam size is ∼220 µm. That caused a overlap in space between the two IR driven lasers,
as depicted in the shade area. When time delay between the two driven lasers is small (such as 0.25
ps), the second HH generation is possible to be influenced by the ionization caused by the 1st HH-driven
laser around the overlap region (shade area). Consequently, atomic dispersion and electronic dispersion
contributed to the quantum path will have to be taken into account [10, 11, 12]. Further understanding of
this influence, a 2D hydrodynamic simulation of the gas-based double-HH generation is required. One
should be noted that this energy fluctuation behaviour of the 2nd HH pulse is sensitive to the experiment
conditions. However, the energy fluctuation less than 10% of the 2nd HH pulse when delay is less than
1 ps is the common observation. In the upcoming gain dynamics diagnostics experiments in the following
Sections, the double-HH pulses are studied separately in each case.
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In general, the advantage of this double-HH generation technique is allowing to inject two convergent
HH-seed into the exactly same region of plasma amplifier using an imaging optics. As comparison, it
would be a challenge to meet this point by setting two separated focal spots in the gas as demonstrated
recently [13]. It is interesting to note that the 2nd HH seed pulse energy fluctuation less than 10% when
time delay is less than 1 ps. Further improvements to generate two independent HH beams can be
developed by using two separated gas cells/puffs or by employing a phase plate [14]. Nevertheless, both
HH-pulse shot-to-shot energy stabilities in current approach are adequate to perform gain dynamics
diagnostic of the x-ray plasma amplifier.

5.2 Gain dynamics of 3 mm plasma with 5 ps IR pump pulse

After the preparation of the double HH-seed beams, we conducted injection seeding experiment with
coherent HH pulses. Collisionally excited SXRL amplifier operating in the 4d1S0 → 4p1P1 transition of
Ni-like molybdenum at 18.9 nm was dedicated to this gain dynamics diagnostics. The GRIP scheme (see
Chapter 2, Section 2.6) composed of two long pre-pulses (200 ps) and one short pump pulse (5 ps) was
adopted to create the transient large population inversion x-ray plasma amplifier [15, 7, 16]. The plasma
creation is similar to it performed in the seeded SXRL (SSXRL) wave front measurement experiment
described in Chapter 3, Section 3.4. The two long pulses and the short pump pulse are from λ= 810
nm Ti:sapphire CPA laser system introduced in Chapter 3 (Fig. 3.28). Early precursor pulse (30 mJ, 200

Figure 5.9: Experiment schematic of double HH seeded into plasma amplifier with a variety of delays to measure
the gain recover time of x-ray plasma amplifier.

ps) and the pre-pulse (250 mJ, 200 ps), separated by 5 ns time delay, were irradiated with line-focusing
on the molybdenum slab target surface by normal incident angle. A combination of spherical lens and
cylindrical lens were adopted to make the line foci with 40 µm width [15], which allows to create a plasma
approaching the Ni-like ionization stage. The expanding plasma was subsequently heated by a short
pump pulse (500 mJ, 5 ps) arriving at 600 ps after the pre-pulse. A similar focusing line as pre-pulse
obtained by the same approach was delivered to the plasma with grazing incident angle of 23◦. By
this rapid heating into the plasma region, electron density can achieve ∼2.6×1020 cm−3 and electron
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temperature could reach ∼500 eV [20], where a large transient population inversion was formed.
In subsequent, as represented in Fig. 5.9, the two independently controllable HH-seed pulses,

hereafter called HH pump (in the sense that it strongly perturbs the lasing ion excited level populations))
and HH probe (used to analyse the temporal evolution of the perturbed population), respectively, were
overlapped at 16 mm after the centre of gas puff as explained in Section 5.1. This overlap point was
relay-imaged with a magnification of one into the middle of the plasma amplifier using a 9.65◦ grazing
incidence toroidal mirror with 0.25 m focal length. Time matching between the two HH-seed pulses and
the short pump pulse was performed using a double-frequency crystal. The time at T = 0 ps was defined
as the arrival time of the peak of the plasma heating IR short pump pulse. Moreover, a photograph
showing the layout of target chamber in this experiment is illustrated in Fig. 5.10.

Figure 5.10: Photograph of the target chamber layout in the seeding experiment.

The diagnostic system is similar to it described in Section 5.1 (Fig. 5.2). An extra 200 nm zirconium
(Zr) filter was added to avoid the CCD saturation due to the energy amplification. Analogously, oxidization
and coating effect to the transmission of the filter was taken into account, as it shown in Fig. 5.11(a).
This Zr filter was consider as a combination of 190 nm Zr, 10 nm ZrO and 100 nm Parylene−C
(C8H7Cl). The transmission curve as a function of wavelength for the Zr filter coupled with Al filter is
plotted in Fig. 5.11(b). With respect to the data processing of double-HH pulses in the previous section,
this calculated transmission efficiency of the two filters is taken into account in the following energy
calibration.

The main idea to diagnostic the gain dynamics of the x-ray plasma amplifier is that the 1st HH seed to
pump and the 2nd HH seed to probe. Fig. 5.12(a) shows the raw image of the detected double seeded
SXRL (SSXRL) by x-ray CCD coupled with a diffraction grating. Time delay between the two seeding
is 2 ps. Only a single wavelength at 18.9 nm was observed due to x-ray plasma population inversion
mechanism described in Chapter 2. Normally, ASE is the self-emission from the plasma amplifier with
large divergence and incoherent in spatial. Owing to the diffraction grating coupled with x-ray CCD
detection configuration, the full ASE information was collected by compressing into a narrow line in the
spectral image, which is indicated in the bright line shape at 18.9 nm in this figure. There are two bright
spots at this specific wavelength, the left one is corresponding to the amplified 1st HH-seed and the
right one is the amplified 2nd HH pulse. Due to the cross angle (5.5 mrad) between the two HH-seed
mentioned in Section 5.2, the two amplified seed beams are eventually separated in spatial on the
detection plane.

Moreover, lifetime of ASE depended on the de-exciting process is considered as ∼10 ps, while
the pulse duration of the SSXRL was measured as ∼1 ps [17]. However, exposure time of the x-ray
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Figure 5.11: (a) Zr filter transmission curve of the SXRL range from 15 nm to 26.5 nm. The upper blue curve
indicated the transmission of 200 nm Zr filter and lower black curve corresponded to a complex Zr filter composed
of 190 nm Zr, 10 nm ZrO and 100 nm Parylene−C (C8H7Cl). (b) Combinable 300 nm Al filter with 200 nm Zr filter
transmission for the soft x-rays, the oxidation and Parylene−C film were taken into account. data from [2]

CCD (∼100 ms) is much longer than all those lasing processing time. Therefore, the detected signal is
composed of amplified seed and ASE. To the best of our knowledge, the device of the x-ray detection
within picoseconds temporal resolution does not exist.

Integral line-out around 18.9 nm is displayed in Fig. 5.12(b) as a function of spatial divergence,
which consists of ASE, the 1st SSXRL and the 2nd SSXRL. The red fitting curve is implying ASE
distribution which was known as large divergence and homogeneous in spatial due to the stochastic
nature. One can assume the general shape of ASE is circular, the collected ASE spatially compressed
by the spectrometer inducing more intensity contribution at the centre as the distribution shape illustrated
in the red curve. Nevertheless, large divergence as ∼25 mrad of the ASE signal was observed. In
comparison, the divergence of fully coherent SSXRL beams were significantly improved to ∼1 mrad
at FWHM. In addition, the total energy of ASE is 5 times more than each SSXRL beam. For ease of
understanding the data, ASE as the background signal was removed during the SSXRL data processing.

Seeding SXRL by injection of HH seed into plasma amplifier is dependent on the seed energy and
stability. Fig. 5.13 shows the energy stability of HH pump and HH probe as a function of time. HH pump
(black line) was fixed at a constant time (T = 3 ps after the arrival of the peak of short pump pulse
(T = 0 ps). The detected data was then divided into seven shot groups. Each shot-group is relative to the
time step of the HH probe due to the milli seconds low time resolution during the CCD acquisition. HH
probe (blue line) was injected into the plasma amplifier with a variety of time from T = 3 ps to T = 8 ps.
The energy of HH pump (∼3 pJ) is slightly weaker than the HH probe beam ((∼3.7 pJ).

In subsequent, the two independent HH pulses were used for gain dynamic diagnostics. HH pump
was firstly sent to plasma amplifier at T = 3 ps after the arrival of the peak of short pump pulse
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Figure 5.12: (a) Raw image of the detected double seeded SXRL, which consists of ASE signal, seeding at
T = 3 ps (1st SSXRL) and seeding at T = 5 ps (2nd SSXRL). The bright line is the ASE background lasing from
the plasma amplifier. T = 0 ps is corresponding to the arrival time of the peak of short pump IR laser. (b) Spatial
integral line-out around 18.9 nm of the final output signal. Red fitting curve is indicating the ASE signal.

