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ABSTRACT

DEVELOPMENT OF A PETAWATT CLASS TI:SAPPHIRE LASER FOR THE EXCITATION
OF EXTREME RADIATION SOURCES

This dissertation describes the design, construction and characterization of a high peak power,
high repetition rate, Titanium-Sapphire laser system. This chirped-pulse amplification (CPA) laser
delivers femtosecond pulses of up to 0.85 PW peak power. By utilizing pump laser amplifiers
with a slab configuration high repetition rate are achieved, 3.3Hz, the highest at which Petawatt-
class lasers have been operated to date. This 800nm laser also has a high power, ultra-high
contrast 400 nm beamline. By frequency doubling the 800 nm with a KDP crystal at > 40%
conversion we are able to achieve a contrast of > 1 x 107'2. The ability to focus this second
harmonic beam to ~1.2 ym Full Width at Half Maximum (FWHM) spot size made it possible to
achieve intensities up to ~ 6.5 x 10*! W/cm?. With these high intensities and high contrast this
laser is a powerful tool in many applications especially in the study of laser/matter interactions
at relativistic plasmas.

This Ti:Sapphire laser was used for the excitation of plasma based soft x-ray (SXR) lasers.
prior to this work compact, repetitively fired, gain-saturated x-ray lasers had been limited to
wavelengths above A\ = 8.85 nm. We were able to demonstrate SXR lasers operating in the gain-
saturated regime down to wavelengths as low as A = 6.85 nm in Ni-like Gd. Gain was also
observed at A = 6.4 nm, and A = 5.8 nm in Ni-like Dy. As an application of plasma-based SXR
lasers, single shot Fourier holograms covering a large area of view were demonstrated using an
18.9nm laser with high spatial coherence based on dual plasma amplifier. Compact SXR lasers
have made possible applications in nano-scale imaging, dense plasma diagnostics and a variety
of new studies of materials and surfaces. Other applications that were enabled by this Petwatt-

class laser discussed elsewhere include the study of the interaction of relativistic laser pulses

il



with aligned nanostructures, producing record conversion efficiency of optical laser light into
picosecond x-ray pulses with photons of > 1 KeV energy and flashes of deuterium-deuterium

fusion neutrons.
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Chapter 1

Introduction

Petawatt-class lasers are transforming the field of high energy density physics. They trans-
form materials into states characterized by extreme temperature, density and degree of ioniza-
tion. Petawatt-class lasers They also generate extreme electromagnetic fields, that make possible
a myriad of applications. These include the generation of secondary sources of high energy pho-
tons (x-rays and gamma- rays), beams of high energy electrons and ions and flashes of neutrons.
They can be coupled and synchronized with other lasers, ion and electron accelerators, x-ray
sources and z-pinches [1]. This dissertation presents the development of a petawatt-class laser at
Colorado State University (CSU) operating at a wavelength of 800 nm. With the repetition rate
of 3.3 Hz and peak power of 0.85 PW, it is currently the highest average repetition rate petawatt-
class laser in the world. These laser parameters along with the ability to frequency double the
pulse into a high contrast 400nm beam make it an extremely useful tool. The petawatt-class laser
that is the central tool of this thesis was successfully used in several applications at CSU. These
include the pumping of plasma-based soft x-ray (SXR) lasers and their application to ultrafast
ultra-high resolution holography, the generation of extreme plasma conditions by irradiation of
nano-wire arrays, the generation of flashes of x-rays of picosecond duration, electron/ion accel-
eration and neutron generation flash through deuterium-deuterium nuclear fusion.The first two
applications are introduced in the following paragraphs and are discussed in detail in Chapter 3
and Chapter 4 of this dissertation.

Soft x-ray lasers:

We have extended the range of repetitively fired x-ray lasers to A = 6.85 nm by transient
traveling wave excitation of Ni-like Gd ions in a plasma created with an optimized pre-pulse
followed by rapid heating with an intense sub-ps pump pulse. Isoelectronic scaling also produced

strong lasing at 6.67 nm and 6.11 nm in Ni-like Tb, and amplification at 6.41 nm and 5.85 nm in



Ni-like Dy. We experimentally demonstrate that the optimum grazing incidence angle increases
linearly with atomic number from 17 degrees for Z=42 (Mo) to 43 degrees for Z=66 (Dy). [2]

Single shot large field of view nano-holography:

Using a SXR laser pumped by the Ti:Sapphire laser described here in we were able to demon-
strate single shot Fourier transform holography with a spacial resolution that gets to 62 nm and
temporal resolution of 5 ps over a large field of view. A highly coherent Ni-like molybdenum
SXR laser at 18.9 nm was used. Utilizing a dual-plasma scheme in which a small fraction of
the wavefront generated from a first SXR laser plasma amplifier is injected into a second plasma
amplifier we were able to achieve a high spatial coherence necessary for holography. silver nano-
wires 200 nm in diameter were imaged over a 7 yum diameter field of view utilizing a reference
beam focused through a 3 um hole by a 200 nm outer zone free standing zone plate (ZP). The
final acquired image was numerically reconstructed by 2D Fourier transform. The 10%— 90%
knife edge spatial resolution was measured with the best value reaching down to 62 nm.

Other applications of this Petawatt-class laser realized with the contribution of this author are
outlined below but are not further discussed hereafter. For more details in those experiments the
reader is referred to the literature [3]—[6]

Generation of extreme plasma conditions by irradiation of nano-wire arrays:

Ultrahigh-energy density (UHED) matter, characterized by energy densities >1 x 10® J cm™3
and pressures > 1 Gbar, is encountered in the center of stars and inertial confinement fusion
capsules driven by the world’s largest lasers. UHED conditions can be obtained with compact,
ultrahigh contrast, femtosecond lasers focused to relativistic intensities onto targets composed
of aligned nanowire arrays. We measured the key physical process in determining the energy
density deposited in high-aspect-ratio nanowire array plasmas: the energy penetration. By moni-
toring the x-ray emission from buried Co tracer segments in Ni nanowire arrays irradiated at an
intensity of 4 x 10 W ¢cm~2, we demonstrated energy penetration depths of several microme-
ters, leading to UHED plasmas of micrometer size. Relativistic three-dimensional particle-in-cell

simulations, validated by these measurements, predict that irradiation of nanostructures at in-



tensities >1 x 10?2 W cm~2 will lead to a virtually unexplored extreme UHED plasma regime
characterized by energy densities in excess of 8 x 10'° J cm™2, equivalent to a pressure of 0.35
Thar. [3]

Generation of hard x-ray flashes:

The efficient conversion of optical laser light into bright ultrafast x-ray pulses in laser created
plasmas is of high interest for dense plasma physics studies, material science and other fields. We
have demonstrated more than one order of magnitude increase in picosecond x-ray conversion ef-
ficiency (CE) by tailoring near solid density plasmas to achieve a large radiative to hydrodynamic
energy loss rate ratio, leading into a radiation loss dominated plasma regime. A record 20% CE
into hv >1 keV photons was measured in arrays of large aspect ratio Au nanowires heated to
keV temperatures with ultrahigh contrast femtosecond laser pulses of relativistic intensity. [4]

Electron/Ion acceleration:

By using a ultra-intense high contrast laser pulse with intensities of 1 x 1021 W cm™2
we were able to see significant improvement in both the flux and energy of the relativistic ac-
celerated electrons of a near-solid density aligned CD, nanowire arrays in comparison to those
from solid CD, foils irradiated with the same laser pulses. Because the laser is able to penetrate
deep into the aligned nanowires, we were able to increase the volume of the interaction. The
laser interaction with the nanowire was modeled and showed that electrons are pulled up the
nanowire to the top and to a lower density plasma and there the electrons are accelerated up to
the dephasing length, where they outrun the laser pulse. This results in an electron temperature
that is much higher and larger flux than the flat foils. This interaction compared to the flat foil
also produces many more 1 MeV photons. Utilising this method of irradiating nanowires we
have also measured the acceleration of deuterons and hydrogen ions up to 15 MeV from CD,
nanowire arrays measuring both the energy and the angular distribution.

Neutron generation:

While nuclear fusion in laser created plasmas is regularly created in spherical plasma com-

pressions driven by multi-kilojoule pulses from the world’s largest lasers, it is also of interest



to generate neutron source for applications that include neutron imaging and material diagnos-
tics. We have demonstrated a dense micro-scale deuterium-deuterium (D-D) fusion environment
created by irradiating arrays of deuterated nanostructures with joule-level pulses from a com-
pact ultrafast laser. The irradiation of ordered deuterated polyethylene nanowires arrays with
femtosecond pulses of relativistic intensity created ultra-high energy density plasmas in which
deuterons are accelerated up to MeV energies, efficiently driving D-D fusion reactions and ultra-
fast neutron bursts. We measured up to 2 x 10° fusion neutrons per joule, an increase of about
500 times with respect to flat solid targets, a record yield for joule-level lasers. [6]

This dissertation describes the development of the petawatt-class laser system used at CSU
for which the author was a major contributor. The description of the laser and its performance is
followed by two application experiments: a plasma based soft x-ray laser and the use of a soft

x-ray laser to perform single shot, large field of view nano-holography.

1.1 Petawatt-class laser systems

The desire to have more intense lasers for applications has been around since the beginning
of lasers in 1960. In 1962 McClung and Hellwarth [7] were able to make lasers many orders
of magnitude more intense than the first Ruby laser developed by Theodore Maiman in 1960
[8]. They accomplished this by changing the loss in a laser cavity from high to low usually
using a Pockel cell and a set of polarizers, a technique known as Q-switching. By crossing the
polarizers the loss in the cavity is very high, allowing a large population inversion to build up
while the laser is pumped by avoiding lasing. When the gain reaches its peak the Pockel cell
is triggered to rapidly rotate the polarization, lowering the cavity loss below the threshold for
lasing. Q-switch lasers are commonly used in many fields of research and industry and create
a millijoule level nanosecond pulse out of an oscillator. One year later in 1963 the method of
mode-locking pushed durations to the picosecond range [9]. Mode-locking oscillators were able
to produce femtosecond pulses but with nanojoules of energy per pulse [10]. Mode-locking and

Q-switching were combined to create intense laser pulses of short duration. Shorter and more



intense pulses did not see much progress till the mid-1980s when the technique of chirp pulse
amplification (CPA) was combined with mode-locking. In this technique pulses are spectrally
chirped and stretched in time, amplified and finally recompressed. The first use of CPA was in
radar systems. The idea of CPA was first applied to laser amplification by Strickland and Mourou
in 1985 [11] a realization for which they were awarded the Nobel Prize in Physics in 2018. The
method implementation with lasers starts with a short pulse that is stretched in time, amplified
and is finally compressed to a short duration using diffraction gratings. By stretching the pulses
out for amplification and only compressing the pulses right before transmission high peak powers
within the amplifier are avoided. In its first demonstration Strickland and Mourou used a mode-
locked Nd:YAG oscillator to produce a short 150 ps pulse. This pulse was then stretched in
an optical fiber to 300 ps. The pulse was subsequently amplified with a Nd:YAG regenerative
amplifier. The pulse was then compressed using a Treacy grating pair to 2 ps pulse deration
[12]. The compressor was able to compensate the dispersion. The scheme was latter improved
by substituting the fiber stretcher with a grating stretcher that better matches the compressor
and stretcher, consisting of a Treacy compressor with a telescope that inverts the sign of the
dispersion, and innovation introduced by Martinez (Martinez 1987, [13]). Another advantage
of the use of CPA is to be able to reach the saturation fluence. Laser materials like Nd:Glass
have high saturation fluences of the order of joules per cm?. By stretching the pulse in time,
it is possible to reach the saturation fluences without non-linear effects spoiling the wavefront.
CPA opened the path to multi-Terawatt lasers, and eventually to Petawatt lasers. A diagram
illustrating the concept of CPA systems is shown in Figure 1.1. Using this technique in 1989,
the first 100 TW class laser was developed in France [14], [15] and in the UK [16], [17]. Each
system utilized a Nd based mode-locked system relying on a self-phase modulation to create the
needed bandwidth to support the short picosecond pulses at under 0.5 ps at 1054 nm [18]. The
amplifiers were based on Nd:glass.

There are more than 50 petawatt lasers in operation in the world [20] with most of them

falling into two main categories. Lasers with high amounts of energy with hundreds of Joules



figures/chaplfigll.png

Figure 1.1: Illustration of a classic CPA laser system. Inspired by [19].

or even kilojoules of energy with longer pulse duration on the order of several hundreds of
femtoseconds [21], [22], and lasers that have less energy on the order of tens of Joules but
much shorter pulse durations of the order of a few tens of femtoseconds [23]-[26]. The first
category is limited in repetition rate to a few shots per day. This limitation mainly comes from
the limitation in the repetition rate of the pump lasers, this is related to their cool down time.
The category of high energy, long pulse petawatt lasers dates back to 1992, when scientists at
Lawrence Livermore National Laboratory (LLNL) [27] developed the first petawatt laser, the
NOVA petawatt. It was able to deliver 1.5 PW with 660 J in a 440 fs. The NOVA petawatt
laser was focused to intensities of 7 x 10** W cm?. This laser was followed by the Vulcan
Laser, a high power Nd:glass laser, and was the first to implement the optical parametric chirped
pulse amplification (OPCPA) front end [28], [29]. The OPCPA is able to amplify ultrashort and
broadband pulses with little pre-pulse and thus have higher contrast. When this is injected into
the Nd:glass amplifier chain it is able to produce short and high contrast pulses and is used as

a front end for many petawatt lasers today. Some of the other petawatt laser around the world



are the Gekko XII facility in Japan. It used an OPCPA front end with Nd:glass large aperture
amplifiers, and a double pass compressor to with an output of 420 J in a 470 fs pulse. The Gekko
XI1I is focused to intensities of 2.5x 10" W/cm? with contrast levels of 1.5 x 108 [30]. Titan
is a laser at LLNL that delivers up to 300 J in a sub-picosecond pulse and offers a 50 J high

contrast green option [31].

figures/chap2fig3.png

Figure 1.2: Evolution of the laser spectra through the system: after stretcher (dotted line); after first power
amplifier (dashed line); after compressor (solid line); and the final spectral phase (dash-dotted line).

