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ABSTRACT

DEVELOPMENT OF A HIGH ENERGY DIODE PUMPED CHIRPED PULSE
AMPLIFICATION LASER SYSTEM FOR DRIVING SOFT X-RAY LASERS

There is significant interest in the development of compact high repetition rate
soft x-ray lasers for applications. This dissertation describes the development of a
high energy, laser diode pumped, chirped pulse amplification laser system for driving
soft x-ray lasers in the 10-20 nm spectral region. The compact laser system combines
room temperature and cryogenically-cooled Yb:YAG amplifiers to produce 1.5 Joule
pulses at up to 50 Hz repetition rate. Pulse compression results in 1 J pulses of
5 ps duration. A room temperature pre-amplifier maintains bandwidth for short
pulse operation and a novel cryogenic cooling technique for the power amplifier was
developed to enable high average power operation of this laser. This laser was used
to drive a soft x-ray laser on the 18.9 nm line of nickel-like molybdenum. This is the

first demonstration of a soft x-ray laser driven by an all diode-pumped laser.
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Chapter 1

Introduction

1.1 Extreme Ultraviolet and Soft X-Ray Radiation

Throughout history scientists and engineers have used electromagnetic radiation to
study and manipulate the universe around them. The visible region of the spectrum
was, as expected, the first to be understood and developed. The rest of the spec-
trum ranging from radio waves, with wavelengths of meters and longer, to gamma
rays, with wavelengths shorter than the diameter of atomic nuclei was later discov-
ered, and electromagnetic radiation sources have been developed leading to numerous
discoveries and applications. Following its first demonstration in 1960 [1], the laser
has become one of the most important tools in experimental physics and one of the
most important devices for enabling advancements in technology. However, the ex-
treme ultraviolet (EUV) and soft x-ray region of the spectrum has remained relatively
unexplored [2]. This region, shown in Figure 1.1, bridges the gap between vacuum
ultraviolet radiation and hard x-rays. Although there is no universally agreed upon
definitions of where the EUV and soft x-ray regions of the spectrum begin and end,
photon energies from about 25 eV to the carbon k-shell absorption edge at 275 eV

(wavelengths from 40 nm to 5 nm) are generally referred to as extreme ultraviolet
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Figure 1.1: The extreme electromagnetic spectrum where the EUV and soft x-rays
occupy the region between the vacuum ultraviolet and hard x-rays. From [2]

while the soft x-ray region extends from 275 eV to several keV (5 nm to 0.3 nm). The
soft x-ray laser community defines this entire region as soft x-rays. The many atomic
resonances make this an interesting region for spectroscopic studies of elements and
molecules [2]. Additionally, there are many applications of this radiation that take
direct advantage of the short wavelength such as high resolution microscopy [3, 4, 5]
and nanopatterning [6, 7). This comes from the fact that the smallest feature that
can be resolved in a microscope or printed via lithography, Arg,y , is proportional to

wavelength and is given in [2] as:

0.610A

Ay, = = (11

where NA is the numerical aperture of the optical system. For this reason the semi-
conductor indsutry is investing heavily to develop EUV lithography to print the next
generation of microprocessors [8]. Furthermore, in addition to the exploitation of the
high energy and short wavelength characteristics of EUV and soft x-rays, the high in-
trinsic bandwidth of this radiation is being used to generate extremely short duration
optical pulses. While visible and near infrared (NIR) laser pulses are limited in dura-
tion by their optical cycle to a few femtoseconds, intense EUV pulses created through
high harmonic generation can have durations on the order of hundreds of attoseconds

9, 10, 11], and potentially even shorter [12, 13]. These ultrashort pulses are currently



being used to probe the dynamics of atomic electrons with unprecedented temporal
resolution.

Just as the invention of the laser revolutionized the field of infrared and visible
optics, the further development of coherent EUV sources can be expected to advance
science and technology. Currently there are four main sources of EUV radiation:
synchrotrons, free electron lasers (FEL), high harmonic generation (HHG), and soft
x-ray lasers. The former two sources currently require large facilities, while the latter
two can be compact and constructed in modest-sized laboratories.