Figure 5.13: HH pump (balck line) energy stability with seeding at T = 3 ps and HH probe (blue line) seeded at
varying time from T = 3 ps to T = 8 ps. T = 0 ps indicated the arrival time of the peak of short pump pulse. Error
bars are corresponding 20 shots of fluctuations.
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(T = 0 ps). According to our prediction of the depletion of population inversion and its subsequent
recovery behaviour [18], the HH probe beam was sequentially injected to the plasma with a variety of
time delays. Typical images of the measured amplified HH probe and HH pump ranging from T = 3 ps
to T = 11 ps are illustrated in Fig. 5.14. Left figures are the raw spectrum CCD images, and the right
figures are the integral line-out around 18.9 nm as a function of spatial divergence, in which the ASE
background was removed out. Fig. 5.14(a) shows the amplified HH probe without HH pump at T = 3 ps.
From Fig. 5.14(b) to Fig. 5.14(l), HH pump was seeded at T = 3 ps while HH probe was sent into the
plasma at different time from T = 3.25 ps to T = 11 ps. Slightly energy fluctuation of the 1st SSXRL was
observed, which could be caused by the HH seed stability (see Fig. 5.13), spatial matching between
seed beam and gain zone and the evolution of plasma amplifier leading the complex refraction as
mentioned in previous chapters. At T = 3.25 ps (Fig. 5.14(b)), the amplified 2nd HH seed was extremely
low closing to or below the detection limit. It is apparent that the time-dependent amplification of the
2nd HH seed was increasing from T = 3.5 ps (0.5 ps after the first seeding) and reaching its maximum
around T = 5 ps, after that it was declined till T = 11 ps. This rapid dropping (T = 3 ps to T = 3.25 ps),
quick recovering (T = 3.25 ps to T = 5 ps) and gentle declining behaviour (T = 5 ps to T = 11 ps) of
the amplified 2nd HH seed is interesting in respect of our simulation results (see Chapter 4, Section
4.4).
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Figure 5.14: Samples of spectral image (left) and integral spatial line-out around 18.9 nm of the double seeded
SXRL. The HH pump was seeded at T = 3 ps and the HH probe was injected to the plasma amplifier at series
of time after the HH pump : (a) T = 3.25 ps, (b) T = 3.5 ps, (c) T = 3.75 ps, (d) T = 4 ps, (e) T = 4.5 ps, (f)
T = 5 ps, (g) T = 6 ps, (h) T = 7 ps, (i) T = 8 ps,(j) T = 9 ps,(k) T = 10 ps and (l) T = 11 ps. ASE background
signal was removed in the line-out curves.
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In order to further understand the double-seeding behaviour, 10 consecutive shots at each time delay
were carried out. ASE (blue line) and the 1st SSXRL (black line) energy stability are showing in Fig. 5.15.
All the data are divided into 12 groups for ease of comparison with the energy temporal evolution of the

Figure 5.15: Temporal evolution of ASE (blue line) and the energy curve (black line) of the amplified HH pump (1st

SSXRL) seeded at T = 3 ps.

2nd SSXRL (see Fig. 5.16). One should be noted that the 1st seed was injected at T = 3 ps. Throughout
the whole curves in Fig. 5.15, energy of ASE was observed as 0.85 nJ±0.11 nJ and the 1st SSXRL was
obtained as 0.15 nJ±0.03 nJ. More than 60 times energy amplification was achieved when comparing
the 1st SSXRL and the HH pump (see Fig. 5.13). The incoherent ASE takes 5 times more energy than
the fully coherent amplified seed, while ASE energy fluctuation is ∼27% due to its stochastic nature.
However, after seeding, the amplified seed beam energy stability is much improved, the remained slight
instability mainly dependent on the refraction effect due to the plasma evolution. An evidence of the
refraction effect under similar experiment condition was provided in Chapter 3, Section 3.4, Fig. 3.50,
where a spatial shifting on the detection plane was demonstrated.

Figure 5.16: Observed gain recovery curve (blue dash line) by seeding HH pump at 3 ps and HH probe with
various delays over 8 ps into the plasma amplifier. The two black spots are the measured seeded SXRL with only
the HH probe signal at 3.25 ps and 3.75 ps, receptively. All the error bars are corresponding to more than ten
shots.
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As a consequence, the energy curve of the HH probe after amplification through the plasma previ-
ously perturbed by the HH pump, as a function of time after the peak of the plasma heating IR short pulse,
was displayed as the blue dashed line in Fig. 5.16. In this case, the HH pump was seeded at T = 3 ps
relative to the short IR plasma heating pulse, and HH probe was varied from T = 3.25 ps to T = 11 ps.
At T = 3.25 ps, the output energy of the HH probe was near or below the detection limit, which is the
signature of negligible amplification and thus of partially complete depletion of population inversion by HH
pump. At a HH pump-HH probe delay of ∆t = 0.5 ps (T = 3.5 ps) amplification is already observable,
but not yet a full recovered gain. However, at T = 5 ps, the energy of the amplified HH probe is equal
to its value without the HH pump and then following the single seeding amplification curve. The rapid
gain dropping (∼250 f s) was caused by the depletion of the population inversion when seeding a 60 f s
FWHM HH pulse in to the plasma amplifier. It is more interesting to note that the gain was soon fully
recovered after 1.75 ps. And the following amplification of the HH probe from T = 6 ps to T = 11 ps was
indicating an unperturbed plasma amplifier during that period. The decreasing trend after was due to the
electron collisional pumping corresponded to the 5 ps FWHM short pump pulse. At the optimal time delay
(3 ps) between the HH seed and peak of short pump pulse, amplification of ∼68 times was achieved.

Figure 5.17: Sample images of the seeded SXRL by only injecting HH probe pulse into plamsa amplifier at (a)
3.25 ps and (b) 3.75 ps, respectively.

It is important to note that, in Fig. 5.16, the data of amplified HH probe at T = 3 ps was taken without
HH pump to avoid the interference between the two HH pulses. In comparison, only the amplified HH
probe without HH pump were measured at T = 3.25 ps and T = 3.75 ps, receptively, which are described
as the black spots in Fig. 5.16. Two sample images of T = 3.25 ps and T = 3.75 ps with only the HH
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probe seed are displayed in Fig. 5.17(a) and Fig. 5.17(b), respectively. When one compares this case
with the double-seeded case at T = 3.25 ps and T = 3.75 ps, it shows an apparent evidence of the gain
depletion due to the HH pump.

Furthermore, double HH pulses with higher energy respected to Fig. 5.13 were employed to mea-
sure the gain dynamics, as represented in Fig. 5.8. Both HH-seed pulses were at same energy level of
∼6.1 pJ, which is about 2 times of the previous seed pulses in Fig. 5.13. Using only the HH pump pulse,
the single amplified HH-seed energy curve, as a function of time delay between the HH seed and peak of
short pump pulse, was obtained as plotted in black line in Fig. 5.18. This curve is also related to the gain
curve of the plasma amplifier. Owing to the saturation effect of this dense plasma, the gain coefficient is
not given. However, the maximum gain was indicated at T = 3 ps, which is in good agreement with our
previous results with lower seed energy showed in Fig. 5.16. Over 600 pJ of the SSXRL was achieved
at this optimum seeding time implying ∼100 times amplification compared to the HH seed (6.1 pJ). With
the double seeding technique coupled with scanning of time delay, similar energy recovery curve was
obtained (blue line) when HH pump was seeded at T = 3 ps, as illustrated in Fig. 5.18. Rapid gain
dropping ∼250 f s and subsequent recovery time of ∼1.75 ps were confirmed.

Figure 5.18: Amplified seeding curve (balck line) and recovery curve (blue line) measure by HH pump seeded
at 3 ps and HH probe with series of time delays. The two HH-seed beams are represented in Fig. 5.8 which are
about 2 times stronger than that in Fig. 5.13.