In the second category of petawatt lasers based on lower energy but much shorter pulses
the most common gain media used is Ti:sapphire. Ti:Sapphire has a broad spectral bandwidth
(>235 nm FWHM) [32] and thus is able to support a shorter pulse. As an example the spectral
output of the amplified pulses from the Ti:Sapphire oscillator at CSU is shown in Figure 1.2.
This Ti:Sapphire oscillator output has a bandwidth of about 30nm FWHM and can support ~30
fs transform limited laser pulses. Shorter pulses dramatically help in making higher intensities.
Some of the properties of Ti:Sapphire that also contribute to it being a favorable gain material
are high damage threshold, good thermal conductivity, and a saturation fluence of 1-2 J/cm? [33].

The passive Kerr lens was implemented in the mode-locked Ti:Sapphire oscillator for even better



outcomes [10]. Soon after this improvement the first terawatt Ti:Sapphire laser was demonstrated
by Sullivan et al. [34]. With an output of 3.8 terawatts, this laser ran at 10Hz and had pulses
with outputs of 60 fs and 0.23 J. With Ti:Sapphire having a upper level lifetime of ~ 3 us the
gain medium cannot be efficiently pumped with flashlamps and needs a fast pumping method.
Since Ti:Sapphire has a high absorption in the 500 nm region of the spectrum a doubled ~1.0
pm laser is usually used as the pump.

Notable examples of petawatt-class higher repetition rate lasers are the BELLA laser at
Lawrence Berkeley National Laboratory with an output of 1.3 PW and a repetition rate of 1
Hz [35], the 1 PW HAPLS laser designed at LLNL to operate at repetition rates up 10 Hz and
recently operated at 3.3 Hz [36], and the 3.3 Hz CSU laser reported in this dissertation. All three
of these petawatt-class and many other high power ultrashort pulse lasers operating with pulse
widths in the vicinity of 30 fs are made employing Ti:Sapphire as the gain medium [23]-[26],
[37]-[43]. Ti:Sapphire can presently reach peak powers of up to 5.4 PW [25] and a lasers with
outputs of 10 PWs are about to be commissioned[44], [45]. OPCPA petawatt lasers also have
short pulse durations, wider bandwidth, high temporal contrast, small thermal effects and tunable
wavelengths [23], [24], [26] but for the most part do not have as high an energy because of the
lower efficiency achieved to date in converting the pump light into OPCPA output.

The petawatt laser system at CSU that the author of this dissertation co-developed is a CPA
Ti:Sapphire laser centered at 800 nm with a bandwidth shown in Figure 1.2. It is able to produce
laser pulses with 25.5 J after compression with pulse duration of 30 fs making it 0.85 PWs. It
is also able to run at a repetition rate of 3.3 Hz making it the highest repetition rate petawatt
laser in the world. There are plans for the production of petawatt laser systems to improve on
CSU’s repetition rate with ELI (European Light Infrastructure) with a repetition rate of 10 Hz
and an output of one petawatt [46]. Since the CSU CPA petawatt laser is a key aspect of the
work performed by the author as part of this dissertation a more detailed look at all the aspects
of this kind of laser as it relates to the petawatt lasers will be in what fallows. A closer look at

the CSU petawatt laser will be in Chapter 2.



1.2 Petawatt-class Chirped Pulse Amplification Lasers

A CPA system typically achieves high energy pulses with multiple stages of amplification
[11]. The CSU petawatt-class lasers makes use of a conventional front-end. Ultrashort pulses
are generated by a Kerr-lens mode-locked Ti:Sapphire oscillator. These pulses are subsequently
stretched by a Martinez stretcher [13] and are then amplified by five Ti:Sapphire stages of am-
plification. They are finally recompressed by a grating compressor [12]. For some specific appli-
cations (for example x-ray laser generation) a fraction of the beam is split before compression
and directed to the target chamber creating a longer pre-pulse. Figure 1.3 shows a schematic
diagram illustrating the different stages of the CPA laser system. After the stretcher and before
the first amplifier an acousto optic programmable diffuse filter (AOPDF) is placed to modify
the amplitudes of specific wavelengths for the purpose discussed below. Between each stage of
amplification there is an imaging vacuum telescope (VT) used to expand the beam to match the
stage’s pump laser mode. Spatial filters (SF) are placed at the focus of these telescopes to remove
any high frequency structure from the beam’s intensity profile. Isolation between the first three
amplifiers is provided by a Pockels cell (PC) and polarizing beam splitters (PBS). The PBS pairs
are crossed to avoid transmission unless the PC rotates the polarization of the laser pulse. This
is necessary to reduce amplified spontaneous emission (ASE) feedback between the high gain
amplifiers which can reduce energy extraction. If a sufficiently small temporal window is cre-
ated with the Pockels cell the isolation combination along with the spatial filters can also reject
any stray back reflections that may arise in the system. This can reduce the possibility of high
intensity focuses that can damage components. A deformable mirror (DM) is also installed after
the five stages of amplification to correct any wavefront aberrations. Each part of the system is

discussed in more detail below.

1.2.1 Laser Oscillator

The seed pulse for the petawatt laser is generated by a mode-locked oscillator. The basic

cavity configuration is shown in Figure 1.4. The oscillator pump source is a commercially fre-
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Figure 1.3: Schematic diagram of Ti:Sapphire CPA laser system developed at CSU.

quency doubled Nd:YVO4 diode-pumped continuous wave (cw) laser. This cw green laser light
is focused into the Ti:Sapphire crystal, collinear with the mode of the laser cavity itself. The
only other cavity components are an end mirror (M), curved mirrors (CM), an output coupler
(OC)and together with a prism pair (P1, P2) to compensate for dispersion of the Ti:Sapphire
crystal [47]. Mode-locking in this laser is achieved through the action of the Kerr lens induced
in the laser crystal itself. When the laser is operating in a pulsed mode, the focused intensity
inside the Ti:Sapphire crystal exceeds 10! W/cm?. This is sufficient to induce a strong non-
linear lens which significantly focuses the pulse. When this occurs in a laser cavity which is
adjusted for optimum efficiency without this lens, the self-focusing will simply contribute to loss
within the laser cavity. However, modest displacement of one mirror away from the optimum
cw position by only 0.5-1 mm can result in a decrease in loss in the laser cavity when Kerr
lensing is present. To understand this, suppose some modes incidentally are phase locked and
interfere constructively forming a pulse that has higher intensity than the modes with random
phases. These pulses are focused and thereby collimated in the cavity, surviving and seeing gain
with low loss. All other modes that are not affected are thus not collimated and are rejected
by suffering high losses. This allows the in phase high intensity modes to ”win out” and reach
relatively high energy. Very quickly only modes oscillating in phase creating the mode-locked
pulses survive. Thus, the Kerr lensing couples the spatial and temporal modes of the oscillator,
resulting in two distinct spatial and temporal modes of operation (cw and pulsed) [48]. The laser

can be aligned to be stable in either mode.
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The oscillator in the CSU petawatt-class laser is based on a kit by KM Labs that produces
30 fs pulses at 87MHz with ~750mW. The output spectrum is shown in Figure 1.2. A 4 W
Nd:YVO4 diode 532nm laser (Coherent-Verdi) is used to pump the Ti:Sapphire crystal. To com-
pensate for the self-phase modulation and group velocity dispersion from the ~4.5 mm 15%
doped Ti:Sapphire crystal, a pair of prisms (P1, P2) is used to sustain the short pulses as shown
in Figure 1.4. Two concave mirrors (CM) are used to focus the 800nm beam in the Ti:Sapphire
rod to create the intensities needed to operate the oscillator in the Kerr-lens mode locked opera-
tion. Mirror (M) is used to keep the beam in the cavity and a 17% output coupler (OC) is used

to eject the beam to the rest of the system.

figures/chaplfiglda.png

Figure 1.4: Schematic Diagram of the Ti:Sapphire Oscillator. The Nd:YVO4 diode 532nm laser
(Coherent-Verdi) is the pump the mirrors M and Prism pair P1,P2 and the curved dichroic mirrors CM
and output coupler OC.

1.2.2 Stretcher and Compressor

Once out of the oscillator the pulses are injected into the stretcher to stretch the pulse in
time through a positive dispersion delay stage. After the stretcher the pulse is modified by the
acousto optic programmable diffuse filter and then is amplified. Once amplified the pulse is then
compressed back to a short pulse in a negative dispersion delay stage. Both the stretcher and

the compressor work to complement each other by exactly undoing what the other does. The
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figures/chaplfiglba.png

(a)

figures/chaplfigl5b.png

(b)

Figure 1.5: (a) Schematic layout of a grating-based stretcher leading to a positive dispersion. (b)
Schematic layout of a grating-based compressor with negative dispersion. [49]

stretcher is designed to stretch a pulse from 30 fs to ~500 ps, reducing the intensity by a factor
of ~16600. The compressor reverses this effect and it also is aligned to compensate as much
as possible for any dispersion picked up by the pulse traveling through the Ti:Sapphire crystal,
windows and air.

The main component in both stretching and compressing is the grating. In the stretcher and
compressor it is necessary to avoid nonlinear distortion to the spatial and temporal profile of the
beam. A chirped pulse can be obtained by propagating a pulse through optical material such
as a fiber. In the fiber, self-phase modulation (SPM) can broaden the bandwidth of the pulse;
however the distortion due to high-order phase terms introduced by fiber are hard to compensate
and makes this design difficult to use for femtosecond pulse amplifiers. To obtain an even greater
stretch factors, a grating or prism pair arrangement can be used which separates the spectrum of

a short pulse in such a way that different colors follow different paths through the optical system.
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Martinez et al. [13] realized that by placing a telescope between a grating pair, and an injection
and sendback mirror as shown in Figure 1.5a, the dispersion is controlled by the effective distance
between the second grating and the image of the first grating [13]. If the distance given by L is

smaller than f (L < f) the stage will add positive group delay dispersion to the pulse given by:

0% 2(L— f)N?N?

O w? T c2cos2%0

(1.1)

Where L is the distance of the grating from the lens, c is the speed of light, A is the center
wavelength, N is the groove density (I/mm) and 6 is the diffracted angle. In this arrangement the
dispersion is exactly the opposite dispersion of a grating compressor. If L > f the stage will put
negative dispersion on the pulse making the telescope not needed and thus making a grating com-
pressor shown in Figure 1.5b. This forms the basis for a perfectly matched stretcher/compressor

pair. The change in pulse duration after the stretcher is given geometrically by:

Ly(
cd(l—(

) A A

AT=
— sin7)?)

(1.2)

Q> (>

Where L, is the grating separation (in the case of a stretcher it is equal to 2(L- f)), c is
the speed of light, A is the center wavelength, A X is the bandwidth of the laser pulse, d is
the groove spacing and + is the angle of incidence on the first grating with respect to normal.
This stretcher configuration can be improved with the flat normal incident mirror placed at the
focal plane. By using a curved mirror instead of lenses it is possible to avoid the chromatic
aberrations of the lenses. With these changes the number of optics is reduced and there is only a
need for one grating, which offers important advantages over the two grating designs. The grating
can work near Littrow incident angle (given by sinvyriurow = A/2d), and maintain alignment
while the separation and/or angle of the grating are adjusted. The single-grating design is also
an advantage as there are no possibilities of anti-parallelism or angle mismatch between the
gratings, which would distort the output pulse by introducing temporal and spatial chirps that

cannot be eliminated in the pulse compressor. In Figure 1.6 shows the diagram of the computed
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ray path for the folded telescope stretcher used at CSU. This setup uses a spherical focusing
mirror with a radius of curvature of ~1200 mm corresponding to a focal length of ~600 mm
and a diameter of 8 inches. The grating are gold coated and have 1740 I/mm with a Littrow angle
of 44.1 degrees. The input angle to the grating is 55 degrees from normal. The separation of the
center of the spherical mirror and the center of the grating is ~ 400 mm. With these parameters
the calculated stretch is ~500 ps. The experimental setup is shown in the photograph below in

Figure 1.7.

figures/chaplfigl6.png

Figure 1.6: Simulation of the folded telescope stretcher.

As stated earlier the grading compressor, as shown in Figure 1.5b, allows us to recombine a
chirped pulse that has been stretched. In 1969, Treacy showed that a pair of identical parallel
gratings exhibits negative group delay dispersion [12]. The equation 1.2 is what is needed to
calculate the compression with L, simply being the distance between the gratings. We need to
consider not only the contributions of the stretcher and the compressor, but also the materials of

the amplifier. When a pulse passes through a material, the longer wavelengths travel faster than
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figures/chaplfigl7.png

Figure 1.7: Photograph of stretcher at CSU with simulation lines overlaid to guide the eye.

the shorter wavelengths, thus introducing a positive chirp on the pulse. This chirp must also be

compensated for by the pulse compressor. The phase introduced by a material is given by:

¢mat(w) = Lmat”(“’)%} (1.3)

Where L,,.; is the material length, w is the light frequency, c is the speed of light and n(w)
is the index of refraction. Expressions for n(\) can be obtained by empirical formulas (such as
Sellmeier equations [50]) for common optical materials are tabulated in the literature. However,
since analytic derivatives are much more accurate than performing a numerical polynomial fit
to a curve, it is most accurate to work with the exact expressions for the phase, and not with
terms in the Taylor expansion. The compressor used at CSU consists of four gold gratings with
two being 210 mm x 420mm X 50 mm for the first and last grating and two 210 mm x 460
mm X 50 mm for the second and third grating. All the gratings have 1740 I/mm and were made
by LLNL. The separation between the two gratings is ~ 725 mm. The compressor also has a

45 degree turning mirror 300.0 mm x 210.0 mm x 50.0 mm and two roof mirrors each 325.0
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mm X 300 mm x 50.0 mm to translate the beam between the two grating levels. This is shown
in Figure 2.3 and in Figure 2.4. Each optics in a custom mount designed and build in house.
The grading mounts were also made in house and were made to have tip and tilt and rotation
independently for each grating insuring the ability to align the two gratings that were stacked

over each other to be both in the same parallel plane and also the grating lines aligned.