Synchrotrons are large cyclic particle accelerators in which the accelerated parti-
cles are are guided into a circular path by magnetic fields. In synchrotron radiation
sources, electrons are accelerated to relativistic speeds, typically with GeV energies.
When these electrons are accelerated, such as by the magnetic fields that confine
the beam on a circular path a broad bandwidth cone of radiation is emitted [14].
Older, second generation synchrotron radiation sources were constructed with beam
ports to use the emitted radiation. Newer, third generation synchrotron sources are
constructed with many straight sections where the electrons propagate through a
periodic magnetic field created by a an undulator or a wiggler [2]. The radiation
emitted can be filtered both spatially and in frequency resulting improved coherence.
Synchrotrons are high average power, wavelength-tunable sources EUV and soft x-ray
radiation.

In free electron lasers, a beam of high energy electrons is created by a linear accel-
erator. These high energy electrons are passed through a wiggler emitting radiation.
Since the electron motion is in phase with the radiation the emission is coherent. The
emitted radiation is wavelength-tunable, has high spatial coherence, partial temporal
coherence, and reaches unsurpassed peak spectral brightness for EUV and soft x-ray
sources [15, 16]. Seeding these sources with low energy, temporally coherent pulses,

created through high harmonic generation results in improved temporal coherence



[17]. FELs and synchrotrons are high power sources of EUV and soft x-ray radiation,
however they are large, expensive, and are few user (synchrotron) or single user (FEL)
facilities.

The two main approaches to compact sources of coherent EUV radiation are up-
conversion of short near infrared (NIR) or visible laser pulses through high harmonic
generation and soft x-ray lasers. In HHG, high intensity laser pulses, usually a few 10s
of femtoseconds in duration, are focused into a medium, usually a noble gas. Through
a nonlinear interaction between the intense laser field and the bound electrons of
the gas, photons with odd integer multiples of the laser frequency are generated.
These newly-created photons are generated in phase with the driving laser and retain
the same polarization and k-vector and are therefore both spatially and temporally
coherent [18]. The spectrum resulting from HHG is a broad frequency comb extending
from the driving laser wavelength into the EUV and soft x-ray regions of the spectrum.
The highest photon energy created is proportional to the driving laser intensity [19,
18]. Soft x-ray lasers can also be quite compact sources. In these sources, the lasing
medium is always a plasma created either by a fast electrical discharge or by an
intense optical laser. The pulses produced by soft x-ray lasers are usually significantly
higher energy than that produced by HHG and are more monochromatic, but they
are also longer duration and usually operate at lower repetition rate. These lasers are

discussed in detail in the following section.

1.2 Soft X-Ray Lasers

From an atomic point of view the excitation mechanism used to develop lasers oper-
ating at EUV and soft x-ray wavelengths is fundamentally the same as lasers in the
visible and infrared. They require there to be an external energy source to create

a population inversion between two electronic energy levels of an atom or molecule



resulting in stimulated emission. However, visible and infrared laser transitions have
energies of less than a few eV while soft x-ray lasers have energies of greater than 30
eV, which is greater than the ionization energy of any neutral element. Therefore,
these lasers operate in ions that have higher energy transitions than neutral atoms.
For this reason, most atomic soft x-ray lasers demonstrated to date make use of very
hot dense plasmas. As hot dense plasmas tend to expand and cool very quickly, the
gain duration of soft x-ray lasers is typically very short, lasting from about a picosec-
ond up to nanoseconds depending on the excitation scheme. This, combined with the
unavailability of high reflectivity mirrors at these wavelength severely limits the use of
optical cavities used in visible and infrared lasers. Consequently, the vast majority of
soft x-ray lasers demonstrated to date are single-pass amplified spontaneous emission
(ASE) lasers, in which spontaneous emission from one end of the plasma is amplified
through stimulated emission as it traverses the active region. There are however dis-
tinct techniques for achieving population inversion at these wavelengths: collisional
pumping of the laser upper level through electron impact excitation, recombination
into an excited state, and inner-shell photoionization lasers. The following section

describes these techniques as well as relevant demonstrations of these lasers.