5.3 Gain dynamics of 2.5 mm plasma with 5 ps IR pump pulse

Plasma column length plays an important role in the x-ray plasma amplifiers. The variation of the seed
intensity and pulse shape as it propagates along the amplifier is initially governed by a narrowing of
its bandwidth, which is not supported by the narrower amplifier linewidth, but by saturation of the gain
[7, 19]. Previous work [15, 7] demonstrated that saturated amplification of the x-ray plasma amplifier
could be achieved at an amplifier length of about 3 mm. It motivated us to seed the HH pulses into a
shorter plasma amplifier for the gain dynamics diagnostics. Therefore, we performed this gain recovery
time measurement with 2.5 mm molybdenum slab target. All the other conditions were remained the
same as previous diagnostics described in Section 5.2.
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First of all, a single coherent HH pulse amplified in population inversion created in dense plasma
was studied. In Fig. 5.19, spectrum image and integral line-out of the 43rd HH order are displayed in
Fig. 5.19(a)) and Fig. 5.19(b) respectively. The estimated energy of this specific HH order was ∼4.0
pJ. After seeding, significantly amplified seed was observed in Fig. 5.19(c). Integral line-out around
18.9 nm is represented in Fig. 5.19(d). It is interesting to note that black line is comprised of ASE
and the amplified seed signals from the plasma amplifier. Basically, due to the stochastic nature of
self-emission, ASE is considered as with large spatial divergence estimated as 25 mrad in Section 5.2.
Interestingly, ASE from this short plasma amplifier (2.5 mm) was observed at negligible level. Black line
in this figure indicated most of the energy from amplified seed, which was estimated as 195 pJ. So
that, an amplification factor of ∼50 at wavelength of 18.9 nm was achieved after the coherent HH beam
propagating in the 2.5 mm long plasma column. In comparison with the HH pulse seeded into the 3 mm
long plasma amplifier, amplification of this plasma is slightly weaker, while the ASE signal is dramatically
depressed. This would be interesting for the phase imaging applications of coherent SXRL. It is also the
curiosity of the gain dynamics within this lower self-emission in this plasma amplifier.

Figure 5.19: Comparison of HH seed (a, b) and amplified seed (SSXRL) at T = 3 ps (c, d). The 43rd order of HH
was amplified by ∼50 times with the injection to 2.5 mm long Mo x-ray plasma amplifier. T = 0 ps is corresponding
to the arrival time of the peak of short pump pulse.

To study the dynamics of this short plasma amplifier (2.5 mm), the time-dependent amplification
curve is primarily required. A single HH seed pulse seeding into the plasma with various time delay to the
arrival of short pump pulse is often the way to obtain time-dependent amplification curve. Shot-to-shot
energy stability over 10 shots of the HH seed pulse contributed to the amplification curve is illustrated
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in Fig. 5.20. Obtained HH seed pulse energy value is 4.2±0.3 pJ, which is adequate to perform gain
dynamics diagnostics of the plasma amplifier.

Figure 5.20: HH seed shot-to-shot energy stability for amplification curve measurement using 2.5 mm Mo plasma
column and 5 ps (FWHM) short pump pulse.

T = 0 ps is corresponding to the arrival time of the peak of short pump pulse. Due to the ultrashort
pulse duration (∼60 f s) of the HH pulse, when scanning the HH seed pulse injection time to the plasma
amplifier respected to T = 0 ps, one could get the temporal evolution of the population inversion in the
plasma amplifier. Within this context, a series of typical output signals at different time to seed HH pulse
into plasma are illustrated from Fig. 5.21(a) to Fig. 5.21( j) with time step of 1 ps. The left images are
the spectral raw images from the CCD coupled with diffraction grating detection system. Integral line-out
around 18.9 nm are displayed in the right figures. It is important to point out that the line-out figures are
including the ASE signal, which implying ASE is at negligible energy level. At T = 0 ps, amplified seed
(SSXRL) was near or below the detection limit. It was then increasing due to the injection time delaying
and rapidly reaching its maximum amplification at T = 3 ps. However, the declining of this amplified
seed lasted for 8 ps.
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Figure 5.21: Typical seeded SXRL imeges from different HH-injection time respected to the peak of short pump
pulse. Left images are spectrum detected by x-ray CCD coupled with diffraction grating, the right images are the
spatial line-out of the amplified seed at 18.9 nm.
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Considering an investigation of 10 consecutive shots at each time delay, the amplification curve was
sequentially obtained and displayed in Fig. 5.22 (black line). The grey shade is indicating to the error
bar over 10 shots. The population inversion life time ∼11 ps was then obtained which is in consistence
with our previous observation in 3 mm long plasma amplifier (see Fig. 5.16). Based on this knowledge,
the HH-pump/HH-probe technique described in above seeding two HH-seed pules into plasma was then
demonstrated for the gain dynamics diagnostic.

Figure 5.22: Energy amplification curve (black line) and gain recovery curve (blue line) for 2.5 mm Mo plasma am-
plifier of 18.9 nm SXRL pumped by short pulse with 5 ps FWHM temporal duration. Each error bar is corresponding
to 10 different shots.

Finally, the gain recovery curve was measured seeding HH pump at peak of the gain (T = 3 ps) and
delaying the HH probe with variety of time delays in respect to the HH pump, as demonstrated with blue
line in Fig. 5.22. The gain was totally depleted at 500 f s after the seeding, which is slightly slower than
the previous case (250 f s) in 3 mm plasma amplifier described in Fig. 5.16. However the recovery time
from the valley to the equivalent value of single-seeding was observed as 1.5 ps, which is mildly shorter
than seeding at the longer plasma amplifier (3 mm). Seeded SXRL has been reported that the pulse
duration is predominately determined by the Lorentzian component of amplifier linewidth, operation at a
higher plasma density would result in a nearly inversely proportional pulse width [7]. The plasma density
and SXRL propagation in the amplifier play an important role in the gain dynamics which could cause the
mild difference of the gain depletion time and recovery time between the two different plasma amplifiers.
However, the detection limit of this measurement is 250 f s due to the time step when scanning the HH
probe. Another effect should be also taken into account is the quality of the two HH seed pulses along the
time delay. As displayed in Fig. 5.23, generally, energy fluctuation of both HH pump and HH probe within
around 1 ps and average energy of each is ∼4 pJ. However, when the delay between HH pump and HH
probe is less than 1 ps, the second HH pulse (HH probe) got energy reduction by the influence due to
the ionization of the gas cause by the HH-pump driven laser field, as explained in Section 5.1. The seed
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Figure 5.23: HH seed energy stability of HH pump (black line) and HH probe (blue line). All the error bars are
corresponding to 10 shots.

energy difference within 2− 3 pJ only showed the amplified energy gap when one compares Fig. 5.16
and Fig. 5.18, the behaviour of the gain dynamic remains the same. Further understanding these points,
a series of the recovery curves calculated at various seeding conditions, based on Maxwell-Bloch model
(DeepOne Code), are demonstrated in Chapter 4, Section 4.4. In addition to that, further discussion
according to this experiment results are included in Section 5.5.

5.4 Gain dynamics of 3 mm plasma with 10 ps IR pump pulse

Dynamics of the x-ray plasma amplifier is dependent on the electron and ions conditions which are due
to the pumping field for the population inversion. Changing the parameters of the short pump laser
is the interest of understanding plasma hydrodynamics. In addition, the plasma parameters (density,
temperature, ionization) are not constant over the amplification period due to the hydrodynamic evolution.
It is interesting to seed the HH pump at different time respected to the peak of short pump pulse. We
therefore conducted this experiment seeding double HH-seed into 3 mm long plasma amplifier with large
transient population inversion created by 10 ps FWHM short pump pulse. The non-linear dynamics
of ionic levels in plasma after being perturbed by an intense external soft x-ray seed at different time
respected to the peak of short pump pulse are studied in this section.