1.2.3 Amplification

The amplification chain uses a high gain pre-amplifier stage, placed just after the pulse
stretcher, which is designed to increase the energy of the nJ pulses from the laser oscillator
to the 1-10 mJ level [51]-[59]. The majority of the gain of the amplifier system (~107 times)
occurs in this stage. The pre-amplifier is then followed by four power amplifiers designed to ef-
ficiently extract the stored energy in the amplifier and to increase the output pulse power above
the 30 joule level. At each stage there are different challenges that are needed to overcome in
order to make an effective petawatt laser. For the first stage amplifier or pre-amplifier the main
challenge is gain narrowing. Since the atomic susceptibility X”(w) appears in the exponent in
calculating the power gain, the exponential gain falls off much more rapidly with detuning than
the atomic lineshape itself. Successive passes through the amplifier tends to narrow the amplified

spectrum, as can be seen from:

G(w) = el X" (1.4)

where X" (w) is the atomic susceptibility, L is the length of the laser path in the crystal, ¢ is
the speed of light and w, is the center frequency [60]. This spectral narrowing associated with
the amplification process is referred to as gain narrowing. This narrowing restricts the compres-
sion transform limit of the pulse at the end of amplification. Since the gain profile of Ti:Sapphire
falls more steeply at wavelengths shorter than 800 nm than at wavelengths longer than 800 nm,
and since gain saturation tends to redshift the spectrum (red wavelengths precede blue in the

pulse), the optimum input spectrum is typically peaked shorter than 800 nm. One tool to over-
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(b)

Figure 1.8: (a) [llustration of gain narrowing (Fourier transform FFT) (b) Illustration of gain preservation
by “burning” hole in the spectrum.

come this narrowing is the use of an AOPDF. With this filter it is possible to modulate both the
phase and the amplitude of the spectrum [61]. By measuring the phase and length of the pulse
after the amplification it is possible to optimize the input to create a flat phase and to preserve
the bandwidth. The bandwidth is preserved by reducing the amplitude of the wavelengths that
have the strongest gain and letting the other wavelengths dominate. By letting the wavelengths in
the tail of the gain profile have a head start the final result is a wider bandwidth. An illustration
of this process is shown in Figure 1.8. When this hole is burnt into the spectrum there is a loss
in the seed energy. To compensate for this energy loss the beam pass one more time through the
amplifier or pump the amplifier harder to increase the gain. A balance between pumping hard
and extra passes is needed. The balance is between burning the optical coating and extracting
the energy.

Nonlinear contributions to the phase resulting from self-phase modulation in the amplifier

medium [62] must also be minimized to avoid self-focusing and self-phase modulation. The non-
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linear phase shift is properly considered in the time domain, as ¢y (t) = (27/A\)ns [ I(t, 2)dz.
However, since the pulse is chirped, this nonlinear temporal phase maps into the spectral phase.

The approximate value of the nonlinear phase contribution is given by:

¢nonlinea7'(t) - / 2771-”2[(257 l)dl (15)

where n, is the nonlinear index (~2.5x107¢ ¢cm? W~ for sapphire) and I(¢,1) is the in-
tensity within the amplifier material. The peak value of this expression is also known as the
"B integral" of the amplifier system. The value of the B integral (the nonlinear phase shift at
peak intensity) at which the nonlinear phase is important for pulse compression can be estimated
as follows. The nonlinear group delay is approximately d¢/dw = B/ A w, where A w is the
half-width of the amplified spectrum. A B integral of 1 rad over a spectral half-width of 20 nm
would add an additional delay variation of 17 fs. While this may to some extent be compensated
by readjustment of the compressor, the value of the nonlinear phase varies across the beam, so
severe distortions may still occur. Thus, it is clearly advantageous where possible to maintain the
value of the B integral at less than 1.

One other problem that arises from a high B integral is self-focusing due to a Kerr lens. As
the beam propagates through a material areas of higher intensity will have a delayed phase and
this will act as a lens in that area. As this area focuses more it becomes even more intense and
can have a runaway effect to cause a total collapse of the beam or sections of it. This can create
a very intense energy that can focus in the optical material causing damage and distorting the

beam profile and wavefront. By keeping the B integral below 1 this effect is avoided.

1.2.4 Mitigation of parasitic lasing

As the gain region becomes larger like those found in the power amplifiers of a Ti:Sapphire
system there is a larger concern for parasitic lasing. Parasitic lasing is when the ASE that is

emitted randomly in all directions in a gain medium starts to lase inside the crystal usually using
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figures/chaplfig2l.png

Figure 1.9: (a) Illustration of Ti:Sapphire crystal surrounded with air and a graph of gain vs pump flu-
ence[63] (b) Ilustration of Ti:Sapphire crystal surrounded with Cargille Series M refractive index liquid
and a graph of output vs pump energy[63]

the lateral faces of the crystal as mirrors. This lasing in the crystal extracts energy in unwanted
ways. Parasitic lasing happens in crystals with high gain or crystals with long gain pathways. In
Ti:Sapphire systems when the crystals are pumped in large areas there are long transvers paths
that can cause parasitic lasing if no precautions are taken. To avoid parasitic lasing it is important
to keep the reflection of radial rays in the periphery of the crystals to a minimum. This can be
achieved by putting an index matched liquid or cladding in the periphery of the crystal to avoid
having reflected ASE from going back to the pumped volume of the crystal where the gain is
high. To insure there is no reflected light from where the cladding ends or the liquid stops,
an absorbent dye in the cladding or liquid is placed to absorb the light. A key aspect of this
technique of this is making sure the refractive index of the matching liquid or cladding is close
to that of the gain medium. The high index of refraction of Ti:Sapphire, 1.76 at 800 nm, makes
it difficult to find a liquid with a similar index. There is a company “Cargille” that produces
high index fluids (Cargille Series M refractive index liquid n = 1.76 at laser wavelength) that

can match the index. The Cargille Series M refractive index liquid has many restrictions as
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it is not compatible with many common materials such as steel, aluminum and copper alloys.
Based on the compatibility report of Cargille Laboratories [64], we chose aluminum after a hard
black anodization. This liquid is also very harmful when coming in contact with skin or when
breathing its fumes. While this liquid was investigated and tested and used by other petawatt
lasers [65] we opted for the liquid methyl salicylate (also known as wintergreen oil) that has an
index of refraction of 1.53 at 800 nm. While Methyl salicylate has a lower index it also has the
advantage of having lower health risks. Our tests found it to be sufficient for our case. Methyl
salicylate is flowed around the Ti:Sapphire crystals and is cooled to 15 C with a heat exchanger
to help with cooling of the crystals. An illustration of a crystal and boundary interaction and
parasitic lasing is shown in Figure 1.9 along with examples of measurements [63].

Other ways to help eliminate parasitic lasing is to extract the energy before the gain becomes
too high for parasitic lasing to extract the energy. This is achieved by having the laser pulse go
through the crystal to extract the energy while the pump light is still pumping the crystal [66].
By timing the multiple passes of the laser pulses with respect to the pump pulses it is possible

to efficiently extract the energy. This method has the drawback of being more complicated.

1.3 Foreword

The following chapters discus the specifics of the laser system that I help make and design
at CSU. This laser has been used in many experiments and has become a laser facility in Laser-
NetUS. The next chapter focuses on the advances I was able to make in the field of x-ray lasers
that extended the operation of gain-saturated compact repetitive x-ray lasers down to A = 6.85
nm in Ni-like Gd. 1 was also able to show lasing at 6.67 nm and 6.11 nm in Ni-like Tb and
amplification at 6.41 nm and 5.85 nm in Ni-like Dy. The next chapter describes experiments
with single shot nano holography with resolutions of 62 nm and with time resolutions of 5 ps of

200 nm silver nano wires.
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Chapter 2
0.85 PW Laser operation at 3.3 Hz and
high-contrast ultrahigh-intesity A = 400 nm

second-harmonic beamline'

2.1 Overview

This chapter discuses the generation of 0.85 PW, 30 fs laser pulses at a repetition rate of 3.3
Hz with a record average power of 85 W from a Ti:Sapphire laser. The system is pumped by
high-energy Nd:glass slab amplifiers frequency doubled in LiB3O5 (LBO). Ultrahigh-contrast A =
400 nm femtosecond pulses are generated in KH,PO, (KDP) with >40% efficiency. An intensity
of 6.5 x 10?! W/cm? is obtained by frequency doubling 80% of the available Ti:Sapphire energy
and focusing the doubled light with an f/2 parabola. This laser will enable highly relativistic

plasma experiments to be conducted at high repetition rate.

2.2 Development of the high peak power laser and its charac-

teristics

There is great interest in ultrahigh-intensity laser pulses for relativistic ultrahigh-energy den-
sity science, ultrashort-wavelength coherent, incoherent radiation sources and particle accelera-
tion. The advent of chirped-pulse amplification (CPA) [1] enabled dramatic growth in the peak
power of the most powerful lasers [2], [3]. Several petawatt (PW) lasers have been demonstrated
or are under development in laboratories worldwide [4]-[11]. New laser systems aimed to gen-

erate peak powers of 10 PW also are under development [12]-[16]. The first laser to achieve

Y. Wang et al. "0.85 PW Laser operation at 3.3 Hz and high-contrast ultrahigh-intesity A = 400 nm second-
harmonic beamline" Optics Letters Vol. 42, Issue 19, pp. 3828-3831 (2017) (© 2017 Optical Society of America
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the PW power level did so by compressing kJ pulses from an Nd:glass laser to ps pulse duration
[4]. Other lasers achieved this peak power level with less energetic pulses of hundreds of J and
hundreds of fs pulse duration from Nd:glass amplifiers [5], [6]. These lasers typically fire at a
repetition rate of several shots per hour. A second class of PW-class lasers produces much less
energetic pulses of shorter pulse duration, typically 30 fs or less [7]-[10]. To date, most PW
lasers have been developed with Titanium:Sapphire (Ti:Sa) as the gain medium, which offers
broad bandwidth and fs pulse duration [7]-[17]. Alternatively, the technique of optical paramet-
ric CPA applied to PW laser offers the advantages of a wider bandwidth, high temporal contrast,
small thermal effects and tunable wavelength [7], [8], [10] but with typically lower efficiency.
High-power Ti:Sa lasers were demonstrated at the >100 TW peak power level at 10 Hz repeti-
tion rate [3]. However, the repetition rate of such lasers decreases greatly as they are scaled to
PW, mostly due to heat removal limitations in the pump lasers. The highest peak power achieved
to date is a 5.4 PW Ti:Sa laser [9]. The highest repetition rate reported for PW class lasers is 1
Hz [11] and significantly less in most other cases [5], [6], [8]. A diode-pumped Nd:glass-pumped
Ti:Sa laser is under development to generate PW pulses at 10 Hz [18]. Presently in the commis-
sioning phase, this laser has so far been demonstrated to generate 16 J pulses at 3.3 Hz repetition
rate that, once compressed, should produce >0.4 PW peak power pulses with an average power
>40 W [18]. A Ti:Sa field synthesizer also is under development with the goal of reaching a
PW level output at a repetition rate of 10 Hz [19]. While diode pumping of PW lasers has clear
advantages for scaling to high repetition rates and increased efficiency, flash lamps still remain
greatly more affordable. Here we report the demonstration of a flash-lamp-pumped Ti:Sa laser,
which generates 0.85 PW pulses of 30 fs duration at 3.3 Hz repetition rate with a record average
power of 85 W after compression. This is the highest average power reported to date for a PW
class laser. The laser setup is schematically illustrated in Figure 2.1. It consists of a conventional
Ti:Sa front end that delivers A = 800 nm pulses into a chain of three high-power Ti:Sa amplifi-
cation stages pumped by Nd:YAG slab amplifiers designed to operate at repetition rate up to 5

Hz. An 87 MHz Kerr lens mode-locked oscillator (KMLabs) produces 45 nm bandwidth pulses

32



that are stretched to 550 ps FWHM using a grating stretcher [20]. A Pockels cell selects pulses
at a frequency of 10 Hz to match the repetition rate of the first two stages of Ti:Sa amplifica-
tion. These low-energy multipass amplifiers generate 3 mJ and 250 mJ pulses when pumped by
a commercially available 600 mJ, 10 Hz, frequency-doubled Q-switched Nd:YAG laser (Quanta
Ray Pro-270).

figures/chap2figl.png

Figure 2.1: Diagram of 3.3 Hz, 0.85 PW CPA Ti:Sa laser system. Top: Ti:Sa laser, frequency-doubling
setup and target chamber. Bottom: Pump laser based on Nd:glass slab amplifiers designed to operate at a
5 Hz repetition rate. VT, vacuum tube; SA, serrated aperture; SF, spatial filter; AT, anamorphic telescope;
WP, wave plate.

The output of this laser front end is further amplified in three multipass Ti:Sa amplifiers
pumped by the frequency-doubled output of eight compact flash-lamp-pumped high-energy slab
Nd:glass amplifiers, developed at CSU [21]. The front end of the slab laser system consists
of a Q-switched 1053 nm Nd:YLF oscillator that produces 10 mJ pulses of ~15 ns FWHM
duration. The pulses from this oscillator are relay imaged onto a serrated aperture to generate a

flat-top beam profile and then spatially filtered to produce a beam with a super-Gaussian intensity
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profile. This beam profile is relay imaged throughout the rest of the system. The pulses are
first amplified to 100 mJ in a flash-lamp-pumped preamplifier consisting of two 7 mm diameter
Nd:YLF rods. The beam size is subsequently enlarged and is amplified to 3 J passing through a
combination of two 9 mm and two 15 mm Nd:YLF rods, all flash-lamp pumped. The amplified
beam is subsequently split into two arms by a 50% beam splitter. Each beam arm is further
amplified by an additional 15 mm Nd:YLF amplifier to reach an energy of 3 J. Both circular
beams are subsequently stretched onto 8 mm x 120 mm ovals using cylindrical anamorphic
imaging telescopes to conform to the 10 mm x 140 mm cross section of the slab amplifiers. The
oval beam of each of the two arms is amplified in two passes through the 400 mm length of
a Nd:glass slab preamplifier. This preamplifier and the final eight slab amplifiers are similar to
those we previously used to pump a 7.5 J, 170 TW, Ti:Sa laser [21]. The narrow slab geometry
with zig-zag beam path has long been recognized as a way to eliminate first-order thermal and
stress-induced focusing, reduce stress-induced birefringence and increase heat removal to avoid
stress induce fracture. This significantly reduces the limitations in the repetition rate inherent to
the more commonly used rod geometry [22], [23]. Slab amplifiers have been previously used to
amplify nanosecond pulses up to 25 J energy [24], [25]. Our Nd:glass slab pump laser amplifiers
are pumped by four Xe flash lamps, which are driven with 300 us duration current pulses that
deposit ~700 J of electrical energy per lamp per shot. The cooling is provided by turbulent water
flow.