1.2.1 Soft X-ray Laser Schemes
Recombination soft x-ray lasers

The first experimental achievement of population inversion at EUV wavelengths was
reported in 1974 in a hydrogen-like carbon plasma [20]. In this and following ex-
periments a solid carbon target was ablated by an intense laser pulse producing a
fully-ionized plasma, in other words effectively all bound electrons are stripped from
the carbon nuclei [20, 21]. As this plasma expands and cools, free electrons recombine
forming H-like C ions. This takes place through three-body recombination in which

an electron recombines while a second free electron carries away the excess energy lost



by the newly bound electron. Three-body recombination preferentially populates the
higher energy levels, and, as the bound electron cascades down through the excited
states, a population inversion can be created on the Balmer o (n=3  n=2) tran-
sition. As can be shown from basic quantum mechanics, the energy levels of H-like
ions scale as:
72

E, = 13.6F(BV) (1.2)
where Z is the nuclear charge. For H-like carbon (Z=6), the ionization energy (the
energy required to remove the last electron) is 490 eV, and the wavelength of Balmer
« transition shifts from 656nm in the visible with Z=1 to 18.2 nm in the EUV with
Z=6. Gain through recombination into excited states has also been demonstrated on
the Lyman a (2p 1s) transition of H-like Li at 13.5 nm by coupling intense laser
pulses into LiF microcapillaries [22]. In order for a large population inversion to occur
in these lasers, the electron temperature, T,, must cool very quickly after achieving
full ionization because the rate of three body recombination is proportional to T /2.
This is difficult to achieve, and these lasers have not yet achieved gain saturation.
Nevertheless, the first demonstration of large amplification of a soft x-ray laser was
realized by Suckever et al [23] on the 18.2 nm line of C VI in a plasma column confined

by a magnetic field.

Photoionization soft x-ray lasers

A second type of soft x-ray laser is the photoionization laser in which an inner shell
electron of a neutral atom or ion is liberated by a single high energy photon. This
leaves the ion in a highly excited state, with a very short lifetime, from which stim-
ulated emission can occur. A number of lasers of this type have been demonstrated
in the visible and vacuum ultraviolet [24, 25], however, until very recently, none had
been demonstrated at EUV or soft x-ray wavelengths. A soft x-ray photoionization

laser was first proposed in 1967 [26], and their study was later expanded upon in the



1970’s [27] and in the 1990’s [28]. A photoionization laser in which a column of neon
gas is irradiated by femtosecond pulses of 1 keV photon energy from the Stanford
Liniac Coherent Light Source (LCLS) FEL [16] was demonstrated to produce laser
emission at 849 eV [29]. This is the shortest wavelength atomic laser demonstrated

to date.

Collisional soft x-ray lasers

The most successful plasma-based soft x-ray lasers demonstrated so far have been
collisionally driven. In these lasers, the laser upper laser level is pumped through
electron impact excitation in a similar fashion to visible gas discharge ion lasers
such as the well-known argon-ion laser which emits on several blue and green lines
[30]. In these ion lasers, neutral argon atoms are ionized through electron collisions.
The upper laser level in the Art ions is subsequently populated by electron impact
excitation leading to a population inversion and gain. Collisional soft x-ray lasers
function in essentially the same manner, however instead operating in singly or doubly
ionized plasmas, they operate with much higher levels of ionization. Collisional EUV
lasers were first proposed in the 1970s [31, 32], and the first demonstration of a
collisional soft x-ray laser in was made in a plasma in which selenium atoms were
24 times ionized to the Ne-like configuration [33]. This plasma was generated by
focusing kilojoule-level laser pulses of 450 ps duration into a 1 cm long by 200 pm
wide line on a thin foil that was coated with Se. The plasma was heated through
inverse-bremsstrahlung or free-free absorption of the laser energy by free electrons.
In this work, clear evidence of lasing with gain-length products up to 6.5 cm ! was
observed on two lines of Se™?* near A = 21 nm.

It is possible to produce thermalized and transient plasmas in which a large frac-

tion of the ions are in the Ne-like state. This is because the Ne-like ion state , with 10

electrons, is a closed-shell configuration and therefore the energy required to ionize
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Figure 1.2: Energy level diagram of the Ne-like selenium ion showing the two laser
lines and the most important processes from [2]. Although Ne-like Se is shown the
diagram is representative of all Ne-like ions.

from the next lower ionization state (Na-like) is much lower than that required to
ionize a Ne-like ion. For example, the energy required to ionize Na-like selenium to
the Ne-like state is 1036 eV, while the energy required to ionize Ne-like Se is 2540
eV [2]. A plasma with a temperature around 1 keV leads to a large number of Se
atoms in the Ne-like state. A simplified Grotrian diagram of the Ne-like laser system
is shown in Figure 1.2. Monopole electron impact excitation from the ground state
of the ion produces a large population on the 3p laser upper levels as radiative de-
cay to the ground state is forbidden. The 3s laser lower levels are quickly depleted
through radiative decay leading to a large population inversion. Figure 1.3 shows
the laser wavelengths of the Ne-like isoelectronic series as a function of ion charge.