To conventionally study this x-ray plasma amplifier, the time-dependent amplification curve (indicated
to gain curve) was firstly figured out. Single HH seed with pulse energy around 6 mJ was seeded
into plasma amplifier with a variety of injection times from T = 0 ps to T = 10 ps. Here, T = 0 ps is
corresponding to the arrival time of the peak of short pump pulse. Typical spectral images from each
injection time are illustrated by the left of Fig. 5.24. The right figures are indicating to the integral
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line-out around 18.9 nm, which consist of amplified seed and ASE signal. It is worth nothing that
the ASE energy level is apparently lower than observed in Fig. 5.12, where the 3 mm long plasma
amplifier was created by two pre-pulses (see Fig. 5.9) coupled with 5 ps short pump pulse. Owing
to the short pump IR laser pulse energy (∼500 mJ) from the second arm described in Fig. 3.28, the
longer pulse duration (10 ps) in current experiment induced lower irradiate intensity to create the plasma
amplifier in respect of the previous experiment demonstrated in Section 5.2 (Fig. 5.12). This could
explain the obtained less ASE energy in Fig. 5.24 when comparing to it in Fig. 5.12. However, the
ASE level is still stronger than that comes from the 2.5 mm long plasma amplifier represented in Fig. 5.19.
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Figure 5.24: Sample evolution of seeded SXRL by injecting the HH seed at different time delays respected to
the arrival time of short pump pulse (peak-to-peak). The x-ray plasma amplifier is 3 mm long, generated by two
pre-pulses and 10 ps short pump pulse with grazing incident angle of 23◦.
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Interestingly, slight amplification of the seed pulse was observed at T = 0 ps, while it was not apparent
in the case of pumping plasma with 5 ps IR laser pulse as mentioned in Section 5.2 and Section 5.3.
The amplified seed beam was becoming stronger when increasing time delay between the seeding and
short pump pulse. It was then reaching its maximum value at T = 5 ps, and the amplification decaying
took similar time as increasing. As displayed in Fig. 5.24(k), the amplified seed beam was closing to
the detection limit. For the further step T = 11 ps, the amplified seed was below the detection limit.
Sequentially, ten consecutive shots at each time delay were carried out to measure the amplification
curve of this 3 mm long plasma amplifier pumped by 10 ps IR laser pulse. Due to the 10 ps IR pump
pulse, a symmetrical shape of amplification curve was obtained in Fig. 5.25. A lifetime over 11 ps of
the population inversion was implied. At T = 5 ps, the maximum amplified seed pulse energy at 360 pJ
was achieved which indicating an amplification factor ∼60 times respected to the HH seed pulse energy
∼6 pJ.

Figure 5.25: Amplification curve of 2.5 mm long x-ray plasma amplifier length generated by two pre-pulses and
grazing incident short pump pulse with duration of 5 ps at FWHM.

In subsequent, the double HH-seed pulses were adopted to diagnostic the seeding gain behaviour
of the x-ray plasma amplifier. It is interesting to note that, in the previous two experiments described in
Section 5.2 and Section 5.3, the HH-pump was seeded at the peak of amplification curve. According to
our simulation results om gain dynamics, the recovered amplification value is dependent on the HH-pump
seeding time as illustrated in Fig. 4.19(b). We therefore performed two experiments in this section with
HH-pump seeding before (T = 3 ps) and after (T = 6 ps) the maximum amplification, respectively.

At first, the HH-pump seeded at T = 3 ps was studied. Energy stability of both HH pump (black line)
and HH probe (blue line) beams are represented in Fig. 5.26. Black lines is indicating the HH pump
generated at constant time T = 3 ps, and the data was divided into 10 groups. Each group including 10
consecutive shots is corresponding to the time steps of HH probe beam as explained in Section 5.2 and
Section 5.3. Blue line is the HH probe energy stability with the delayed generation time from T = 3.25 ps
to T = 10 ps. Pulse energy of HH pump was measured as 6.1 pJ±0.2 pJ and HH probe was observed
to be 4.8 pJ±0.2 pJ. HH probe beam energy fluctuation around 10% was observed with delay less than
1 ps respected to the HH pump beam.
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Figure 5.26: Energy stability of HH pump (black lines) and HH probe (blue lines) for HH pump seeded at T = 3
ps. Each error bar is corresponding to over 10 shots.

A series of typical spectral images (at left) and integral spatial line-out around 18.9 nm (at right)
from T = 3 ps to T = 10 ps are illustrated in Fig. 5.27. For ease of comparison, the ASE signal was
removed out in the line-out figures according to the approach described in Fig. 5.12. In order to avoid
the interference between the HH pump and HH probe pulses at T = 3 ps, which is the seeding time of
HH pump pulse, the HH pump pulse driven IR laser was blocked. So that only the HH probe was used
to injection into the plasma amplifier as shown in Fig. 5.27(a). From Fig. 5.27(b) to Fig. 5.27(k), the
HH pump beam was firstly seeded at T = 3 ps while HH probe was seeded with different time delays
respected to the HH pump seeding. At T = 3.25 ps, the amplified HH probe pulse was near or below the
detection limit, which is not obvious to be seen. It is caused by the population inversion depletion due to
the plasma previously perturbed by the HH pump pulse as explained in Section 5.2 and Section 5.3. Then
an increasing of the amplified HH probe pulse was observed as delaying the injection time. The achieved
maximum amplification of the HH probe was at T = 5 ps, which is 2 ps after the HH pump seeding. This
recovered signal was then decreased slowly following the decaying of the gain till T = 10 ps.

Over 10 consecutive shots at each time step described above were conducted. After full time
scanning of HH probe pulse from T = 3 ps to T = 10 ps, an energy recovery curve, which is implying
to the gain recovery curve, was obtained in Fig. 5.28. It is apparent that the full gain depletion is within
250 f s in the plasma amplifier perturbed by an intense HH pump beam. However, one could also note
that the gain recovery time was obtained as 1.75 ps (from T = 3.25 ps to T = 5 ps). This result is in
good agreement with the observation demonstrated in Section 5.2 and Section 5.3 with different plasma
parameter. One should be noted that the full recovered amplification appeared at T = 5 ps achieved
higher energy than the original single HH probe seeding at T = 3 ps. This is because of the temporal
gain evolution as implied in Fig. 5.25. The amplification at T = 5 ps is higher than it was in T = 3 ps.
This behaviour shows that the perturbed x-ray plasma amplifier has the potential to be recovered to
follow its normal temporal evolution.The duration between this perturbation and full recovery is ∼2 ps.
Moreover, one can also find that the amplification of the recovery curve (Fig. 5.28) is lower than the
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Figure 5.27: Double-HH seeding evolution with a variety of time delays between each other. HH pump was fixed
at 3 ps respected to the short pump pulse. T = 0 ps is corresponding to the arrival time of the peak of short pump
pulse. The Mo-plasma is 3 mm long with short pump pulse duration at 10 ps FWHM.

original measured amplification curve (Fig. 5.25). HH seed pulse energy difference should be taken into
account. HH seed beam energy for to measure the original amplification curve is ∼6 mJ, however the HH
probe beam energy is ∼4 mJ as displayed in Fig. 5.26. Further analysis on the seed energy influence is
discussed in Section 5.5.

Secondly, the HH-pump seeded at T = 6 ps was investigated. Energy stability of both HH pump
(black line) and HH probe (blue line) beams are displayed in Fig. 5.29. Black lines is the HH pump
generated at constant time (T = 6 ps), while the data were divided into seven groups to ease comparing
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Figure 5.28: Gain recovery curve for HH pump injected at 3 ps into the plasma amplifier.

with the HH probe beam as explained in Section 5.2 and Section 5.3. Blue line is corresponding to the HH
probe energy stability with the various generation time from T = 6.25 ps to T = 10 ps. HH pump pulse
energy was measured as 6.2 pJ±0.1 pJ and HH probe pulse was observed to be 5.2 pJ±0.1 pJ. One
could see slight energy fluctuation around 10% of HH probe beam when the generation time is closing
to (from T = 6.25 ps to T = 7 ps) the HH pump pulse generation. This interference was explained in
the Section 5.1. Nevertheless, the slight energy fluctuation has no essential impact to the gain dynamics
diagnostics.

Figure 5.29: Energy stability of HH pump (black lines) and HH probe (blue lines) for HH pump seeded at T = 6
ps. Each error bar is corresponding to over 10 shots.

Within the same idea as before, the two HH seed pulses were eventually used to measure the gain
recovery time. In Fig. 5.30(a), only the HH probe pulse was seeded at T = 6 ps to avoid the interference
between HH pump beam and HH probe beam. From Fig. 5.30(b) to Fig. 5.30(g), HH pump was seeded
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at T = 6 ps and HH probe was following with a series of time delays from T = 6.25 ps to T = 10 ps. The
amplified HH pump beam was observed as energy fluctuation less than 10%. A slight amplification of the
HH probe pulse was recognized at T = 6.25 ps. No amplification of the HH probe pulse was detected at
T = 6.5 ps, however, it was then recovered to a certain level at T = 8 ps. It was soon decreased near to
the detection limit at T = 10 ps as displayed in Fig. 5.30(g).
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Ten consecutive shots at each injection time of the HH probe beam was conducted. Throughout the
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Figure 5.30: Double-HH seeding with a variety of time delays between each other. HH pump was seeded at
T = 6 ps while HH probe was followed with a series of time delays from T = 6.25 ps to T = 10 ps.

seeding time from T = 6 ps to T = 10 ps, one could get the population inversion recovery curve for HH
pump seeded at T = 6 ps at current plasma amplifier, as represented in Fig. 5.31. It is implying that the
depletion of the population inversion was from T = 6 ps to T = 6.5 ps and the recovery time took 1.5 ps
(from T = 6.5 ps to T = 8 ps). One should pay attention to that the full recovered population inversion
never reaches the same level attained at T = 6 ps without the HH pump, because at this time the gain is
rapidly dropping as it shown Fig. 5.25.