Each of the slab preamplifiers is operated to generate 16 J pulses that are divided evenly by
three beam splitters (25%, 33%, 50%) to become the input of four identical Nd:glass slab power
amplifiers. Amplification of input pulses with 4 J energy in each slab generates pulses with ~18
J energy and 15 ns duration at 1053 nm. The rms pulse energy fluctuation for 1053 nm slab
pump laser is ~1%. The amplified beams are reshaped into 22 mm diameter beams that are
imaged into 27 mm diameter LBO crystals (CrystalLaser) to generate 11 J pulses at 527 nm. The

doubling efficiency is ~63%. A A2 wave plate is placed on each arm before the LBO crystal
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to ensure S-polarization output. The eight slab amplifiers arms produce a total 527 nm pump
energy of ~88 J, with a uniform nearly flat-top beam profile.

A 6] pulse is separated and relay imaged onto the first of three high-power Ti:Sa amplifica-
tion stages that use a 30 mm diameter, 28 mm thick crystal. Three passes of the 800 nm, 250 mJ
seed pulses through this Ti:Sa amplifier produce pulse energies up to 3 J at 3.3 Hz repetition rate.
From the remaining laser pump energy, 38 J pulses are relay imaged onto a fourth amplification
stage, consisting of a 60 mm diameter, 30 mm thick Ti:Sa crystal in which the beam diameter
is 45 mm. After two passes, the energy is 13.5 J. The remaining 44 J of laser pump energy are
relay imaged onto a fifth stage amplifier, consisting of a 90 mm diameter, 30 mm thick, Ti:Sa
crystal (GT Crystal Systems). The output energy can reach >37.6 J after three-pass amplification
with a beam size of 55 mm. The crystals of the last two amplification stages are surrounded by
flowing methyl salicylate for cooling and suppression of parasitic lasing. Because all the pump
beams and the seed beam have flattop spatial profiles, the output beam is close to a homogeneous

flattop (Figure 2.2).

figures/chap2fig2.png

Figure 2.2: Spatial single-shot beam profile after the final Ti:Sa booster amplifier operating at full power.
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figures/chaplfigl8.png

Figure 2.3: Simulation of the grating compressor at CSU.

The evolution of the laser spectrum along the amplifier chain is shown in Figure 1.2. An
acousto-optic programmable dispersive filter (FASTLITE) is inserted between the stretcher and
the first multipass amplifier to compensate for gain narrowing and to control redshift to broaden
the bandwidth. The spectral bandwidth after the compressor is 50 nm FWHM. The B integral of
the system is estimated to be 1.4.

The output pulses are compressed in a vacuum gratings compressor composed of four 1740
I/mm gold-coated holographic gratings (Lawrence Livermore National Laboratory) [26]. A dia-
gram of the compressor is shown in Figure 2.3. The first and fourth gratings are 42 cm x 21
cm in size, and the second and third gratings are 46 cm X 21 cm in size. The Gratings and roof
mirrors are shown in Figure 2.4. The beam diameter is enlarged to 185 mm before entering the
compressor using a reflective telescope. The total transmission efficiency of the compressor is
70%, resulting in compressed pulses of up to 26.3 J energy. The temporal intensity profile is
reconstructed by a single-shot real-time spectral phase measurement device [27]. The measured
compressed pulse duration is 30 fs (Figure 2.5), giving a peak power of ~0.88 PW for the highest

energy shots produced. Figure 2.6 shows the shot-to-shot pulse energy variation measured before
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Figure 2.4: Photograph of gratings (a),(b) used at CSU, also the roof mirror (c) and turning mirror(d).

compressor for a series of consecutive shots at 3.3 Hz. The average pulse energy is 36.3 J, corre-
sponding to an average power of 120 W before compression. The shot-to-shot energy variation

is ~1.7%rms. The average pulse output energy after the compressor is 25.4 J, corresponding to
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an average peak power of 0.85 PW and an average power of 85 W. This is the highest average
power reported to date from a PW class laser. Operation of the pump laser at its full design goal

of 5 Hz could potentially generate an average power of 127 W after compression.

figures/chap2fig4.png

Figure 2.5: Autocorrelation trace of the compressed pulses obtained from a single-shot real-time spectral
phase measurement.

figures/chap2fig5.png

Figure 2.6: Shot-to-shot pulse energy variation of Ti:Sa laser pulse before compression at 3.3 Hz repeti-
tion rate.

38



figures/chap2fig6.png

Figure 2.7: Doubling efficiency as a function of input pulse energy. Inset: Spot focus with f/2 parabolic
mirror at A = 400 nm.

To enable experiments requiring ultrahigh contrast [28], the 30 fs, A=800 nm laser output
pulses were frequency doubled in a 0.8 mm thick antireflection coated KDP crystal. The beam
diameter at the crystal is 185 mm. The A=400 nm second harmonic light is separated from
the 800 nm fundamental beam using a sequence of five dichroic mirrors with 99.9% reflectiv-
ity at A=400 nm and a transmittance of >99.5% at the fundamental wavelength. A first set of
frequency-doubling experiments was conducted using up to 80% of the output pulse energy avail-
able from the Ti:Sa laser. Figure 2.7 shows the measured doubling efficiency as a function of the
energy impinging on the doubling crystal.

A conversion efficiency >40% is readily obtained for input intensities of 2 x 10> GW/cm?, re-
sulting in A = 400 nm pulses of >8 J. Because the contrast of the A=800 nm pulses was measured
to be ~5 x 10°, the second-harmonic pulses are inferred to have a contrast >1x 10'2. Beam fo-
cusing is accomplished with an f/2 off-axis parabolic mirror (OAP) (f=370 mm). A deformable

mirror placed after the last amplifier with Shack Hartmann sensor feedback was used to minimize
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the spot focus diameter to ~1.2 yum FWHM (Figure 2.7 inset), corresponding to an intensity of
~6.5x10*" W/cm?. The use of an f/1 OAP will allow us to reach intensities >2x 10?> W/cm?.
An even higher intensity will be obtained using the full energy of the pulses generated by the

PW class Ti:Sa laser.

2.3 Conclusions

In conclusion, we have demonstrated a Ti:Sa CPA laser that generates 0.85 PW pulses of 30
fs duration at 3.3 Hz repetition rate. This laser is enabled by a frequency-doubled high-energy
flash-lamp-pumped Nd:glass zig-zag slab pump laser designed to operate at repetition rates up
to 5 Hz with good beam quality. Pulses containing 80% of the maximum available energy were
frequency doubled to generate ultrahigh-contrast A=400 nm fs pulses, which were focused to
obtain an intensity of 6.5x10?" W/cm?. Intensities >2x 10?2 W/cm? will be obtainable using
f/1 focusing optics. This PW-class laser will enable relativistic plasma experiments at high

repetition rate and will extend high repetition rate soft x-ray lasers to shorter wavelengths.
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Chapter 3
Compact gain-saturated x-ray lasers down to 6.85

nm and amplification down to 5.85 nm’

3.1 Overview

This chapter presents results of experiments in which the Ti:Sapphire laser described in the
last chapter is used to pump gain saturated lasers down to A = 6.85 nm. Plasma-based x-ray
lasers allow single-shot nano-scale imaging and other experiments requiring a large number of
photons per pulse to be conducted in compact facilities. Previously, compact repetitively fired
gain-saturated x-ray lasers have achieved wavelengths above A\=8.85 nm. The work in this thesis
extended their range to A = 6.85 nm by transient traveling wave excitation of Ni-like Gd ions in
a plasma created with an optimized pre-pulse followed by rapid heating with an intense sub-ps
pump pulse. Isoelectronic scaling also produced strong lasing at 6.67 nm and 6.11 nm in Ni-like
Tb, and amplification at 6.41 nm and 5.85 nm in Ni-like Dy. This scaling to shorter wavelengths
is obtained by progressively increasing the pump pulse grazing incidence angle to access in-
creased plasma densities. We experimentally demonstrate that the optimum grazing incidence
angle increases linearly with atomic number from 17 degrees for Z=42 (Mo) to 43 degrees for

7Z=66 (Dy). The results will enable applications of sub-7 nm lasers at compact facilities.

3.2 Introduction

The need for bright, energetic ultrafast x-ray laser pulses has motivated the commissioning of
x-ray free electron lasers [1]. Alternatively, plasma-based x-ray lasers allow many experiments
requiring bright, high energy, x-ray laser pulses to be conducted in compact facilities [2]-[6].

These lasers provide extremely monochromatic radiation, typically A X\ / XA = 3 x 107°[7], and

2A. Rockwood et al. “Compact gain-saturated x-ray lasers down to 6.85 nm and amplification down to 5.85
nm” Optica Vol. 5, Issue 3, pp. 257-262 (2018) (© 2018 Optical Society of America
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when injection-seeded can reach full spatial and temporal coherence [8]-[10]. The efficient gen-
eration of high energy x-ray laser pulses requires operation in the gain-saturated regime. In this
regime stimulated emission can extract the majority of the energy stored in the population in-
version [11]. Gain saturation in plasma-based x-ray lasers was demonstrated for wavelengths as
short as 5.8 nm at large laser facilities [12], [13]. However, these results required pump pulse
energies on target larger than 70 J, which limited the repetition rate to a few shots per hour.
Alternatively, transient table-top lasers [14], [15] pumped by picosecond laser pulses at grazing
incidence [16], [17] require much less energy and can operate at repetition rates of typically 5-
10 Hz at wavelengths as short as 10.9 nm [18]. The repetition rate of these lasers was recently
increased to 100 Hz using pump lasers pumped by laser diodes [19], and 400 Hz operation was
very recently reported at A = 18.9 nm in Ni-like Mo [20]. However, the extension of practi-
cal plasma-based x-ray lasers that can fire repetitively to sub-10 nm wavelengths is challenging.
Alessi et al. used laser pump pulse energies of up to 7.5 J on target to extend table-top, repetitive
1 Hz transient collisional soft x-ray amplification down to 7.36 nm [21]. Nevertheless, gain sat-
urated operation was limited to a shortest wavelength of 8.85 nm in Ni-like La. A more recent
experiment conducted in Ni-like Sm using a Nd: glass pump laser capable of firing a shot every
25 minutes was reported to approach gain saturation [22]. However, this could not be verified
due to large pulse-to-pulse output pulse energy variations and the low repetition rate of the pump
laser. In the case of the 6.85 nm line of Ni-like Gd gain was observed in a plasma pumped by
250 J pulses, but the amplification was far from reaching gain saturation [23]. Alternatively, col-
lisional recombination is being explored as a population inversion mechanism for transitions to
the ground state to extend table top lasers to shorter wavelengths [24].

Here the extension of gain saturated compact repetitive x-ray lasers down to 6.85 nm (181
eV) in Ni-like Gd is described. Furthermore, in the same experiments we observed gain at even
shorter wavelength transitions, down to 5.85 nm (212 eV) in Ni-like Dy. The experiments were
performed with a pump laser capable of firing at repetition rates up to 3.3 Hz [25]. We also

report measurements of the optimum grazing incidence pumping angle necessary for lasing at
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figures/setupl.png

Figure 3.1: Solid rendering of the experimental setup for the pumping and measurement of the plasma
based laser. Showing a normal pre-pulse fallowed by a short pumping pulse at a grazing incidence.

these wavelengths. The results reported here, in combination with previous measurements of the
optimum angles for lasing in lower Z ions, allowed us to experimentally determine the optimum
pump angle for laser operation at wavelengths between 18.9 nm and 5.85 nm. The results can be

used to predict the optimum angles that will be required for lasing at shorter wavelengths.

3.3 Experimental set up and methods

The x-ray lasers were excited by irradiating 1-2 mm thick solid slab targets with a sequence
of two laser pulses from a A = 800 nm chirped pulse amplification Titanium:Sapphire (Ti:Sa)
laser. The two pulse sequence consisted of a normal-incidence pre-pulse that ionizes the plasma
to the vicinity of the Ni-like ionization stage, followed by a sub-picosecond pulse impinging
at grazing incidence that rapidly heats the electrons to produce a transient population inversion
by collisionally electron impact excitation. A depiction of the experimental setup is shown in
Figure 3.1. The sub-picosecond pulse has a grazing incident angle of 35 degrees or 43 degrees
for Sm and Gd respectively with a traveling-wave excitation velocity of (1.0 £ 0.03)c. The
pump laser has five Ti:Sa stages of amplification, of which the last three are pumped with the
frequency-doubled output of high energy Nd:glass slab amplifiers that we have operated at repe-

tition rates of up to 3.3 Hz [25]. An acousto-optic programmable dispersive filter was used after
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figures/spectrapulsel.png

Figure 3.2: Measured temporal profile of pre-pulse laser.

figures/spectradazzlerl.png

Figure 3.3: Measured spectrum of Ti:Sapphire with and with-out use of AOPDF to cut bandwidth.
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the laser oscillator to tailor the bandwidth of the laser. This gives us the ability to adjust the
length of the un-compressed pre-pulse from 45 ps to 300 ps to find the optimal conditions for
laser amplification, which proved critical to obtain the results discussed below. Also, the intensity
ratio of the pre-pulse to the sub-picosecond pulse was optimized using different beam splitters
deflecting 30%, 40%, or 50% of the beam to be used as pre-pulse. Optimum pre-pulse plasma
conditions were obtained using a 30% and 40% beam splitter to generate a pre-pulse with inten-
sities of I ~ 1.7 x 10 W/cm? and 2.5 x 10'® W/cm? for Sm and Gd respectively with 185 ps
duration. The pre-pulse temporal profile is shown is Figure 3.2. The chair shape comes from the
use of the AOPDF (Dazzler) to cut the bandwidth of the stretched pulse. This cut results in the
beginning wavelengths receiving larger gain and hence a larger amplitude. This is shown also
by looking at the spectrum with and without the AOPDF as seen in Figure 3.3. By cutting the
bandwidth we were able to adjust the pulse width of the pre-pulse. The pre-pulse was focused
onto the target using the combination of a spherical and a cylindrical lens to form a line focus
of approximately 15 yum FWHM width and 9 mm or 10 mm length for Sm and Gd respectively.
To achieve efficient pumping by the sub-picosecond pulse, we developed a focusing geometry
designed to create a plasma column of constant width along the target. This focusing method,
consisting of two cylindrical mirrors, is the same we used previously to obtain gain-saturated
lasing in Ni-Like La at 8.85 nm [22]. The plasma created by the pre-pulse is allowed to expand
to reduce the density gradient and subsequently is rapidly heated with 7.1 J or 7.3 J pulse of a
0.7 ps FWHM duration for Sm and Gd respectively. This pump pulse is shaped into a line focus
of approximately 30 ym X 9 mm - 10 mm FWHM, corresponding to an intensity of I ~3.5-3.7
x 10 W/cm? for Sm and Gd respectively. The target surface was tilted with respect to the axis
of the sub-picosecond pulse to define a grazing incidence angle of 35 degrees or 43 degrees for
efficient heating in the case of both Sm and Gd respectively. To optimize the incidence angle we
changed the angle of the target respect to the short pulse beam and the position of the grating and
CCD. Due to the short duration of the gain, the mismatch between the propagation velocities of

the pump pulse and the amplified pulse significantly reduces the amplification of the x-ray laser
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pulse. To overcome this limitation, a reflection echelon [15], [26] composed of six adjustable
mirror segments was used to obtain traveling wave excitation. The traveling wave velocity was
adjusted for each new angle, and the focus was corrected for each angle.