Also shown in Figure 1.3 is the wavelength of the 3d%4d 3d%4p lasing transition
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Figure 1.3: Lasing wavelengths of Ne-like and Ni-like soft x-ray lasers as a function
of ion charge.

of the Ni-like isoelectronic series, which is also a favorable soft x-ray laser system.
The Ni-like system has several advantages over the Ne-like series that allow shorter
wavelength lasers to be generated with lower plasma temperatures and therefore less
driving laser energy. The laser transitions scale to shorter wavelength faster with de-
gree of ionization, as shown in Figure 1.3. Figure 1.4 shows a simplified energy level
diagram for Ni-like Mo, which lases on the 4d'S, 4p!'P; transition at a wavelength of
18.9nm. A number of Ne-like and Ni-like lasers have been demonstrated at a variety
of wavelengths, with the shortest being at 3.56 nm in Ni-like Au [34]. A significant
advance in the development of collisional soft x-ray lasers was transient excitation
utilizing two or more laser pulses to create and rapidly heat the plasma [35]. In this
scheme, a pulse of modest intensity ablates a solid target, creating a plasma. After
allowing the plasma to expand for a duration up to several nanoseconds, a second

short pulse (typically 1-10 picoseconds) rapidly heats the plasma causing a large pop-
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Figure 1.4: Simplified energy level of nickel-like molybedum, showing the laser tran-
sition at 18.9nm. Although Ni-like Mo is shown this diagram is similar for all Ni-like
isoelectronic configurations.

ulation inversion and high gain [36]. This technique has been used to reduce the total
laser energy required to pump soft x-ray lasers from hundreds of Joules to 10 J [36].
Using this technique, a number of Ne-like and Ni-like lasers have been demonstrated
to reach gain-saturation [37], where a large fraction of the energy stored in population
inversion is extracted by the soft x-ray laser pulse.

Another technique to drive collisional soft x-ray lasers consists in the use of ul-
trashort laser pulses to quickly ionize a column of gas through optical field ionization
(OFI) in which the electric field of the laser is strong enough to suppress the Coulomb
potential binding electrons to the parent nucleus [38]. In this regime, bound electrons
can tunnel-ionize through this suppressed potential. If the laser pulse is sufficiently
intense, high ionization states can be achieved. Furthermore, by circularly polarizing

the driving laser, the freed electrons can retain a large portion of the ponderomotive
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energy, the total energy of the electron in an oscillating electric field. This allows
them to efficiently pump the soft x-ray laser upper level in Ni-like and Pd-like ions
by collisional excitation [39, 40]. These lasers, while not achieving the pulse ener-
gies of other soft x-ray lasers, require significantly less driving laser energy, typically
hundreds of millijoules.

Another type of collisional soft x-ray laser is the capillary discharge driven soft
x-ray laser [41]. The most succseful demonstration of this type of soft x-ray laser is
the Ne-like argon laser which lases most strongly at 46.9 nm. In this demonstration,
a short, several tens of kA amplitude current pulse is driven through a capillary
tube containing argon at low pressure. Using this scheme, a compact setup has been
demonstrated to generate laser pulse energies greater than 100 pJ at repetition rates
up to 10 Hz, allowing high average power operation [42]. This laser has enabled many
applications including interferometry of dense plasmas [43], nanopatterning [6, 7], and

high resolution microscopy [4].