Consequently, we have observed that, in the x-ray plasma amplifier, the population inversion deple-
tion after ultrashort intense seeding (∼60 f s) is fully depleted in 250−500 f s. However, the gain is then
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rapidly recovered in 1.5−1.75 ps due to the pumping supporting of the collisional excitation from ground
sate to upper lasing level (see Chapter 2, Fig. 2.14). The recovered value is following the amplification
of the plasma amplifier represented in Fig. 5.25, which is dependent on the time respected to the peak
of short pump IR laser. It is important to point out the original amplification curve was measured using
only the HH-pump beam. Therefore, energy gap between the recovery curves (Fig. 5.31, Fig. 5.28)
and original amplification curve (Fig. 5.25) is depending on the seed energy difference between the HH
pump and HH probe beams. This seed energy effect will be discussed in Section 5.5. Moreover, HH
pump seeded at various time, in respect of the plasma short pump IR laser pulse, inducing different re-
covered gain value which is dependent on the temporal gain evolution, as described in both experimental
(Fig. 5.28 and Fig. 5.31) and simulation (Fig. 4.19).

Figure 5.31: Gain recovery curve obtained by seeding HH pump at T = 6 ps and HH probe at a variety time
delays after it.

5.5 Supplementary discussion and Modelling of double-pulse amplifica-
tion

There are several typical issues are observed during the gain dynamics diagnostic experiment. Such as
the effect of HH seed pulse energy and the interference between the two amplified seed are discussed in
Section 5.5.1. Furthermore, in Section 5.5.2 and Section 5.5.3, the gain recovery experiment achieved
at Colorado State University has been compared with Maxwell-Bloch modelling performed in our group.
This numerical study initially aimed at benchmarking our Maxwell-Bloch model onto the experiment with
specifically the question of confirming the gain recovery time that is at the heart of soft X-ray Chirped
Pulse amplification technique. As we will see, the modelling showed several interesting features about
the dynamic of amplified ultra-fast harmonic seed. We will display here only the key results since the full
study encompasses hundreds of cases.



5.5. Supplementary discussion and Modelling of double-pulse amplification 209

5.5.1 Supplementary discussion

Firstly, it is interesting to point out the importance of the HH pump pulse energy during this gain dynamics
diagnostics. For instance, in Section 5.2, we demonstrated a case with HH pump seeded at T = 3 ps
and HH probe injected at T = 3.25 ps. As described in Fig. 5.32(a), the 1st SSXRL (amplified HH pump)
was well amplified at T = 3 ps and the 2nd SSXRL (amplified HH probe) was below or near the detection
limit. This is explained as the population inversion depletion after seeding. However, when the HH pump
was not sufficiently amplified at T = 3.0 ps, the amplification of the followed HH probe at T = 3.25 ps
can be apparently observed, as displayed in Fig. 5.32(b). According to the measured amplification
curved illustrated in Fig. 5.25, the maximum gain was achieved at T = 3 ps, meaning that an intense HH
pump seeded at T = 3 ps could reach maximum amplification. Simultaneously, the population inversion
would be totally depleted. However, once the amplified HH pump was not strong due to the spatial
mismatching, refraction in the plasma column or HH-pump seed pulse energy, the population inversion
of the plasma amplifier still remains at some level which allows to amply the followed HH probe beam at
T = 3.25 ps.

Figure 5.32: Spectral images (left) and integral line-out around 18.9 nm (right) of double-seeded SXRL with the
1st seeding (HH pump) at T = 3 ps and the 2nd seeding (HH probe) at T = 3.25 ps. (a) The 1st seed was amplified
sufficiently, the 2nd seeding was below or near the detection limit. (b) The 1st seed was not reaching saturated
amplification, the 2nd seed was apparently observed. ASE signal was removed out in the line-out figure for ease of
comparison.

Secondly, output seeded SXRL pulse energy is proportional to the input seed pulse energy as
described in Eq. 2.1. In this gain dynamics diagnostics experiment, different pulse energies of the HH
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probe beam were used. As it shown in Fig. 5.33, the 3 mm long plasma amplifier was pumped by 5 ps
short IR pump pulse. HH pump was seeded at T = 3 ps and HH probe pulses with various energies were
seeded at T = 5 ps, when the gain is fully recovered. Integral spectral line-out of double HH pulses are
displayed in Fig. 5.33(a1), Fig. 5.33(b1) and Fig. 5.33(c1). The lower one is the HH pump pulse and
the upper one is the HH probe pulse. Integral spatial line-out of the 43rd order HH pulse around 18.9 nm
are depicted in Fig. 5.33(a2), Fig. 5.33(b2) and Fig. 5.33(c2) with different pulse energies of the HH
probe beam. After seeding to the 3 mm plasma amplifier, the amplified seeds at 18.9 nm are illustrated
in Fig. 5.33(a3), Fig. 5.33(b3) and Fig. 5.33(c3). Amplification around 60 times was observed on the
HH pump pules. Comparing these three cases with different seeding energies of HH probe pulse, one
could conclude that the output amplified seed energy is partially dependent on the seed pulse energy
with non-linear relation.

Figure 5.33: Comparison of SSXRL output with various of the 2nd HH seed energies. (a1)-(a3): Integral spectral
line-out of the HH seed with same energy of 1st and different energies of 2nd HH seed. (b1)-(b3): Spatial line-out
of the double HH seed around 18.9 nm (43rd HH order). (c1)-(c3): Spatial line-out of the double seeded SXRL
(SSXRL) with the 1st seeding at T = 3 ps with same energy and the 2nd seeding at 5 ps with a variety of energies.
ASE signal was removed out.

Thirdly, some interference was observed between the double-seeding outputs. Further analysis of
Fig. 5.14(g) is done in Fig. 5.34, where the 3 mm plasma amplifier was pumped with 5 ps short IR laser.
The HH pump beam was seeded at T = 3 ps and HH probe was sent at T = 5 ps, when the population
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inversion was fully recovered. Spectral image and integral line-out around 18.9 nm of the double-seeded
SXRL are displayed in Fig. 5.34(a) and Fig. 5.34(b), respectively. It consists of ASE and double
amplified seed pulses as marked in Fig. 5.34(b). The red line indicates ASE fitting curve. Interestingly,
a third beam was clearly observed between the two amplified beam. The wake of each amplified beam
must be taken into account to explain this phenomena. Normally, after HH pulse seeded into the plasma
amplifier, the amplified seed signal is followed by a long wake signal (several picoseconds) as illustrated
in Fig. 4.4. Considering that the time delay between HH pump and HH probe pulses is 2 ps, the HH probe
can be superposed to the wake of the HH pump. Interference between the wake caused by HH pump
seeding and the amplified HH probe could occur. Furthermore, the two output amplified seed signals are
simulated using a time-dependent Maxwell-Bloch modelling coupled with two-dimensional hydrodynamic
modelling [20]. More discussion will be given in Section 5.5.3. Nevertheless, this experiment was not
designed for the detection of wake signal. Further investigation requires a particular seeding experiment.

Figure 5.34: Spectral image (a) and integral line-out (b) around 18.9 nm of the double-seeded SXRL from 3 mm
long plasma amplifier pumped with 5 ps short IR laser pulse . HH pump was seeded at T = 3 ps and HH probe
was injected at T = 5 ps.

5.5.2 Gain and gain recovery dynamics versus seeding conditions

It is noticed that experimental results could not be precisely reproduced unless the spatio-temporal dy-
namics of the lasing ion is fully taken into account. Fig. 5.35 shows the simulated spatio-temporal evolu-
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tion of the lasing ion relative abundance (Fig. 5.35(a)) and the mean degree of ionization (Fig. 5.35(b))
used in the Maxwell-Bloch model later. As the HH probe beam covers regions of different ionization
and Nickel-like ion density, the modelling has to spatially average the plasma parameters for comparison
with the experimental data. This method using averaged valued gave very good modelling-experiment
agreement. In contrast, considering local plasma parameters for HH probe or HH pump amplification
lead to clear disagreement with experimental data. Thus, this pump-probe experiment not only uncovers
the gain recovery dynamics due to electron collisions but also serves as a diagnostic of the ionization
mechanisms in the hot dense plasma amplifier with 100s femtosecond resolution.