Gain measurements were conducted for both the Sm and Gd using single laser shots and
moving the targets Imm between shots. When the Gd laser was operated at 2.5-Hz repetition
rate the target was translated at a speed of 2.5 mm s~ to renew the surface after each shot. The
output of the x-ray lasers was analyzed using a flat-field spectrometer with a nominally 1200-
lines/mm variable space grating positioned at a grazing incidence angle of 3 degrees and a back-
illuminated CCD detector placed at 48 cm from the target. Zirconium filters with a thickness of
2.0 pm were used in the Sm and Gd experiments for target lengths over 4 mm to avoid saturating
the detector and to eliminate visible plasma light from reaching the detector. The filter thickness
was reduced to 0.5 um for the measurements with target lengths under 4 mm. In the case of
Tb and Dy we used molybdenum filters with thicknesses of 0.6 um and 0.3 um respectively.
The x-ray lasers pulse energies were estimated from the CCD counts taking into account the

attenuation of the filters, the grating efficiency and the quantum efficiency of the detector.

figures/chap3picla.png

Figure 3.4: End-on spectra showing the A = 7.36 nm, 4d! Sg-4p' Py laser line of Ni-like Sm. Insert shows
the spectra region near the A = 6.85 nm laser line with scale multiplied by 10.
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figures/chap3piclb.png

Figure 3.5: Measured A = 7.36 nm laser intensity as a function of the pre-pulse duration. The points are
the average of several laser shots and the error bar represents one standard deviation.

figures/chap3piclc.png

Figure 3.6: Measured laser intensity as a function of the delay between the peak of the pre-pulse and the
peak of the short pulse. The plasma column length was 9 mm.

3.4 Results

Figure 3.4 shows a typical single shot spectra of the Ni-like Sm x-ray laser obtained created

by depositing 7.1 J energy of sub-picosecond pulse and 4.3 J of pre-pulse energy on target.
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Strong amplification is observed in the 4d' Sy-4p! P, transition at A\ = 7.36 nm (169 eV). The
pre-pulse duration was optimized to maximize laser output. Figure 3.5 shows this was found
to occur when the pre-pulse has a FWHM duration of ~ 185 ps. The delay between the pre-
pulse and the sub-picosecond pulse controls the plasma density and density gradient in the gain
region, as well as the degree of ionization (fraction of Ni-like ions) at the time of excitation by
the sub-picosecond pulse. Figure 3.6 shows that the maximum laser output intensity is observed
when the sub-picosecond pulse arrives at the target ~ 27 ps after the peak of the 185 ps FWHM
pre-pulse. Figure 3.7 illustrates the Sm x-ray laser intensity grows by more than 3 orders of
magnitude as the plasma column length increases from 3 mm to 8 mm. Saturation of the gain is
observed to have an onset at a plasma-column length of approximately 5.5 mm. A fit of the data
with an expression for the gain that takes into account saturation [27] yields a gain coefficient of
27.3 cm~! with a gain-length product of 16.6. The energy of the most intense Sm laser pulses
was estimated to be ~ 1.8 ©J from the CCD counts, a value that is sufficient to perform single

shot imaging [28].

figures/chap3pic2.png

Figure 3.7: Intensity of the A = 7.36 nm laser line of Ni-like Sm as a function of the plasma-column
length. The red line is a fit of the data that yields a gain coefficient of 27.3 cm™! and a gain-length
product of 16.6. The error bar represents 1 standard deviation.

53



Similar pre-pulse and sub-picosecond pulse conditions were used to obtain a gain-saturated
6.85 nm (181 eV) laser in Ni-like Gd. Figure 3.8 shows a series of on-axis spectra as a function
of the length for a Gd plasma column created by depositing 7.3 J of sub-picosecond pulse energy
and 6.9 J of pre-pulse energy on a polished Gd slab target with other irradiation parameters
similar to those described above. Figure 3.9 shows the increase in the A\ = 6.85 nm laser line
intensity as a function of plasma column length. A fit to the data gives a gain coefficient of 26.3
cm~! and a gain length product of 16.2. The output pulse energy for the longest plasma column
length is ~ 1 pJ. Weak amplification was also observed for the A = 6.85 nm line of Ni-like Sm

(see Figure 3.8) and in the A = 6.33 nm (196 eV) line of Ni-like Gd.

figures/chap3pic3a.png

Figure 3.8: End-on spectra of a line-focus Gd plasma column showing saturated amplification in the A =
6.85 nm line of Ni-like Gd. With the first two integrations plots on the right multiplied by 5.

The results were modeled and analyzed with hydrodynamic/atomic physics simulations con-
ducted with the code Radex [29]. A post processor ray tracing code was used to model the

soft x-ray laser beam propagation along the plasma column. This allowed us to compute the
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figures/chap3pic3b.png

Figure 3.9: Intensity of the A = 6.85 nm laser line as a function of the plasma-column length. The
solid red line is a fit of the data that yields a gain coefficient of 26.3 cm™! and a gain-length product
of 16.2. The error bar represents 1 standard deviation. The black dashed line is the result of atomic
physics/hydrodynamic simulation with a gain-length product of 16.9.

gain saturation behavior, the role of refraction, the x-ray laser output pulse energy and the beam
divergence. To compute the small signal gain, the Ni-like ions were modeled with 287 levels
including all inner and outer shell 3141 and 3151 levels, and 2141 inner shell levels. Other ions
in the vicinity of the Ni-like were modeled using 300 single and doubly exited levels using
atomic data and collisional rates from the code HULLAC [30][3.30]. Ions far from the Ni-like
state were modeled with just the lowest energy outer shell configuration plus the lowest inner
shell and double excited levels. The atomic model was run self- consistently with the hydro code
including up to 3000 levels. We observed that the computed gain decreases as the complexity of
the atomic model and the number of levels is increased until the resulting gain becomes practi-
cally insensitive to a further increase in the number of levels. The dashed curve in Figure 3.9 is
the result of the model simulations of the Gd 6.85 nm laser for the pump conditions used in the
experiment assuming the width of the gain region in the direction parallel to the target is 10 pm.

Good agreement with the experimental results is observed. The model predicts a beam diver-
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gence of 2.4 mrad in the directions parallel to the target, in good agreement with the measured
value (Figure 3.10). The agreement with the experimental results allows us to use the simula-
tions to further understand the operation of this x-ray laser amplifier. Figure 3.11 and Figure 3.12
shows the computed spatial distribution of the beam intensity as a function of plasma column
length. The model simulations show that in the case of the higher Z-ions refraction shifts the
maximum gain to the lower density region of 4 - 5 x 10?° cm~3. At this density the saturation
intensity is computed to be 1.2 x 10 W/cm?. Simulations show this intensity is reached after
the rays travel ~ 6 mm along the plasma column axis. The output intensity is computed to ex-
ceed the saturation intensity by > 3x at the exit of the amplifier. Refraction is observed to shift
the amplified beam progressively away from the target and to decrease the output pulse energy.
In absence of refraction simulations predict the laser pulse energy would be five to ten times the

amount with refraction, potentially reaching >10uJ.

figures/chap3pic4d.png

Figure 3.10: Measured (blue trace) and simulated (black dashed trace) Ni-like Gd laser far field beam
intensity profile in the direction parallel to the target surface. The black dashed line is the modeled far
field intensity, The FWHM beam divergence is ~ 2.4 mrad.
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figures/chap3picha.png

Figure 3.11: Computed evolution of the intensity distribution of the x-ray laser beam of the 6.85 nm
line of Ni-like Gd as function of plasma column length. Intensity vs distance to the target for increasing
plasma column lengths between 0.4 and 0.9 cm.

The demonstration of a gain-saturated tabletop laser at A = 6.85 nm in Ni-like Gd at this re-
duced pump energy also opens the prospect for bright high-repetition-rate plasma-based lasers at
shorter wavelengths. In progress toward this goal we made use of isoelectronic scaling along the
elements of the lanthanide series to obtain lasing in several other shorter wavelength transitions
from Ni-like ions. The spectra of Figure 3.13 show that the use of similar irradiation conditions
for Ni-like Gd resulted in strong amplification in the A = 6.67 nm (186 eV) and A =6.11 nm (203
eV) transitions of Ni-like Tb. Finally, we have also observed weak amplification in the A =5.85
nm (212 eV) and A = 6.41 nm (193 eV) lines of Ni-like Dy (Figure 3.13) using the same pump
conditions. The limited observed spread of the lines along the vertical direction in the detector,
which length divergence (normal to the dispersion direction) is proportional to the divergence,
shows a collimation that is a clear indication of amplification. Another evidence of amplification

is the significant shot-to-shot variations of their intensity, indicative of exponential amplification
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figures/chap3picbb.png

Figure 3.12: Computed evolution of the intensity distribution of the x-ray laser beam of the 6.85 nm
line of Ni-like Gd as function of plasma column length. Pseudocolor map of the laser line intensity as a
function of distance to the target and plasma column length.

in the non-saturated regime. In all cases the traveling wave excitation was kept constant and
near the speed of light in vacuum. The spectra in Figure 3.13 show that the intensity ratio of
the longer wavelength to the shorter wavelength of the two J=0-1 lines becomes smaller as Z
increases [31], with the shortest wavelength line becoming dominant for Ni-like Dy, as already
observed in a normal incidence pumping experiment with much large laser pump energies [12],
[32].

Another aspect of these amplifiers is the fact that collisional x-ray laser amplification at
shorter wavelengths favors higher plasma densities. This is shown by the increase of the grazing
incidence angle of the sub-picosecond pulse necessary for optimum laser amplification, which is
related to the electron density at which the pump rays refract [33]. Combining the experimental
data of optimum pump incidence angle obtained in this work to our previously published data for
grazing incidence pumping for lasing in lower Z Ni-like ions [17], [18], [22], [34] it is possible to
experimentally map the dependence of the optimum pump angle and plasma density for a large

range of Z and lasing wavelengths. This provides both a bench mark for simulation codes, as well
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figures/chap3pic6.png

Figure 3.13: End-on spectra showing lasing at progressively shorter wavelengths in the 4d' Sqp-4p' Py
line of nickel-like lanthanide ions, down to A = 5.85 nm in nickel-like Dysprosium.

figures/chap3pic7a.png

Figure 3.14: Measured optimum grazing incidence angle as a function of atomic number. The dashed
line is an extrapolation of the data.

as a prediction of the optimum condition for further scaling these lasers to shorter wavelengths.

The increase in irradiation angle is observed to be linear over a broad range of atomic numbers
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figures/chap3pic7b.png

Figure 3.15: The optimum grazing incidence angle aextrapolation of the data.

ranging from Z= 42 (Mo) to Z=66 (Dy) (Figure 3.14). In this range of Z the optimum picosecond
or sub-picosecond pulse irradiation angle is observed to increase from a grazing incidence angle
of ~17 degrees for Mo to 43 degrees for Dy. This corresponds to an increase in electron density
from 1.5 x 10%° cm~3 to 8 x 10% cm~3. As discussed above the model simulations show that

in the case of the higher Z-ions refraction shifts the maximum gain to the lower density region.

3.5 Conclusion

In conclusion, we have extended compact gain-saturated plasma-based lasers to the short-
est wavelength to date: 6.85 nm. We have also observed laser amplification in other Ni-like
lanthanide ions at wavelengths as short at 5.85 nm, opening the possibility of scaling table-top
gain saturated lasers to even shorter wavelengths. The optimum sub-picosecond pulse irradia-
tion angle for the excitation of transient gain saturated Ni-like x-ray lasers was determined from
experimental measurements to increase linearly for elements ranging from Z = 42 to Z = 66.

The results will make possible applications requiring bright laser pulses with a large number of
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photons at these short wavelengths, such as single shot ultra-high resolution imaging of dynamic

nano-scale phenomena to be realized at compact facilities.
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Chapter 4
Single shot, large field of view, Fourier transform
holography with 5 ps resolution using an 18.9 nm

laser

4.1 Overview

This chapter discusses the demonstration of single shot Fourier transform holography with a
temporal resolution of 5 ps realized using a plasma based highly coherent Ni-like molybdenum
SXR laser at 18.9 nm. The SXR laser is pumped by the Ti:Sapphire laser described in Chapter 2.
To achieve the high spatial coherence necessary for holography, the SRX source is implemented
using a dual-plasma scheme in which a small fraction of the wavefront generated from a first
SXR laser plasma amplifier is injected in a second plasma amplifier to provide a fully spatially
coherent seed. silver nano-wires 200 nm in diameter were imaged over a 7 um diameter field
of view utilizing a reference beam focused through a 3 ym hole by a 200 nm outer zone free
standing zone plate (ZP). The final acquired image is numerically reconstructed by 2D Fourier

transform. The 10%— 90% knife edge spatial resolution is measured to be 62 nm.