1.2.2 Laser-driven compact soft x-ray lasers

A significant reduction of laser pump energy required to drive soft x-ray lasers can
be achieved by heating the plasma at grazing incidence. This reduces the size and
complexity of these sources and allows higher repetition rate operation. In the tra-
ditional normal incidence pumping configuration a large portion of the pump energy
is absorbed in a region of the plasma where density gradients cause strong refrac-
tion, limiting effective amplification. The index of refraction of a plasma is usually

dominated by the free electron contribution and is given by:

n=,J1 2 (1.3)

Ne
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Figure 1.5: Electron density (n.) of a laser created plasma as a function of distance
from the solid target surface. For laser pulses that impinge at normal incidence most
of the laser energy is deposited near the critical density (n.). In this region there are
strong density gradients that refract the beam out of the gain region.

where n, is the electron density and n. is the critical density. n. is wavelength-

dependant and is given by:

(em™3). (1.4)

In this equation, € is the permittivity of free space, m, and e are the electron mass
and charge, respectively, and w is the radial frequency of the electromagnetic wave.
The critical density for a given wavelength is defined as the electron density at which
the plasma frequency, the frequency at which free electrons will naturally oscillate,
is equal to the frequency of the radiation. At plasma densities above the critical
density, light can no longer propagate and is reflected. For plasmas created through
laser ablation of a solid, the density is usually highest near the target surface and
decreases approximately exponentially with distance as shown in Figure 1.5. The
laser energy is mostly deposited in the region near the critical density. At this region
of the plasma, strong density gradients cause an index of refraction that is lowest
near critical density and increasing with distance from the target. This strongly

refracts the x-ray emission limiting the achievable amplification. The optimal density

12



(b)

Figure 1.6: (a) [llustration of grazing incidence pumping. (b) Total external reflection
allows the penetration depth of the laser to be tuned by changing the grazing incidence
angle 6.

region for amplification occurs at lower density. However, this lower density region is
not efficiently pumped by normal incidence laser pulses. It was recognized that this
limitation can be overcome by heating the plasma at grazing incidence [44]. In this
configuration, the laser heating pulse is focused into a preformed plasma at a grazing
incidence angle as shown in Figure 1.6(a). Because of total external reflection within
the plasma (as can be seen from equation 1.3 the refractive index of a plasma is less
than 1) the laser pulse does not penetrate all the way to the critical density. Instead,

for an angle of incidence 6 it is refracted back when it reaches a density nep:

n
nd = [ —. 15
sin o (1.5)

It is clear that by adjusting the angle of incidence, it is possible to efficiently pump the

plasma region where the conditions are most favorable for laser amplification. Fig-
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Figure 1.7: Simulated small signal gain and electron density for Ni-like Pd 14.7 nm
lasers driven at normal incidence and at 20 grazing incidence. At normal incidence,
the peak gain occurs in a region of the plasma with large density gradients that
rapidly refracts the beam out of the narrow gain region. At grazing incidence the
pump beam heats the plasma at a lower density producing a large gain region with

lower density gradients. The plasma was created by 120 ps, 2.4 101207%2 prepulse

with a 8 ps, 8 10" arriving 300 ps later. This model was developed by Mark

Berrill at Colorado State university. From [45].

ure 1.7 shows simulated small signal gain maps and plasma densities for a palladium
target pumped at normal and grazing incidences. As can be seen from this figure,
while the gain is higher for normal incidence pumping, it exists in a dense region
of the plasma with strong gradients which have correspondingly strong refraction.
When pumped at grazing incidence the gain exists in a larger region with relaxed
density gradients. An added benefit of grazing incidence pumping is that it naturally
accomplishes travelling wave excitation. This can be important if the population in-
version lasts for a duration comparable to or shorter than the time it takes light to
traverse the plasma.

In 2003, two groups demonstrated lasing at 18.9nm in Ni-like Mo using the grazing

14



incidence pumping technique [46, 47]. In [46], only 150 mJ of total pump power was
used to observe lasing. In this experiment a 70 mJ pulse with a duration of 200
ps was focused into a 15 um x bmm long line on a molybdenum target at normal
incidence. After allowing the plasma to expand for an optimum delay of 500 ps, a
2 ps, 80 mJ laser pulse was focused into an overlapping line at a grazing incidence
angle of # = 14 producing lasing at 18.9nm. This laser operated at 10 Hz repetition
rate. In the same year, using a similar setup researchers at Colorado State University
demonstrated gain-saturation of this laser line using 1.35 J of total pump power at
5 Hz repetition rate. In this experiment, lasing was also observed on the 22.6 nm
line of Ni-like Mo. Additionally, a number of other Ni-like lasers at wavelengths as
short as 10.9 nm [48, 49, 50] have been demonstrated with less than 2 J of total pump
power as illustrated in Figure 1.8 [48]. By increasing the total pump energy to 5 J,
a 20 uW average power laser at 13.9 nm was achieved using this scheme [51] along
with saturation of Ni-like Te at 10.9 nm [52]. These lasers were used to implement
a soft x-ray microscope in transmission [53] and reflection [5] modes with resolutions
of 38 nm and 55 nm respectively. Furthermore, the spatial and temporal coherence
of these lasers was demonstrated to be significantly improved by seeding the plasma
with femtosecond high harmonic pulses. This scheme resulted in high brightness,
phase-coherent pulses ranging from 32 nm to 13.2nm [54, 55, 56].