Figure 5.35: Hydrodynamic simulation of the lasing ion abundance. In figure (a), false color map of the spatio-
temporal variation of Ni-like Molybdenum relative abundance as calculated by the hydrodynamic code. Figure (b)
displays in false color the mean plasma ionization. For both figures, the temporal scales are set in a way that
t = 0 ps is the time when the short IR heating pulse hits the plasma. The target surface lies at " 0 µm " position
with positive distances corresponding to vacuum. from [1]

The first part has been to directly reproduce the experimental data by adjusting the seeding condi-
tions. The plasma density was extracted from the results of a 2D hydrodynamic modelling performed
by Mark Berrill from Colorado State University, USA (see Fig. 5.35). Although this kind of code gives
realistic values of the plasma parameters in general, the peculiar grazing incidence geometry for the IR
pump laser cannot be fully treated with a 2D code. This implies that the plasma conditions as seen by the
high harmonic seed might be slightly different from those given by the code. Also, despite a lot of efforts
to know precisely the high harmonic parameters, some errors may exist. The most evident is the energy
injected in the gain region that is lower than the energy measured directly at the exit of the gas puff used
to generate the high harmonics. The reflections of the different optical elements are relatively well known,
however the exact geometrical coupling (ratio between the surface of the gain zone to the high harmonic
cross-sectional surface) and bandwidth of the HH seed and amplified seed [8] are very difficult to access
experimentally. Finally, we also explored the influence of the high harmonic pulse duration as a general
test.

On Fig. 5.36, we compare the influence of the energy of the HH pump pulse, when seeded at 3 ps
onto the depletion of the gain. When its energy is doubled from (a) 5 pJ to (b) 10 pJ and then doubled
again up to (c) 20 pJ, we may observe that the gain depletion is not stronger. However, the gain does
not fully recover. For the case when the pump is seeded at 6 ps, the gain is already rather low and no
difference is visible.
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Figure 5.36: Blue, black and red curves stand for the amplified energy of HH pump alone, the HH probe when the
HH pump is seeded at 3 ps and 6 ps respectively. HH pump energy at the plasma entrance is (a) 5 pJ, (b) 10 pJ
and (c) 20 pJ.

For a given HH pump energy, the influence of the HH probe energy can be noticed on the maximum
amplification level. Indeed when doubling the energy of the HH probe from 2 pJ (see Fig. 5.37(a)) to
4 pJ (see Fig. 5.37(b)), the output energy at maximum amplification raises from 420 pJ to 520 pJ. This
small change is due to the saturation of the amplification.

Figure 5.37: Same colour selection as Fig. 5.36. The HH probe energy is 2 pJ for case (a) and 4 pJ for case (b).

We thus varied the plasma conditions in Fig. 5.38. The most sensitive parameter in the simulation is
the electron density. We thus concentrated our work on that parameter. We modified the electron density
from the initial value by dividing it by a factor of 2 and multiplying it by a factor of 1.5. The gain of the HH
pump alone is very much modified with density. At lowest density (case 1, 0.5 times the density given by
the code), the amplification rises much faster to peak at 3 ps, while for the highest density the peak is
shifted to 4 ps. Also the amplification of the HH probe pulse is strongly modified. We may observe that
when the density is very low (0.5 and 0.8 times the nominal value) and the HH pump is seeded at 6 ps,
the amplification is negligible showing a very weak gain recovery. On the contrary for the HH pump at
3 ps, the lowest densities give relatively high amplification.

As a conclusion, we observed that the gain recovery experiment is very sensitive to electron density.
This is an excellent probe. The very good agreement between our experiment and the modelling for the
electron density calculated by the 2D hydrodynamic code gives a wonderful benchmark of the code. It is
interesting to note also that the high harmonic energy is not critical on the gain recovery dynamic.



214 Chapter 5. Dynamics of SXRL Solid-Plasma Amplifier

Figure 5.38: Same colour selection as Fig. 5.36. The electron density raises from (a) 0.5, to (b) 0.8, (c) 1 and
(d) 1.5 the nominal value given by the 2D hydrodynamic code with respect to the plasma parameters described in
Fig. 5.35.

5.5.3 Temporal evolution of the amplified HH pump and probe intensities versus seeding
conditions

Another interesting simulation result is the temporal profile of the amplified pulses for both the HH pump
and HH probe. Indeed, although the HH seed pulses are with duration of 30 f s, it is well known that
with the seeding conditions, the harmonic pulse itself is barely amplified while creating a wake field
which contains most of the output energy [21, 22, 23]. For a single pulse propagating in the plasma
amplifier, the wake field is normally lasting for several ps. At the time of the experiment and early data
treatment, it was unclear how this long wake impact the gain recovery measurement. Fig. 5.39 shows
the temporal profiles of the two amplified HH pulses with 5 pJ HH pump seeded at T = 3 ps and 2 pJ
HH probe arriving at the 3 mm long plasma amplifier with a series of time delays from T = 3.25 ps to
T = 5 ps. Three different plasma electron densities have been taken into account: 1.6×1020 cm−3(red
lines), 2.0×1020 cm−3(blue lines) and 3.0×1020 cm−3(black lines).

Although the above figures have been displayed from the shortest delay (250 f s) to the longest
delay (2 ps) between the HH pump and the HH probe, we invite the reader to look at the figures from
the Fig. 5.39( f ) to Fig. 5.39(a) for a better understanding of the interaction between the two amplified
seed pulses. In Fig. 5.39( f ), the HH pump and HH probe exhibits nearly the same shape with the peak
of the amplified HH followed by a wake field lasting ∼2 ps. The peak intensity of amplified seed is higher
than that of the wake, but the total energy is much higher for the wake signal than for the amplified
seed. As on can see, the wake signal becomes shorter when increasing the electron density. Also, it is
interesting to note that, in the case of ne = 1.6×1020 cm−3, ASE appears prior the HH probe. When the
probe pulse is seeded closer and closer to the HH pump, several phenomena appear: 1) the amplified
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Figure 5.39: Temporal-profile evolution of the amplified HH pump (plain lines) and amplified HH probe (dotted
lines) in different plasma densities: 1.6×1020 cm−3 (red lines), 2.0×1020 cm−3 (blue lines) and 3.0×1020 cm−3

(black lines). From (a) to (f), the seeding time of the HH pump was constantly seeded at T = 3 ps, while the HH
probe arrived with various time delays: (a) T = 3.25 ps, (b) T = 3.5 ps, (c) T = 3.75 ps,(d) T = 4 ps, (e) T = 4.5 ps
and (f) T = 5 ps.

pulse intensity decreases quickly to negligible level for a delay less than 1 ps; 2) the intensity of the wake
field decreases from 3×1010 Wcm−2 (T = 5 ps) to 0.8×1010 Wcm−2 (T = 3.25 ps); 3) the wake field
of the amplified HH pump is clipped which leaves place for amplifying the HH probe when the delay is
more than 350 f s; 4) when the relative delay is less than 350 f s, no amplification of the HH probe was
observed, however, the wake field of the amplified HH pump is restrained by the propagation of the HH
probe beam producing the wake field of HH probe.

A strong change on the temporal profile of the amplified HH probe was apparently observed when
changing the relative delay of the double-seeding. This is due to the polarization of the plasma in
presence of the HH pump which prevents the plasma to react sufficiently fast to keep the temporal
structure of the HH probe. However, the reductions of the amplified HH probe intensity and the clipping
of the wake initiated by the HH pump is clearly an effect of the saturation.
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Figure 5.40: Temporal evolution of the output amplified intensities. HH pump (plain lines) was contantly seeded
at T = 6 ps and HH probe (dotted lines) was injected to 3 mm long plasma amplifier with various time delays: (a)
T = 6.25 ps, (b) T = 6.5 ps, (c) T = 7 ps and (d) T = 8 ps.Three different plasma electron densities were taken
into account: 1.6×1020 cm−3 (red lines), 2.0×1020 cm−3 (blue lines) and 3.0×1020 cm−3 (black lines).

According to the experiment results, we performed a similar modelling with HH pump seeded at
T = 6 ps and HH probe followed up from T = 6.25 ps to T = 8 ps, see Fig. 5.40. Similar cross-talk
between the two amplified pulses with nearly the same effects were observed. However, it is interesting
to note that for a relative delay of 2 ps (Fig. 5.40(e)), the amplified HH probe does not exhibit the peak
characteristic of the harmonic as one can see in Fig. 5.40(b). This is due to the low population inversion
achieved at T = 8 ps. There is thus strong modification by the wake field of the HH probe with respect to
the previous case described in Fig. 5.39. We also observed strong ASE signal before the arrival of the
HH seed where the gain reaches dramatic value as displayed in Fig. 5.36 and Fig. 5.38.