4.2 Introduction

High-resolution imaging is an important diagnostic tool in fundamental science and technol-
ogy. The use of photons in place of electrons for imaging in the nano-scale provides higher
penetration depth, chemical sensitivity and simpler sample preparation [1], [2]. The achievable

spatial resolution r scales linearly with the wavelength [3]

r=0.61\/NA 4.1)
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N A is the numerical aperture and ) is the wavelength. Because of its short wavelength range,
SXR light enables the opportunity to achieve very high spatial resolution. However, one of the
main limitations in implementing high resolution SXR imaging is adequate optics for imaging
and/or focusing the beams [4]-[6]. At SXR wavelengths compensating for aberrations typically
present in zone plates used to focus the beams is a difficult task. This will be discussed later
on in this chapter. Alternative imaging techniques that get around this problem are based on
eliminating the optics all together and measuring the SXR scattered light directly. By measuring
the scatter light and using phase retrieval algorithms it is possible to calculate the missing phase
information [7]. One such technique is known as coherent diffractive imaging (CDI). CDI uses
phase retrieval algorithms taking advantage of all the known information to numerically recon-
struct the image from the far field diffraction pattern. Potential limitations of this technique are
that results are heavily dependent on recording parameters such as the linearity of the detector,
the spatial coherence of the source, and its bandwidth that determines the temporal coherence,
the ratio of oversampling and the signal-to-noise ratio in the measured data [8], [9]. Using CDI
in both 2-D and 3-D, resolutions of ~ 5 nm were achieved [10], [11] using an undulator beamline
and a free-electron laser (FEL) respectively. High photon flux is critical to achieve this resolu-
tion. CDI have been used to perform high resolution imaging in a variety of fields including
imaging the modern semiconductor integrated circuits and it’s complete 3D structure [12], inves-
tigate biological nano-scale structures [13], and maping the chemical composition in the study
of delithiation in a nanoplate of LiFePO4[10]. Resolutions as high as 13 nm have been obtained
using table top sources[14], [15]. By using picosecond and femtosecond pulses in pump-probe
experiments, fast processes have been studied [16], [17]

An alternative approach of Fourier transform holography (FTH) is utilized in this work. In
FTH the reference beam is a point source. Retrieval of the object wave intensity and phase is
achieved by computing the 2 dimensional Fourier transform of the recorded hologram. Recon-
structing the image is very fast and robust. There are several factors that determine the achiev-

able spatial resolution and field of view. Because the reconstruction of the image is obtained
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by a convolution with the reference point source, the spatial resolution is related to the size of
this reference source. On the other hand, the field of view is directly linked to the spatial and
temporal coherence of the laser used for the recording. Other experimental parameters like the
numerical aperture and the detector pixel size limits the maximum spatial frequency that can be
recorded and consequently sets a limit on the spatial resolution [18], [19]. In most of the FTH ex-
periments the reference point source is obtained illuminating a small pinhole located in the same
plane as the object. Because the spatial resolution is directly related to its size, a simple strategy
to improve the resolution is to reduce the diameter of the pinhole. However, this decreases the
intensity of the reference beam. The consequence is that it becomes hard to obtain good visibility
interference fringes because the reference and the object beams have very dissimilar intensities.

Previous work at synchrotrons produced half-pitch resolutions of ~50 nm using Fourier trans-
form holography (FTH). The reference structure was the limiting factor. [20], [21]. The FTH
imaging method with x-ray pulses from a FEL with femtosecond temporal resolution produced
groundbreaking studies of ultrafast magnetism [17], [22]. Looking at SXR imaging outside FEL
and synchrotrons, in 2009 the highest resolution obtained was 53 nm in an experiment which
used a high harmonic source. The acquisition time was in the range of hours [23]. In 2018, FTH
using a high harmonic source achieved a half-pitch resolution of 34 nm with a much reduced
exposure time of only tens of seconds. This experiment was in the transmission geometry and
had a 50 nm reference hole for the spherical wave[24]. In 2010, using a single shot plasma based
SXR laser, a resolution of 87nm was obtained[25]. In these experiments, a resolution beyond the
size of the reference hole was made possible by the use of multiple reference holes that create
multiple images that were processed with iterative phase retrieval imaging algorithms. In the
FTH experiments mentioned in [25] a resolution of 87nm with a single shot was reached. The
area imaged was limited to 3 m by 3 m (9 u m? )in which half the area was opaque. This
was mostly limited by the insufficient amount of light that passed through the reference pinholes
compared to the amount that was transmitted through the sample. In the work by G. K. Tadesse

et al. [24]] who obtained 34 nm resolution, the imaged object area was 0.075 ;. m?.
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In the work performed as part of this dissertation, we followed an alternative approach. In-
stead of using a single or multiple pinhole as the point reference source, we used a custom made
Fresnel zone plate consisting of a zone plate with a central aperture. This special zone plate
played the role of a beam splitter, generating the point source for the reference through the focal
point formed by the periphery of the zone plate, while the object beam was transmitted through
the central opening. This experimental setup was used before with a synchrotron source to im-
age magnetic materials [26]. In our experiment we were able to achieve a resolution of up to
62nm with a single shot SRX laser illumination, yielding a simultaneous temporal resolution of
5 ps. The utilization of the zone plate with a central aperture has the immediate consequence
to increases the amount of light in the reference source by orders of magnitude and therefore
increases the area of the object by equalizing the intensities of the object and reference beams.
In the experiment presented here the area imaged was 38.5 1 m? or 8.5 times in Ref.[25] and
500 times the area in Ref. [24]. By controlling the axial position of the ZP it is possible to
control the focal plane of the reconstructed image to places other than the plane directly on the

substrate. This is discussed in more detail in section 4.3.2.

4.3 Experimental Setup

Figure 4.1 shows a diagram of the experimental setup. An incoming coherent SXR laser
impinges on a custom made ZP that is used as a beam splitter. The central aperture of the ZP
allows the incoming beam to illuminate an object area located in a second plane downstream.
The remaining part of the beam that impinges in the periphery of the ZP is focused into a focal
point placed in the same plane as the object. The scattered beam in the object and this reference
beam interfere and the resulting fringes are recorded on a CCD. The interference pattern consti-
tutes a hologram that can be rapidly processed to produce a reconstructed image. This setup for
producing the hologram is capable of recording holographic images with a temporal resolution
given by the pulse-width of the illuminating laser (5 ps) and a spatial resolution given by the

focus spot size of the ZP.
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figures/withabl.png

Figure 4.1: (a) Depiction of the Fourier holography setup with zone plate and sample with the two holes
followed by a CCD. (b) Zoom in of the sample and the different SRX laser beams in the setup.

4.3.1 Highly coherent SXR laser

The implementation of soft x-ray FTH requires of a coherent soft x-ray source. Recently,
laser driven HHG sources with a photon flux up to 10** photons/second have been demonstrated

[27]-[29]. However these sources are limited in the energy per pulse, that is typically in the
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order of 2 x 10? photons for a wavelength of 57 nm [27], 107 photons for a wavelength of 31nm
[27] and 2 x 10* photons for a wavelength of 10 nm [28]. [18]. On the other hand, plasma
based SXR lasers deliver orders of magnitude more photons per pulse. In the case of the laser
source used in this experiment ~ 2 x 10! photons per shot at wavelengths of 18.9 nm, which
makes it a better fit for single shot imaging experiments. plasma based lasers have been used
for conventional microscopy with spatial resolutions down to 38 nm using a 13nm wavelength
laser[30]. Gabor holography with a resolution of 46 nm has been demonstrated with a SXR
plasma based laser at 46.9 nm [31].

In a soft x-ray laser that operates in the ASE regime a spatially coherent SXR beam may
be generated by amplification in a gain medium with the Fresnel number N<1[32], where N =
a®/fAr in which a and f are the radius and length of the amplifier, respectively and Ay, is the
laser wavelength. In earlier plasma-based lasers, this condition was not satisfied even though
the effective gain length was increased by double-pass amplification [33]-[35]. Even with mul-
tipass amplification [36], which sufficiently fulfilled this condition, the spatial coherence has not
significantly improved. Another factor that limits the spatial coherence is the large gradient in
the refraction index that appear in the gain medium plasma, discussed in Chapter 1. Attempts
to compensate the x-ray refraction using curved targets [37] has also not been sufficient to sig-
nificantly improve the coherence. To achieve the spatial coherence necessary for holographic
recording we used a SXR laser scheme with two plasma amplifiers located in the same axis
as shown schematically in Figure 4.2. The first plasma amplifier acts as the seed, producing a
laser beam that is spatially filtered by the second amplifier column. The technique of a double
plasma amplifier to improve the spatial coherence of the SXR laser was first demonstrated by
M. Nishikino et al. [38]. In our experiment the seed and the amplifier plasma columns were
separated by 24.5 mm. This distance assures that only a small fraction of the seed wavefront is
further amplified, allowing for a high spatial coherence amplified beam due to spatial filtering.

The SXR laser used in this experiment made use of a 18.9 nm Mo+18 plasma amplifier both

for the seed and the booster amplifier columns. The two amplifier columns were pumped with
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an adequate delay so the seed laser would see a peak amplification when traveling through at
the booster amplifier column. The coherence resulting from the two-stage amplifier scheme was
measured using a Young’s double slit experiment. The beam was sent through two slits inter-
secting the far sides of the beam and the interference pattern was detected in a CCD. The results
from this measurement are shown in Figure 4.3. The spatial coherence is directly related to the
fringe visibility [39]. The high contrast in the interference fringes obtained in our experiment

shown in Figure 4.3 is the signature of a practically fully transverse coherent beam.

figures/chaplfig8.png

Figure 4.2: Depiction of the seed and amplifier setup used by CSU to create spatially coherent SXR
beam.

This seed amplifier SRX laser configuration also improves the beam divergence as discussed
in Chapter 1 and shown in Figure 4.4. In Figure 4.4(a) a typical SXR laser shot from the first
plasma amplifier shows a divergence of the order of 5 mrad. Adding the second plasma amplifier
automatically improved the divergence, because only a small portion of the beam is further am-
plified yielding to a lower divergence (1 mrad) and a high spatial coherence (Figure 4.4(b)). The
use of the seed-amplifier configuration gives us an 18.9 nm laser with good spatial coherence, a
pulse duration of 5 ps and a low diverge beam that allow us to concentrate the energy in a small

arca
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figures/chapdpic2.png

Figure 4.3: Dual molybdenum amplifier SXR 18.9nm beam after passing through a double slit showing
interference and good spatial coherence.

figures/chaplfig9a.png figures/chaplfig9b.png

(a) (b)

Figure 4.4: (a) Unseeded Ni-like Mo 18.9nm SXR laser in the far field. The sharp line comes from the
second amplifiers shadow. (b) Seeded Ni-like Mo 18.9nm SXR laser in the far field. The intensities in
color of the two images are not normalized because if they were you would have a difficult time seeing
the unseeded beam as it is several times weaker.

4.3.2 Zone Plate

In the FTH setup that we used in this work, the reference and illumination beams were
produced by a ZP that is used as a beamsplitter. The reference beam came from the 3rd order
diffracted beam that produces a focal point that constitutes a spherically diverging beam after the
focus. This focus is sent through a pin-hole with a diameter of 3 ym. The pin-hole serves the

purpose to block the other orders produced by the ZP that would blur the interference pattern.
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The sample is illuminated by the light that passes through the central hole 30 ym in diameter in
the ZP.

The object beam and the spherical reference beam interfere to produce the interference pat-
tern which is stored in the CCD camera as a hologram. The reconstruction of the hologram is
performed by an FFT operation, that produces an image of the object at the same plane where
the reference source was located. This property allows for the inspection of the object at dif-
ferent planes along the optical axis by displacing the ZP. Using a ZP to generate the point
reference beam serves two purposes. Firstly, gathers a larger fraction of the illuminating beam
is gathered. This allows for a better intensity equalization between the object and the reference
beams. Secondly, a small focal point is optained that serves as the point source. A scheme of
a ZP and the different order focuses is shown in Figure 4.5. For a ZP the achievable spot size
ratios follows the equation that is directly related to the Rayleigh resolution.

Tnull = = ATRCLyl (42)

NA Norder

By substituting N A ~ K/\r where A r is the outer zone width spacing we get an achiev-

able resolution of.

1.22Ar

Norder

ATRayl = (43)

From equation (4.3) it is clear that to use a higher order on the ZP can obtain a higher
resolution. However, the drawback is the diffraction efficiency of the ZP decreases with the
order number. In a self standing ZP, half the incident light is lost due to absorption. The 0%
order has about 25% of the incident light, the 1% and —1%" orders has around 10% of the light
each while the 3" order has around 1% of the incident light on the ZP [3]. Higher orders will
have even an lower fraction of the available incident beam.

In out experiment we found that the 3"¢ order from the ZP had an adequate intensity to

achieve good visibility fringes. The ZP we used was a free standing 0.5 mm outer diameter
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ZP with an outer zone width of 200 nm and an inner hole with a diameter of 30 ym. This ZP
was originally made for a 46.9 nm laser and to be used in the 1* order. The ZP was made by
Lawrence Berkeley National Laboratory’s Materials Sciences Division. The 3"¢ order focal point

has a calculated spot size of 81 nm.

figures/7-Figure2-1.png

Figure 4.5: Depiction of a zone plate and the different order focus and directions. (from [40]).

4.3.3 Sample holder and CCD

The object we used consisted of an ensemble of 200 nm in diameter silver nano-wires that
were randomly placed on a sample holder. The sample holder was composed of a 50nm thick
Si,N3 membrane coated with Snm Cr and 30nm Au layers to enhance the absorption. In the
opaque membrane a 7 um diameter region was left without the Cr and Au coatings producing a
regions with higher transmission (approximately 57%) for the laser beam. This circular region
defined by lithography plays the role of the sample holder. Additionally a 3 ;sm hole was defined
in the membrane to allow for the passage of the reference beam produced by the 3¢ order focus

of the ZP. The pinhole for the reference beam was located 8 um from sample hole as shown
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in Figure 4.6. The Ag nano-wires were spin coated on top of the sample holder membranes in
such a way that some nano-wires were randomly deposited on top of the larger (7 ym ) high
transmission region. Two different samples were prepared following this protocol. Scanning

electron microscope images of the two samples are shown in Figure 4.6.

Maximizing the useful field of view

The imaged area was maximized under the following constraints: The minimum distance
between the two holes has to be more than the diameter of the large hole. This is to fulfill the
separation criterion. In the FFT reconstruction process, the central part of the image corresponds
to the autocorrelation of the object wave. The useful image is obtained by the correlation between
the object wave and the point reference wave, that has to be separated from the optical axis at
least by a distance equal to the diameter of the object wave in order to not get merged with
the autocorrelation signal. This can be seen by the bright area in the middle of Figure 4.8(a)
. The sample high transmission region also needs to be illuminated with the light traveling
through the central opening of the ZP. This makes the maximum distance from the reference
hole 15 um which leaves a distance of 7 um for a sample area. The distance between the
reference hole and the sample also determines the spatial frequency of the interference fringes.
Since a pixelated CCD is used to record the hologram the size of the detector’s pixels limits
the minimum interference fringe size to two pixels in order to record the interference without

aliasing.