An increase in the average power of these compact and soft x-ray lasers will enable
a number of applications at these wavelengths such as some types of microscopy [5],
nanopatterning [6, 7], and nanomachining [57]. The average power of these lasers is
limited by the repetition rate of the driving laser. In all previous work to date, the
driving lasers were flashlamp-pumped, high energy chirped pulse amplification (CPA)
lasers which, as discussed in the following section, are limited to pulse repetition
rates of less than 10 Hz. Additionally, the physical size, power supplies and cooling

requirements for flashlamp-pumped lasers leads to these laser systems occupying a
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significant amount of optical table area. A method to increase the average power
and further decrease the size of soft x-ray lasers is to directly pump the driving laser
with laser diodes. This is the subject of the work described in this dissertation and

is addressed in more detail in the following sections.

1.3 Chirped Pulse Amplification Lasers

The primary technique for generating high energy laser pulses with pulsewidths of less
than 100 ps is chirped pulse amplification (CPA). In this technique, first demonstrated
in 1985 [58], temporal stretching prior to amplification avoids optical damage and
nonlinear effects that are possible with high intensity laser pulses. Short duration
laser pulses of initially low energy are stretched in time, amplified in one or more
amplifiers to high energy, and subsequently compressed in time producing high energy,
short duration laser pulses. This process is shown schematically in Figure 1.9.

The initial low energy, short duration pulses are typically generated by a mode-
locked oscillator. In these laser oscillators, many longitudinal cavity modes are made
to oscillate in phase. Since the spacing of cavity modes in frequency is equal to the
inverse of the cavity round trip time, interference of multiple modes results in a train
of pulses spaced in time by the round trip delay. The temporal pulsewidth depends
on the bandwidth determined by the number of oscillating modes. A more detailed
description of mode-locking is given in Section 2.3. Typical mode-locked oscillators
produce pulses with energies of 1-50 nJ and durations ranging from a few femtoseconds
in octave-spanning titanium sapphire oscillators [59] to hundreds of picoseconds in
narrow bandwidth laser materials. The repetition rate of such oscillators is typically
in the range of 10 MHz to several hundred MHz depending on cavity length.

To stretch the laser pulses, a strongly dispersive element is used to add a wave-

length dependant delay. As the short pulses are necessarily broad bandwidth, this

17
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Figure 1.9: Schematic of the chirped pulse amplification process. From ref. [60]

allows the different spectral components to separated in time. This time-dependant
frequency is the origin of the term “chirp” in this context. Several techniques have
been used to accomplish this dispersion including a pair of diffraction gratings, bulk
dispersion (in glass for example), optical fibers, a pair of prisms, and dispersive mul-
tilayer coatings (commonly called chirped mirrors). The first is the most commonly
used technique. The dispersion acquired by passing a laser pulse through a pair of
parallel gratings was first described in 1969 by Treacy [61]. He showed that for any
angle of incidence and grating separation the group delay dispersion (GDD), which
is the first order variation of delay with wavelength, is always negative (known as
anomalous dispersion). This means that short wavelengths travel a shorter distance
than the long wavelengths. The dispersion associated with transmission through most
transparent materials, such as glass, is usually positive (normal dispersion), and the
first CPA systems used a long optical fiber with positive dispersion to stretch the
pulse and a Treacy grating pair with negative dispersion to compress the amplified

laser pulses [58]. In 1984, Martinez demonstrated that a grating pair with a pair of
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lenses forming a telescope between the gratings can be used as positive dispersion
stretcher [62]. A visual way to understand this is to recognize that the telescope
forms an image of the first grating behind the second grating resulting in a negative
path length and therefore opposite signed-dispersion (positive dispersion). For an
appropriately designed grating stretcher and grating compressor, there can be zero
net dispersion allowing perfect compression of optical pulses. In the implementation
in real CPA laser systems, the compressor is on purpose not perfectly matched to the
stretcher in order to compensate for dispersion within the amplification system, such
as the material dispersion of the gain material. Using this technique, amplified pulse
durations can be achieved that are nearly bandwidth-limited.