In addition, to further understand the ASE signal and the recovered population inversion in the
perturbed plasma amplifier, an early seeding of the HH pump pulses as well as the following HH probe
pulses were simulated. As displayed in Fig. 5.41(a), the 10 pJ HH pump was firstly amplified at T = 1 ps
with an apparent wake signal followed up by ∼1 ps. However, a remarkable signal across the rest of the
gain lifetime was clearly noticed. According to our previous discussion, the gain is reaching the peak
value at T = 5 ps in this case. The ASE signal was considered dominating the post signals after the
seeding pulse and its wake signal. This effect was more clearly in the case of lower plasma density (
1.6×1020 cm−3) in displayed cases. Subsequently, the HH probe pulse (4 pJ) was seeded at T = 1.25.
There was no obvious amplification of the probe pulse due to the gain depletion, while a strong wake
signal was accompanied by ∼2 ps. Later signal was dominated by the ASE. As delaying the HH probe
pulse seeding time, from T = 1.25 ps to T = 4 ps, the amplification was getting stronger attributed to
the gain recovery process and the rising of the gain curve. The wake signal lasting over 2 ps was also
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Figure 5.41: Temporal profiles of the double seeding with 10 pJ HH pump (plain lines) at early time T = 1 ps and
a 4 pJ HH probe pulse (dotted lines) followed up at(a) T = 1.25 ps, (b) T = 1.5 ps, (c) T = 1.75 ps,(d) T = 2 ps,
(e) T = 3 ps and (f) T = 4 ps. Three different plasma densities were carried out: 1.6×1020 cm−3 (red lines),
2.0×1020 cm−3 (blue lines) and 3.0×1020 cm−3 (black lines).

clearly observed which is inversely proportional to the plasma density. It is interesting to note that an
energy extracting competition between the wake signal and ASE signal was apparently demonstrated
when delaying the HH probe seeding time. Basically, all the x-ray emission energy are coming from the
population inversion between the upper levels and lower levels, which consists of three major processes:
amplification of the seed (stimulated emission), the accompanied wake signal and ASE. Therefore,
on the point view of energy extraction, Fig. 5.41 showed the energy transfer from incoherent ASE to
the fully coherent wake signal. Previous simulation [23] suggested some techniques to restrain the
wake by shortening the amplifier, broadening the gain zone and increasing the seed energy. In terms
of amplification efficiency in plasma amplifier, all the techniques mentioned in above could help the
amplified seed get strong energy extraction from the plasma.

In conclusion, the detailed modelling showed a quite complex interaction between the two amplified
pulses due to the plasma polarization and the saturation. We may imagine two slightly delayed HH pulses
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for shortening the first pulse duration when using low-density amplifier. We would like to stress out that
these modelling are in one dimension only. However, Sophie Kazamias and co-workers [13] have shown
that two tilted IR pump lasers may produce, due to constructive interference, an enhancement of the
on-axis field generating a HH beam at the bisectrix of the two pump pulses. On very few measurements,
we observed a weak pulse at the middle of the two amplified HH pulses, as it shown in Fig. 5.34. We
have the strong feeling that such beam is generated from a mechanism similar to that observed by S.
Kazamias et al. due to the interference of the two amplified HH pulses. The very interesting point here
is that such on-axis beam appeared for HH pump-probe delays up to 2 ps that are much larger than the
HH pulse duration 30 f s. If confirmed it is a clear evidence that the HH wake fields keeps the spatial
coherence of the HH pulse due to plasma polarization. Obviously, a 3D Maxwell-Bloch modelling is
necessary to model this case.
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CHAPTER 6

Conclusions and Perspectives

Soft x-ray lasers (SXRL) have become essential research tools across several disciplines, from biology,
chemistry, nonlinear optics, nanostructure to atomic physics. However, most of the table-top SXRL are
based on the process of amplified spontaneous emission (ASE). The long pulse duration (∼ps) and
low spatial coherence due to the stochastic nature of ASE are limiting factors for applications. ASE self
seeding with oscillator-amplifier configuration was firstly attempted at GSI (Germany), which showed poor
energy amplification and limited improvement on the coherence (Chapter 3, Section 3.1). Seeding highly
ionized x-ray plasma amplifiers with fully coherent and ultra-short high order harmonics (HH) pulses have
shown great potential. Therefore this thesis aimed at progressing further on understanding and improving
this scheme thanks to numerical and experimental studies.

HH-seeded SXRL was tested using neon-like titanium plasma (32.6 nm) at LASERIX facility, which
was discussed in Chapter 3, Section 3.2. Amplification of the seed was evident but limited by refrac-
tion experienced in the plasma. A second SXRL seeding experiment was then carried out in Colorado
State University with nickel-like molybdenum plasma amplifier (18.9 nm). High energy amplification
(∼100 times) has been measured. The use of toroidal mirror to image relay the HH source onto the
entrance of plasma amplifier may account for this. Meanwhile, an x-ray Hartmann wave front sensor
was employed to measure the wave front of both HH seed and amplified seed beams (Chapter 3, Sec-
tion 3.3). Due to the spatial filtering of the HH seed during the amplification process, HH-seeded SXRL
showed a good wave front with distortions reaching λ/5 root-mean-square. The wave front was im-
proved by 2.5 times as compared to the HH seed while at the same time the stability was increased
4 times. Wave front was also studied versus the injection time. Finally, back-propagation of this seeding
x-ray source was performed indicating a tiny source size ∼20 µm, which confirms its high brightness
of ∼1×1026 photons·s−1·mm−2mrad−2. This seeded SXRL source showed the capability of reaching
diffraction-limited (λ/14) beam by optimizing the input HH seed beam quality.

Based on a 2D hydrodynamic code (ARWEN) and 1D time-dependent Maxwell-Bloch model (Deep-
One) developed by our colleagues from Universidad Politecnica de Madrid and collaborators, full time-
dependent calculation of the amplification of HH seed in SXRL amplifier was worked out in Chapter 4.
Seeding a single plasma-amplifier was firstly simulated. Seeding an elongated HH pulse (200 f s) into
a 1 mm wide plasma amplifier showed energy up to 1.4 µJ in 80 f s duration. Modelling of multi-stage
plasma amplifier gave output SXRL pulse achieving 25 µJ in 80 f s.

Further exploring the capacity of extracting higher energy from plasma, here pumped by ns infrared
lasers, while keeping the pulse duration short showed a surprising drop of efficiency. Detailed study of
the amplification process revealed a rapid depletion (< 300 f s) of the gain followed by a full recovery after
about 1.5 ps, strongly limiting direct amplification of the short pulse while leaving ASE reaching mJ level.

At last, in Chapter 5, gain recovery time was measured for the first time in a soft x-ray pump/soft
x-ray probe experiment conducted at Colorado State University in USA. Two HH pulses were seeded in
plasma with variable time delays. The relative amplification of both pulses allow to directly measuring
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the gain recovery time (∼1.7 ps). It was found in very good agreement with our modelling. Moreover,
in Chapter 4, we numerically explored the possibility to amplify at pulse train (100 pulses) or a single
long pulse with duration fitting the gain lifetime. In the sake of practical reality, we concentrated our study
on amplification of long HH pulse by transposing the so-called Chirped Pulse Amplification (CPA) to the
soft x-rays. Modelling showed that pulses with energy of several mJ with duration around 200 f s could
be generated with soft x-ray CPA. Compressor is here a key element, some first studies are presented.
Further CPA SXRL pulse shortening was discussed by temporal shaping the gain profile, which provides
a capability of reaching Fourier-limited beam (∼100 f s).

A brief summary of the SXRL source development, illustrated in the following figure (Fig. 6.1), shows
the progress on peak intensity and pulse duration. Experimental achievements and numerical predictions
of the HH sources, ASE from laser-induced plasma, seeded SXRL (SSXRL) from both gas- and solid-
based plasma amplifiers, soft x-ray CPA system and x-ray free-electron lasers (XFEL at FLASH) have
been taken into account. The partially achievements need to be verified (such as optimized focusing with
the diffraction-limited beam and final decision of the submitted article). All the prospected results are, so
far, only done as the simulation work.