4.4 Results

A typical hologram is shown in Figure 4.7. The raw data was further processed before apply-
ing the FFT in order to improve the image quality after the final reconstruction. The hologram
was multiplied by a mask to zero out the regions of outside the zone with interference fringes to
reduce the influence of the noise. Preforming a fast Fourier transform (FFT) on the data finally
resulted in an image in the object at the plane of the ZP focus. This is shown in Figure 4.8.

By zooming in on the area of interest the nano-wires are clearly visible. The two samples were

78



figures/chap4pic8.png

Figure 4.6: Electron microscope image of two samples used in this work. Each sample has a 7 ¢+ m hole
with 200 nm silver nanowires over it and a 3 1 m hole separated by 11 p m.

imaged using a SEM to have a reference to compare with the holographic images. Both, SEM

and holograms, are shown in Figure 4.9

figures/chap4pic4.png

Figure 4.7: Typical single shot SXR Fourier holography image taken with a zoom of the fringe pattern.
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figures/chap4picba.png

Figure 4.8: (a) The Fourier transform of the hologram (b) A zoom of the section showing the sample and
the 200nm silver nano-wires.

The resolution was measured to be 62 nm using the 10% to 90% knife edge criterion [41].
One typical cross section of the image is shown in Figure 4.10, with a small red segment indi-
cating the region where the cut was performed in the reconstructed image.

The utilization of the ZP to implement the point reference source allowed for an extended
field of view of 38.5 y m?. This area is up to 500 times larger than former reported work[24],
[25]. This is a significant improvement that increase the possibilities of SXR FTH for practical
nanoscale imaging applications. Even with small modifications to this set up it is possible to
increase the imaging area to 241 . m?. This is accomplished by increasing the high transmission
region to a half doughnut shaped design instead of the circle. This would utilise all the area that
is illuminated by the central opening in the ZP. The area could also be larger by increasing the

size of the central opening on the ZP making the illuminated area larger. This method with its

80



figures/chapdpic7.png

Figure 4.9: Electron microscope image (left) and single shot holographic images (right) of the 200 nm
silver nanowires over a 7 um hole.

advantages of high spatial and temporal resolution makes many imaging opportunities possible,

including the imaging of sub-nanosecond scale nanoscale dynamic phenomena.

4.5 How to further improve resolution in future work

We demonstrated 62 nm spatial resolution with Fourier transform holography obtained using
a single shot 5 ps highly coherent SXR laser operated at a wavelength of 18.9 nm. We also have

a imaging field of view of 38.5 ;1 m? that is dramatically larger than other methods used in this
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figures/withdisl.png

Figure 4.10: a) A 10% to 90% characteristic knife edge cut of the image showing a spatial resolution of 62
nm. With the reconstructed date as red circles and the polynomial fit as a blue line. b) The reconstructed
image showing the cut area in red.

field in the past. The results presented here improve the temporal resolution to the picosecond
range. With the progress in shorter wavelength SXR plasma lasers one will be able to continue

to further improve the resolutions both in time and space in the laboratory.
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Further work with FTH using a ZP in this configuration has significant challenges when
looking for higher resolutions. One possible method to achieve this is to employ a ZP with a
smaller outer zone width. By keeping all other aspects of the experiment the same and making
the outer zone width 50 nm the resolution could reach 15 nm. This would make the focal distance

very short which would make the distance between the ZP and the sample very small.

D Ar
f_

A Norder

4.4)

with D being the ZP diameter and A r the outer zone width. For the above example with a
ZP with 200 nm outer zone width used in the 3" order the focal length is f = 1.7 mm, while for
a ZP with 50 nm outer zone width f = 0.44 mm. This may seem trivial but since the ZP are free
standing as the ZP become large they can sag or bend out of the plane of the edges of the zone
plate. This is depicted in Figure 4.11. This sagging has a significant detrimental effect because
as the focus becomes short the Rayleigh length will also be short and this the sag can distort the
focus. The distortions to the focus makes the focus waist larger preventing the entire focused
beam from passing through the reference hole. As the focal length becomes shorter this effect
can have a larger and larger effect. This has been seen in our experiments as shorter ZP focuses
were used. One way to correct this issue is to have a ZP that is not free standing. This is a hard
trade off since the silicon nitride would cut the photons by 57%. This would require the ZP to
run in the 1! order negating the gain by using the 3"¢ order. Other solution to this issue would
be to make use of a ZP that has a smaller outer diameter to reduce the sagging. However, this
would reduce the number of photons and the focal length.

This smearing and widening of the focus happens when the ZP is made for one wavelength
and order but used for a different wavelength and order. This comes from the way that ZP are
made and where the different zones are placed to correct for the aberrations. We found that a ZP
made for 46.9 nm and to be used in 1% order also works for 18.9 nm ran in 3" order.

Another possibility for obtaining better resolution comes from using a shorter wavelength.

With using shorter wavelengths the focal length and the Rayleigh become longer. By doing
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figures/chap4picl0.png

Figure 4.11: Illustration of zone plate sag and effects on focus.

this the sag would again not be an issue and a higher resolution could be reached. The use of
a 50 nm outer zone ZP with a 0.5mm outer diameter that is designed for 3rd order operation
at 6.85 nm would give a focal length and Rayleigh length comparable to the ZP used in this
experiment. This should result in a resolution of 15 nm to 20 nm and a temporal resolution of 0.7
ps. The challenge is with the development of a Gd 6.85 nm laser with full spatial coherence. As
discussed in Chapter 3, a saturated Ni-like Gd laser operating at this wavelength was successfully
demonstrated. However, since both a seed and booster amplifiers are needed, it would require

more pump energy.

84



Bibliography

[1]

[2]

[3]

[4]

[5]

[6]

[7]

B. Kaulich, P. Thibault, A. Gianoncelli, and M. Kiskinova, “Transmission and emission
x-ray microscopy: Operation modes, contrast mechanisms and applications,” Journal of
Physics: Condensed Matter, vol. 23, no. 8, p. 083002, Feb. 2011. por: 10.1088/0953 -
8984/23/8/083002.

A. Sakdinawat and D. Attwood, “Nanoscale x-ray imaging,” Nature Photonics, vol. 4, 840
EP -, Nov. 2010, Review Article. [Online]. Available: https://doi.org/10.1038/nphoton.
2010.267.

D. Attwood, Soft X-Rays and Extreme Ultraviolet Radiation: Principles and Applications,

1st. New York, NY, USA: Cambridge University Press, 2007.

M. P. Benk, K. A. Goldberg, A. Wojdyla, C. N. Anderson, F. Salmassi, P. P. Naulleau, and
M. Kocsis, “Demonstration of 22-nm half pitch resolution on the sharp euv microscope,’
Journal of Vacuum Science & Technology B, vol. 33, no. 6, 06FEO1, 2015. por1: 10.1116/1.
4929509. eprint: https://doi.org/10.1116/1.4929509. [Online]. Available: https://doi.org/10.
1116/1.4929509.

W. Chao, B. D. Harteneck, J. A. Liddle, E. H. Anderson, and D. T. Attwood, “Soft x-ray
microscopy at a spatial resolution better than 15 nm,” Nature, vol. 435, no. 7046, pp. 1210-
1213, 2005, 1SSN: 1476-4687. DOI: 10.1038/nature03719. [Online]. Available: https://doi.
org/10.1038/nature03719.

W. Chao, J. Kim, S. Rekawa, P. Fischer, and E. H. Anderson, “Demonstration of 12 nm
resolution fresnel zone plate lens based soft x-ray microscopy,” Opt. Express, vol. 17, no. 20,
pp. 17669-17 677, Sep. 2009. pOI: 10.1364/0OE.17.017669. [Online]. Available: http:

/Iwww.opticsexpress.org/abstract.cfm?URI=oe-17-20-17669.

J. Miao, T. Ishikawa, I. K. Robinson, and M. M. Murnane, “Beyond crystallography: Diffrac-}

tive imaging using coherent x-ray light sources,” Science, vol. 348, no. 6234, pp. 530-535,

85



[8]

[9]

[10]

[11]

[12]

2015, 1sSN: 0036-8075. DOI: 10.1126/science.aaal394. eprint: https://science.sciencemag.
org/content/348/6234/530.full.pdf. [Online]. Available: https://science.sciencemag.org/
content/348/6234/530.

J. Miao, D. Sayre, and H. N. Chapman, “Phase retrieval from the magnitude of the fourier
transforms of nonperiodic objects,” J. Opt. Soc. Am. A, vol. 15, no. 6, pp. 1662—-1669, Jun.
1998. DOI1: 10.1364/JOSAA.15.001662. [Online]. Available: http://josaa.osa.org/abstract.
cfm?URI=josaa-15-6-1662.

E. B. Malm, N. C. Monserud, P. W. Wachulak, H. Xu, G. Balakrishnan, W. Chao, E. Ander-
son, and M. C. Marconi, “Time resolved extreme ultraviolet fourier transform holography,”
in 2013 IEEE Photonics Conference, Sep. 2013, pp. 604—605. po1: 10.1109/IPCon.2013.
6656439.

D. A. Shapiro, Y.-S. Yu, T. Tyliszczak, J. Cabana, R. Celestre, W. Chao, K. Kaznatcheeyv,
A. L. D. Kilcoyne, F. Maia, S. Marchesini, Y. S. Meng, T. Warwick, L. L. Yang, and H. A.
Padmore, “Chemical composition mapping with nanometre resolution by soft x-ray mi-
croscopy,” Nature Photonics, vol. 8, 765 EP -, Sep. 2014. [Online]. Available: https://doi.
org/10.1038/nphoton.2014.207.

R. Xu, H. Jiang, C. Song, J. A. Rodriguez, Z. Huang, C.-C. Chen, D. Nam, J. Park, M.
Gallagher-Jones, S. Kim, S. Kim, A. Suzuki, Y. Takayama, T. Oroguchi, Y. Takahashi, J.
Fan, Y. Zou, T. Hatsui, Y. Inubushi, T. Kameshima, K. Yonekura, K. Tono, T. Togashi, T.
Sato, M. Yamamoto, M. Nakasako, M. Yabashi, T. Ishikawa, and J. Miao, “Single-shot
three-dimensional structure determination of nanocrystals with femtosecond x-ray free-
electron laser pulses,” Nature Communications, vol. 5, 4061 EP -, Jun. 2014, Article. [On-

line]. Available: https://doi.org/10.1038/ncomms5061.

M. Holler, M. Guizar-Sicairos, E. H. R. Tsai, R. Dinapoli, E. Miiller, O. Bunk, J. Raabe,

and G. Aeppli, “High-resolution non-destructive three-dimensional imaging of integrated

86



[13]

[14]

[15]

[16]

[17]

circuits,” Nature, vol. 543, 402 EP -, Mar. 2017. [Online]. Available: https://doi.org/10.

1038/nature21698.

H. Jiang, C. Song, C.-C. Chen, R. Xu, K. S. Raines, B. P. Fahimian, C.-H. Lu, T.-K. Lee,
A. Nakashima, J. Urano, T. Ishikawa, F. Tamanoi, and J. Miao, “Quantitative 3d imaging of
whole, unstained cells by using x-ray diffraction microscopy,’ Proceedings of the National
Academy of Sciences, vol. 107, no. 25, pp. 11234-11239, 2010, 1SSN: 0027-8424. DOTI:
10.1073/pnas.1000156107. eprint: https://www.pnas.org/content/107/25/11234 .full.pdf.

[Online]. Available: https://www.pnas.org/content/107/25/11234.

G. K. Tadesse, R. Klas, S. Demmler, S. Hédrich, I. Wahyutama, M. Steinert, C. Spielmann,
M. Ziirch, T. Pertsch, A. Tiinnermann, J. Limpert, and J. Rothhardt, “High speed and high
resolution table-top nanoscale imaging,” Opt. Lett., vol. 41, no. 22, pp. 5170-5173, Nov.
2016. poI: 10.1364/0OL.41.005170. [Online]. Available: http://ol.osa.org/abstract.cfm?
URI=0l-41-22-5170.

D. F. Gardner, M. Tanksalvala, E. R. Shanblatt, X. Zhang, B. R. Galloway, C. L. Porter, R.
Karl Jr, C. Bevis, D. E. Adams, H. C. Kapteyn, M. M. Murnane, and G. F. Mancini, “Sub-
wavelength coherent imaging of periodic samples using a 13.5 nm tabletop high-harmonic
light source,” Nature Photonics, vol. 11, 259 EP -, Mar. 2017, Article. [Online]. Available:
https://doi.org/10.1038/nphoton.2017.33.

M. E. Siemens, Q. Li, R. Yang, K. A. Nelson, E. H. Anderson, M. M. Murnane, and H. C.
Kapteyn, “Quasi-ballistic thermal transport from nanoscale interfaces observed using ultra-
fast coherent soft x-ray beams,” Nature Materials, vol. 9, 26 EP -, Nov. 2009. [Online].

Available: https://doi.org/10.1038/nmat2568.

C. von Korff Schmising, B. Pfau, M. Schneider, C. M. Giinther, M. Giovannella, J. Perron,
B. Vodungbo, L. Miiller, F. Capotondi, E. Pedersoli, N. Mahne, J. Liining, and S. Eisebitt,

“Imaging ultrafast demagnetization dynamics after a spatially localized optical excitation,”

87



[18]

[19]

[20]

[21]

[22]

Phys. Rev. Lett., vol. 112, p. 217 203, 21 May 2014. port: 10.1103/PhysRevLett.112.217203.

[Online]. Available: https://link.aps.org/doi/10.1103/PhysRevLett.112.217203.

I. McNulty, J. Kirz, C. Jacobsen, E. H. Anderson, M. R. Howells, and D. P. Kern, “High-
resolution imaging by fourier transform x-ray holography,” Science, vol. 256, no. 5059,
pp. 1009-1012, 1992, 1SSN: 0036-8075. DOI: 10.1126/science.256.5059.1009. eprint:
https ://science . sciencemag . org/ content/256/5059/1009. full . pdf. [Online]. Available:
https://science.sciencemag.org/content/256/5059/1009.