Technically, any laser material may be used as the amplification medium in CPA
systems. However nearly all modern CPA system employ solid state laser materi-
als in which the lasing atom is an ion dopant in a crystal or amorphous material
such as silicate or phosphate glasses. For these systems the most common dopants
are transition metals such as chromium and titanium or rare earth elements such as
neodymium, ytterbium, and erbium. The majority of these systems have made use
of titanium®-doped sapphire (Ti:AlyO3) or neodymium®*-doped glass (Nd:glass).
Both materials emit in the NIR and are 4-level laser systems with broad absorption
and emission spectra [63]. Nd-doped materials can lase at several NIR wavelengths
but most commonly are operated at A = 1050 - 1065 nm. A variety of glasses have
been specially developed to host Nd, and typically the Nd:glass laser transition has
a bandwidth of 15-30 nm FWHM capable of supporting sub-500 fs laser pulses. The
upper laser level in Nd:glass has a lifetime around 300 us and can be pumped from
the ground state by several absorption lines in the visible and NIR. Because of these
spectral characteristics Nd:Glass is nearly always pumped by flashlamps which emit
pulse of hundreds of microsecond duration over a broad spectrum. The highest en-

ergy CPA lasers developed implement flashlamp-pumped Nd:glass amplifiers. These

19



include petawatt peak power laser pulses! [64]. The average power and therefore rep-
etition rate of all solid state lasers is limited by the onset of thermal effects. These
include: thermal focusing, in which the thermal gradient within the lasing material
leads to a refractive index profile that can reduce the beam quality and eventually
cause optical damage, and thermal birefringence which leads to a spacial depolariza-
tion of the beam. In the very high power regime, strong thermal gradients can lead
to stress fracture of the laser material. Nd:glass has a low thermal conductivity of
0.8-1.5 mﬂK which, combined with flashlamp restrictions, limits the repetition rate of
these lasers to typically less than 10Hz. In many cases, high energy Nd:glass systems
are operated in a single shot regime.

Ti:Al,O3 has an exceptionally broad fluorescent bandwidth of 230 nm centered
at A = 790 nm. This bandwidth can support pulse durations under 5 femtoseconds.
Ti:Al,O3 also has a high stimulated emission cross section that resuls in a low satu-
ration fluence which allows efficient energy extraction with moderate laser fluences.
However, this broad bandwidth and high gain is accompanied by a short upper laser
level lifetime of 3.2 s, which requires very short duration pump sources for pulsed
operation. Because of this, Ti:Al,O3 amplifiers are usually pumped with frequency-
doubled nanosecond pulses from flashlamp-pumped Nd lasers. The combination of
high gain and pump pulses that are significantly shorter than the fluorescent lifetime
allow these amplifiers to operate with very high efficiencies. Additionally, sapphire
has one of the highest thermal conductivities of any laser host allowing it to support
high average power operation. However, the repetition rate and average power of
Ti:Al;O3 systems is limited by the pump lasers. In practice, the repetition rate of
flashlamp-pumped, high energy (>1J) Ti:Al;O3 CPA systems is still limited to under
10 Hz by the inefficiencies of flashlamp-pumping.

High energy flashlamps emit over a broad spectral region from the UV to infrared

IThe first such system was a hybrid Ti:Al,O3 - Nd:glass system employing a Ti:Al;O3 oscillator
and preamplifiers with Nd:glass power amplifiers.
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Figure 1.10: a Emission spectra for two different current densities from a flashlamp
filled with 0.4 atm xenon. (b) Absorption spectrum of Nd:YAG. (c) Detail of absorp-
tion spectrum of Nd:YAG near 808 nm (solid line) and the emission spectrum of a
high power GaAlAs laser diode array (bold trace). From ref [63]

as shown in Figure 1.10 (a). However, as can be seen from Figure 1.10 (b), Nd
lasers can only absorb light on narrow transitions, principally near 880 nm, 808 nm,
750 nm, and 590 nm. As a result, only a small fraction, typically around 10%, of
the light emitted from a flashlamp is useful for pumping these lasers, and the vast
majority contributes to heating of the laser medium. This heating complicates the
cooling systems that must be used. More importantly, the low efficiency of conversion
from electrical energy to useful pump light, typically less than 5%, severely limits the
average power of flashlamp-pumped lasers.