In context of current thesis work, one could have a near future outlook:
1) soft x-ray gratings are capable to reach high diffraction efficiency (∼50%) under the conical diffraction
configuration;
2) the nowadays PW Ti:sapphire laser facilities are adequate to built a soft x-ray CPA system;
3) soft x-ray CPA has a potential of reaching mJ-level SXRL pulse within 140 f s time duration;
4 once the first soft x-ray CPA system successfully established, it can be extended to the "water window";
5) long HH pulse (tens of ps) generation may be interesting in injection to the plasma amplifier;
6) generation of ultra-fast pulse trains for quasi-phase-matching HH generation need to be worked out to
reach a train of seed pulses for the amplification in x-ray plasma amplifier;
7) metrology of the ultrashort SXRL pulse need to be widely studied, such as pulse duration measure-
ment and observation of Rabi-oscillation;
8) SXRL probing technique will become to be a preferred diagnosis approach in many scientific areas,
for example, plasma diagnosis;
9) many important applications that demand high spatial (nanometer) and high temporal (hundreds of
femtoseconds) resolutions will be benefited with this SXRL source.
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Figure 6.1: State-of-the-art development of plasma-based soft x-ray lasers.
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Wave Front Aberrations

Figure A.1: Aberrations expressed by Zernike Polynomials.
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Table A.1: Expression for Zernike RMS Polynomials

No n m Polynomial Classical name
1 1 1 2ρcosθ Tilt at 0o

2 1 −1 2ρsinθ Tilt at 90o

3 2 0
√

3(2ρ2-1) Focus
4 2 2

√
6ρ2cos2θ Astigmatism at 0o

5 2 −2
√

6ρ2sin2θ Astigmatism at 90o

6 3 1
√

8(3ρ2-2)ρcosθ Coma at 0o

7 3 −1
√

8(3ρ2-2)ρsinθ Coma at 90o

8 4 0
√

5(6ρ4-6ρ2+1) 3rd order spherical
9 3 3

√
8ρ3cos3θ Trefoil at 0o

10 3 −3
√

8ρ3sin3θ Trefoil at 90o

11 4 2
√

10(4ρ2-3)ρ2cos2θ 5th order astigmatism at 0o

12 4 −2
√

10(4ρ2-3)ρ2sin2θ 5th order astigmatism at 45o

13 5 1
√

12(10ρ5-12ρ3+3ρ)cosθ 5th order coma at 0o

14 5 −1
√

12(10ρ5-12ρ3+3ρ)sinθ 5th order coma at 90o

15 6 0
√

7(20ρ6-30ρ4+12ρ2-1) 5th order spherical
16 4 4

√
10ρ4cos4θ Tetrafoil at 0o

17 4 −4
√

10ρ4sin4θ Tetrafoil at 45o

18 5 3
√

12(5ρ5-4ρ3)cos3θ 7th order trefoil at 0o

19 5 −3
√

12(5ρ5-4ρ3)sin3θ 7th order trefoil at 90o

20 6 2
√

14(15ρ6-20ρ4+6ρ2)cos2θ 7th order astigmatism at 0o

21 6 −2
√

14(15ρ6-20ρ4+6ρ2)sin2θ 7th order astigmatism at 45o

22 7 1
√

16(35ρ7-60ρ5+30ρ3-4ρ)cosθ 7th order coma at 0o

23 7 −1
√

16(35ρ7-60ρ5+30ρ3-4ρ)sinθ 7th order coma at 90o

24 8 0 3(70ρ8-140ρ6+90ρ4-20ρ2+1) 7th order spherical
25 5 5

√
12ρ5cos5θ Pentafoil at 0o

26 5 −5
√

12ρ5sin5θ Pentafoil at 90o

27 6 4
√

14(6ρ6-5ρ4)cos4θ 9th order tetrafoil at 0o

28 6 −4
√

14(6ρ6-5ρ4)sin4θ 9th order tetrafoil at 45o

29 7 3 4(21ρ7-30ρ5+10ρ3)cos3θ 9th order trefoil at 0o

30 7 −3 4(21ρ7-30ρ5+10ρ3)sin3θ 9th order trefoil at 90o

31 8 2
√

18(56ρ8-105ρ6+60ρ4-10ρ2)cos2θ 9th order astigmatism at 0o

32 8 −2
√

18(56ρ8-105ρ6+60ρ4-10ρ2)sin2θ 9th order astigmatism at 45o

33 9 1
√

20(126ρ9-280ρ7+210ρ5-60ρ3+5ρ)cosθ 9th order coma at 0o

34 9 −1
√

20(126ρ9-280ρ7+210ρ5-60ρ3+5ρ)sinθ 9th order coma at 90o

35 10 0
√

11(252ρ10-630ρ8+560ρ6-210ρ4+30ρ2-1) 9th order spherical
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Table A.2: Expression for Legendre Polynomials

No Polynomial Classical name
1 x Tilt at 0o

2 y Tilt at 90o

3 1
2 (3x2-1) Cylinder at 0o

4 xy Astigmatism at 45o

5 1
2 (3y2-1) Cylinder at 90o

6 1
2 (5x3-3x) Linear coma at 0o

7 1
2 (3x2-1)y –

8 1
2 (3y2-1)x –

9 1
2 (5y3-3y) Linear coma at 90o

10 1
8 (35x4-30x2+3) –

11 1
2 (5x3-3x)y –

12 1
4 (3x2-1)(3y2-1) –

13 1
2 (5y3-3y)x –

14 1
8 (35y4-30y2+3) –

15 1
8 (63x5-70x3+15x) –

16 1
8 (35x4-30x2+3)y –

17 1
4 (5x3-3x)(3y2-1) –

18 1
4 (3x2-1)(5y3-3y) –

19 1
8 (35y4-30y2+3) –

20 1
8 (63y5-70y3+15y) –

21 1
16 (231x6-315x4+105x2-5) –

22 1
8 (63x5-70x3+15x)y –

23 1
16 (35x4-30x2+3)(3y2-1) –

24 1
4 (5x3-3x)(5y3-3y) –

25 1
16 (3x2-1)(35y4-30y2+3) –

26 1
8 (63y5-70y3+15y)x –

27 1
16 (231y6-315y4+105y2-5) –

28 1
16 (429x7-693x5+315x3-35x) –

29 1
16 (231x6-315x4+105x2-5)y –

30 1
16 (63x5-70x3+15x)(3y2-1) –

31 1
16 (35x4-30x2+3)(5y3-3y) –

32 1
16 (5x3-3x)(35y4-30y2+3) –

33 1
16 (3x2-1)(63y5-70y3+15y) –

34 1
16 (231y6-315y4+105y2-5) –
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Résumé:
Les lasers émettant des rayons X-mous sous forme d’impulsions cohérentes ultracourtes (SXRL pour
soft X-ray laser en anglais) sont des outils appropriés à l’étude de la dynamique ultrarapide des atomes,
molécules, surfaces et matériaux. Le présent manuscrit expose des travaux numériques et expérimen-
taux sur l’injection par harmonique élevée d’un amplificateur SXRL compact.

Des essais sur l’installation LASERIX montrèrent une amplification limitée dans un plasma d’ions
néonoïdes du titane (32.6 nm), due à la réfraction du faisceau harmonique injecté. Le front d’onde
d’un SXRL à 18.9 nm fut ensuite mesuré au Colorado State University (CSU), en fonction de dif-
férents paramètres d’amplification. L’étude numérique d’un plasma à grande section efficace démontra
la génération d’impulsion SXRL de plusieurs dizaines de µJ et d’une durée 80 f s. Une modélisation plus
poussée du processus d’amplification a révélé une déplétion rapide (< 300 f s) du gain suivie par une
reprise après environ 1.5 ps, vérifiée expérimentalement durant une expérience pompe-sonde (rayons X
/ rayons X) effectuée au CSU. Ceci a inspiré le concept d’amplification à dérive de fréquence dans les
rayons X. Une modélisation complète annonce une émission SXRL totalement cohérente de l’ordre du
GW (200 f s, plusieurs mJ).

Metrology of High Harmonics Seeded Soft X-ray Laser Based on Solid-Plasma Amplifier

Abstract:
Ultrashort coherent soft x-ray lasers (SXRL) are adequate to capture dynamics in atoms, molecules,
surfaces and materials at the ultrashort time-scales. In current dissertation, we numerically and exper-
imentally studied on a table-top fully coherent SXRL source. The main idea is to seed high harmonic
pulse into laser-induced plasma achieving significant energy amplification.

The first attempt was tested using neon-like titanium plasma (32.6 nm) at LASERIX facility. Then
wave front of this seeded SXRL beam (18.9 nm) was measured approaching diffraction-limited (λ/14)
using Hartmann wave front sensor at Colorado State University. Numerical studying on short plasma
with large cross-sectional area demonstrated 10′s of µJ and ∼80 f s SXRL pulse. Further modelling of
the amplification process revealed a rapid depletion (< 300 f s) of the gain followed by a full recovery
after about 1.5 ps. A novel x-ray pump/x-ray probe experiment was successfully conducted to verify it.
This inspired the X-ray chirped pulse amplification (CPA) concept. It promises GW fully coherent SXRL
(several mJ) with a capability of reaching Fourier-limited beam (∼100 f s).

Key Words: soft X-ray laser; plasma amplifier; Hartmann sensor; wave front; high harmonics;
seeding; gain recovery; population inversion ...

Discipline: Physics
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