W. E. Schlotter, J. Liining, R. Rick, K. Chen, A. Scherz, S. Eisebitt, C. M. Giinther, W.
Eberhardt, O. Hellwig, and J. Stohr, “Extended field of view soft x-ray fourier transform
holography: Toward imaging ultrafast evolution in a single shot,” Opt. Lett., vol. 32, no. 21,
pp- 3110-3112, Nov. 2007. DOI: 10.1364/0OL.32.003110. [Online]. Available: http://ol.osa.
org/abstract.cfm?URI=0l-32-21-3110.

S. Eisebitt, J. Liining, W. F. Schlotter, M. Lorgen, O. Hellwig, W. Eberhardt, and J. Stohr,
“Lensless imaging of magnetic nanostructures by x-ray spectro-holography,” Nature, vol. .
. 432, no. 7019, pp. 885-888, 2004, 1SSN: 1476-4687. DOI1: 10.1038/nature03139. [Online].
Available: https://doi.org/10.1038/nature03139.

S. Marchesini, S. Boutet, A. E. Sakdinawat, M. J. Bogan, S. Bajt, A. Barty, H. N. Chapman,
M. Frank, S. P. Hau-Riege, A. Szoke, C. Cui, D. A. Shapiro, M. R. Howells, J. C. H. Spence,
J. W. Shaevitz, J. Y. Lee, J. Hajdu, and M. M. Seibert, “Massively parallel x-ray holography,”
Nature Photonics, vol. 2, 560 EP -, Aug. 2008. [Online]. Available: https://doi.org/10.1038/
nphoton.2008.154.

S. Schaffert, B. Pfau, J. Geilhufe, C. M. Gfffdfffdnther, M. Schneider, C. von Korff Schmis-
ing, and S. Eisebitt, “High-resolution magnetic-domain imaging by fourier transform holog-
raphy at 21 nm wavelength,” New Journal of Physics, vol. 15, no. 9, p. 093 042, Sep. 2013.
DOI: 10.1088/1367-2630/15/9/093042.

88



[23]

[24]

[25]

[26]

[27]

(28]

R. L. Sandberg, D. A. Raymondson, C. La-o-vorakiat, A. Paul, K. S. Raines, J. Miao, M. M.
Murnane, H. C. Kapteyn, and W. F. Schlotter, “Tabletop soft-x-ray fourier transform holog-
raphy with 50 nm resolution,” Opt. Lett., vol. 34, no. 11, pp. 1618-1620, Jun. 2009. DOI:
10.1364/0OL.34.001618. [Online]. Available: http://ol.osa.org/abstract.cfm?URI=0l-34-11-
1618.

G. K. Tadesse, W. Eschen, R. Klas, V. Hilbert, D. Schelle, A. Nathanael, M. Zilk, M. Stein-
ert, F. Schrempel, T. Pertsch, A. Tiinnermann, J. Limpert, and J. Rothhardt, “High resolution
xuv fourier transform holography on a table top,” Scientific Reports, vol. 8, no. 1, p. 8677,
2018, 1SSN: 2045-2322. poI: 10.1038/541598-018-27030-y. [Online]. Available: https:
//doi.org/10.1038/s41598-018-27030-y.

H. T. Kim, I. J. Kim, C. Kim, T. M. Jeong, T. J. Yu, S. K. Lee, J. Sung, J. W. Yoon, H. Yun,
S. C. Jeon, I. W. Choi, and J. Lee, “Single-shot nanometer-scale holographic imaging with
laser-driven x-ray laser,” Applied Physics Letters, vol. 98, pp. 121 105-121 105, Mar. 2011.
DOI: 10.1063/1.3560466.

M. Sacchi, H. Popescu, N. Jaouen, M. Tortarolo, F. Fortuna, R. Delaunay, and C. Spezzani,
“Magnetic imaging by fourier transform holography using linearly polarized x-rays,” Optics

express, vol. 20, pp. 9769-76, Apr. 2012. DOI: 10.1364/OE.20.009769.

S. Hédrich, J. Rothhardt, M. Krebs, S. Demmler, A. Klenke, A. Tiinnermann, and J. Limpert,
“Single-pass high harmonic generation at high repetition rate and photon flux,” Journal of
Physics B: Atomic, Molecular and Optical Physics, vol. 49, no. 17, p. 172002, Aug. 2016.

DOI: 10.1088/0953-4075/49/17/172002.

J. Rothhardt, S. Hidrich, A. Klenke, S. Demmler, A. Hoffmann, T. Gotschall, T. Eidam, M.
Krebs, J. Limpert, and A. Tiinnermann, “53 w average power few-cycle fiber laser system
generating soft x rays up to the water window,” Opt. Lett., vol. 39, no. 17, pp. 5224-5227,
Sep. 2014. DoI: 10.1364/0L.39.005224. [Online]. Available: http://ol.osa.org/abstract.cfm?
URI=o01-39-17-5224.

89



[29]

[30]

[31]

[32]

[33]

[34]

R. Klas, S. Demmler, M. Tschernajew, S. Hiadrich, Y. Shamir, A. Tiinnermann, J. Rothhardt,
and J. Limpert, “Table-top milliwatt-class extreme ultraviolet high harmonic light source,”
Optica, vol. 3, no. 11, pp. 1167-1170, Nov. 2016. DOI: 10.1364/OPTICA.3.001167. [On-

line]. Available: http://www.osapublishing.org/optica/abstract.cfm?URI=optica-3-11-1167.

G. Vaschenko, C. Brewer, F. Brizuela, Y. Wang, M. A. Larotonda, B. M. Luther, M. C. Mar-
coni, J. J. Rocca, C. S. Menoni, E. H. Anderson, W. Chao, B. D. Harteneck, J. A. Liddle,
Y. Liu, and D. T. Attwood, “Sub-38 nm resolution tabletop microscopy with 13 nm wave-
length laser light,” Opt. Lett., vol. 31, no. 9, pp. 1214-1216, May 2006. DO1: 10.1364/0OL.
31.001214. [Online]. Available: http://ol.osa.org/abstract.cfm?URI=0l-31-9-1214.

P. W. Wachulak, M. C. Marconi, R. A. Bartels, C. S. Menoni, and J. J. Rocca, “Soft x-ray
laser holography with wavelength resolution,” J. Opt. Soc. Am. B, vol. 25, no. 11, pp. 1811—
1814, Nov. 2008. poI1: 10.1364/JOSAB.25.001811. [Online]. Available: http://josab.osa.

org/abstract.cfm?URI=josab-25-11-1811.

R. A. London, M. Strauss, and M. D. Rosen, “Modal analysis of x-ray laser coherence,’
Phys. Rev. Lett., vol. 65, pp. 563-566, 5 Jul. 1990. po1: 10.1103/PhysRevLett.65.563.
[Online]. Available: https://link.aps.org/doi/10.1103/PhysRevLett.65.563.

C. Lewis, D. Neely, D. O’Neill, J. Uhomoibhi, M. Key, Y. Al Hadithi, G. Tallents, and
S. Ramsden, “An injector/amplifier double target configuration for the ne-like ge x-ray
laser scheme,” Optics Communications, vol. 91, pp. 71-76, Jul. 1992. por: 10.1016/0030-
4018(92)90103-X.

R. E. Burge, G. E. Slark, M. T. Browne, X.-C. Yuan, P. Charalambous, X.-H. Cheng, C. L. S.
Lewis, A. MacPhee, and D. Neely, “Spatial coherence of x-ray laser emission from neonlike
germanium after prepulse,” J. Opt. Soc. Am. B, vol. 14, no. 10, pp. 2742-2751, Oct. 1997.
DOI: 10.1364/JOSAB.14.002742. [Online]. Available: http://josab.osa.org/abstract.cfm?
URI=josab-14-10-2742.

90



[35]

[36]

[37]

[38]

[39]

[40]

[41]

H. Daido, S. Sebban, N. Sakaya, Y. Tohyama, T. Norimatsu, K. Mima, Y. Kato, S. Wang,
Y. Gu, G. Huang, H. Tang, K. Murai, R. Butzbach, I. Uschmann, M. Vollbrecht, and E.
Forster, “Experimental characterization of short-wavelength ni-like soft-x-ray lasing toward
the water window,” J. Opt. Soc. Am. B, vol. 16, no. 12, pp. 2295-2299, Dec. 1999. DOTI:
10.1364/JOSAB.16.002295. [Online]. Available: http://josab.osa.org/abstract.cfm?URI=
josab-16-12-2295.

G. Cairns, C. L. S. Lewis, A. G. MacPhee, D. Neely, M. Holden, J. Krishnan, G. J. Tallents,
M. H. Key, P. N. Norreys, C. G. Smith, J. Zhang, P. B. Holden, G. J. Pert, J. Plowes, and
S. A. Ramsden, “Preliminary studies of radiation coupling between remote soft x-ray laser
amplifiers,” Applied Physics B, vol. 58, no. 1, pp. 51-56, Jan. 1994, 1SSN: 1432-0649. DOI:
10.1007/BF01081713. [Online]. Available: https://doi.org/10.1007/BF01081713.

R. Kodama, D. Neely, Y. Kato, H. Daido, K. Murai, G. Yuan, A. MacPhee, and C. L. S.
Lewis, “Generation of small-divergence soft x-ray laser by plasma waveguiding with a
curved target,” Phys. Rev. Lett., vol. 73, pp. 3215-3218, 24 Dec. 1994. po1: 10.1103/
PhysRevLett.73.3215. [Online]. Available: https://link.aps.org/doi/10.1103/PhysRevLett.
73.3215.

M. Nishikino, M. Tanaka, K. Nagashima, M. Kishimoto, M. Kado, T. Kawachi, K. Sukegawa, ]}
Y. Ochi, N. Hasegawa, and Y. Kato, “Demonstration of a soft-x-ray laser at 13.9 nm with full

spatial coherence,” Phys. Rev. A, vol. 68, Dec. 2003. DOI: 10.1103/PhysRevA.68.061802.

M. Born and E. Wolf, Principles of Optics: Electromagnetic Theory of Propagation, Inter-
ference and Diffraction of Light (7th Edition), 7th. Cambridge University Press, 1999, ISBN:
0521642221.

J. Meszaros, “Large area zone plate exposure by fixed beam moving stage lithography,”

2011.

D. Attwood, Soft X-Rays and Extreme Ultraviolet Radiation. Aug. 1999.

91



Chapter 5

Summary

The work in this dissertation has resulted in the demonstration of a Petwatt-class (0.85 PW)
ultrashort pulse laser capable to fire at repetition rates up to 3.3 Hz, the highest repetition rate
at which such lasers have operated to date. The high repetition rate is made possible by pumpng
with high energy Nd:glass slab amplifiers. This Ti:Sapphire laser can be operated in second har-
monic mode to produce pulses of ultra-high contrast. This makes it a valuable tool to study the
interaction of high intensity laser pulses with solid targets at relativisitic intensity. Significant
progress was also obtained in the development of high pulse energy compact SXR lasers at sub-
7 nm wavelengths as well as an increase in the diversity of SXR laser wavelengths available.
The results were obtained by irradiating slab targets of lanthanide elements at grazing incidence.
Measurements showed that the trend of optimum grazing incident angle vs atomic number is
linear. Gain-saturated table-top SXR lasers were extended down to 6.85 nm by transient excita-
tion of nickel-like ions in a gadolinium plasma using the combinaton of a pre-pulse and a sub-ps
pump laser pulse. Operation at 6.85 nm resulted in a maximum energy per pulse of 1.8 uJ. Us-
ing this sub-picosecond optical laser pump also resulted in amplification at wavelengths as short
as 5.85 nm. This short wavelength, microjoule pulse energy, picosecond pulse duration and the
repetitive operation of these lasers will enable new applications such as sequential imaging of
ultrafast nano-scale dynamic phenomena to be realized in a compact set up. A demonstration of
single shot holographic imaging over a large field of view was realized. Using a zone pate 200
nm silver nano-wires were imaged with temporal resolution of 5 ps and a spatial resolution of
62 nm. The use of an optimized zone plate would yield single-shot holograms with a resolution

better than 20 nm.
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Appendix A
RELATED WORK

Previous chapters discuss the development of a Ti:Sapphire laser system as well as gain-
saturated table-top repetitive SXR lasers with wavelengths near 7-5 nm with lasing down to 5.85
nm and the creation of holographic images with 62nm resolution and temporal resolution of 5
ps. The work done in this thesis contributed to the development and characterization x-ray pulse
generation, micro-scale fusion and electron acceleration. All these results and more are discussed
in the following publications and talks:

Efficient picosecond X-ray pulses from plasma in the radiation dominated regime

e R. Hollinger, B. Bargsten, V.N. Slyaptsev, V. Kaymak, A. Pukhov, M.G.Capeluto, S.Wang,
A. Rockwood, Y. Wang, A. Towsend, A. Prieto, J.J. Rocca, "Efficient picosecond X-ray

pulses from plasma in the radiation dominated regime", Optica, 4, 1344, (2017).
Micro-scale fusion in dense relativistic nanowire array plasmas

e A. Curtis, C. Calvi, J. Tinsley, R. Hollinger, V. Kaymak, A. Pukhov, S.J. Wang, A. Rock-
wood, Y. Wang, V.N. Shlyaptsev and J.J. Rocca, "Micro-scale fusion in dense relativistic

nanowire array plasmas". Nature Communications. 9,1077, (2018).

Energy penetration into arrays of aligned nanowires irradiated with relativistic intensi-

ties: scaling to terabar pressures

e C. Bargsten, R. Hollinger, M. Gabriela Capeluto, V. Kaymak, A. Pukhov, S. Wang, A. Rock-
wood, Y. Wang, D. Keiss, R. Tommasini, R. London, J. Park, M. Busquet, M. Klapisch, V.
N. Shlyaptsev, J.J. Rocca, " Energy penetration into arrays of aligned nanowires irradiated
with relativistic intensities: scaling to terabar pressures”, Science Advances, 3, e1601558
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Berrill and C. S. Menoni, "High Repetition Rate Soft X-Ray Lasers and Bright Table-top X-
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High Power Ultrashort Pulse Lasers to Pump Plasma-Based Soft X-ray Lasers
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e A. Moreau, R. Hollinger, C. Calvi, S. Wang, Y. Wang, M. G. Capeluto, A. Rockwood,
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