The major advances in the development of high power laser diodes in the past
20 years allow for a viable alternative to flashlamp pumping. Diode-pumped solid

state lasers have several very important advantages over flashlamp driven lasers that

21



allow them to be much more compact and operate at higher average powers. These

advantages are discussed in the following section.

1.3.1 Laser Diode-Pumped CPA Lasers

The primary advantage of laser diodes over flashlamps for pumping solid state lasers is
the narrow spectral width of laser diodes that can be made to coincide with absorption
bands in the lasing material. High power NIR laser diode arrays usually are made
to have a spectral width less 5 nm that can be use to very efficiently pump a single
transition. This can be seen in Figure 1.10 (c¢), which shows the absorption spectrum
of Nd:YAG near one of its strongest pump lines at 808 nm. On the same plot, the
emission spectrum of a high power array of AlGaAs laser diodes is shown to be very
well-matched to this transition. In this case, virtually all light emitted from the laser
diode can contribute to pumping the laser upper level. The development of InGaAs
laser diodes emitting at 900-980 nm has allowed the advancement of Yb-doped laser
materials, which only have a few narrow pump transitions in the NIR which are
not efficiently pumped by flashlamps. As is discussed in the following chapter, Yb3*-
doped materials have a very simple energy level structure with a small thermal defect,
the fraction of pump power locally converted to heat, and a long fluorescence lifetime
which makes them ideal for diode-pumped, solid state amplifiers. Furthermore, laser
diodes are extremely efficient, with electrical to optical efficiencies exceeding 50%.
Modern NIR laser diodes are commercially available in very high average powers.
For example, Figure 1.11 shows a laser diode array that is commercially available
from Coherent [65] that emits 4.5 kW average power at 940 nm. This array is a stack
of 45 bars of 10 emitters each. The package is water-cooled through microchannels
allowing very efficient heat removal. Furthermore, this high power is delivered in
a very small package. This stack is only about 1 cm wide x 7.5 c¢m tall x 3 cm

deep. This is much smaller than any equivalent power optical source. Due to the
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Figure 1.11: Photograph of a 4.5 kW laser diode stack manufactured by Coherent.
This stack emits at a wavelength of 940 nm.

asymmetrical geometry of laser diode emitters, the laser diode radiation has a large
divergence angle in one direction known as the fast axis, and a moderate divergence on
the other axis, the slow axis. The emission from each bar is collimated by a microlens
to reduce the divergence of fast axis of the emitters to about 0.5 . The divergence
of the slow axis is about 10 . The diode laser output is highly directional which is
a major advantage when compared to flashlamps which emit in all directions. This
directionality allows longitudinal or end-pumping of solid state lasers, which is not
possible with flashlamps. This increases the efficiency and improves mode quality as
the pump light can be mode-matched to the seed laser beam. Laser diodes can also
be coupled to optical fibers simplifying design and improving pump beam quality.
Furthermore, laser diodes do not require high voltage and high current electrical
pulses or emit damaging UV light as do flashlamps.

However, there are a few drawbacks to laser diode pumping. Laser diodes are cur-
rently low peak power devices when compared with flashlamps or nanosecond lasers.
This limits efficient diode-pumped pulsed amplifiers to materials with long upper
laser level lifetimes. At very high repetition rates, when the time between pulses ap-

proaches the upper level lifetime, this limitation disappears. Another disadvantage of
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laser diodes is that they are relatively fragile, and at present are expensive. However,

there is a great amount of work being done to increase the power and reduce costs.

1.3.2 Current State of the Art Diode-Pumped CPA Lasers

The development of directly diode-pumped, short pulse lasers is a very active area
of current research. A number of groups are developing high energy, high repetition
rate diode-pumped CPA systems for a variety of applications including driving of
soft x-ray lasers [66, 67] and as pump sources for optical parametric chirped pulse
amplifiers (OPCPA) for the production of ultrashort laser pulses [68, 69]. The first
demonstration of a diode-pumped CPA system was made in 1997 [70]. In this demon-
stration, a diode-pumped Yb:YAG regenerative amplifier produced pulses of hundreds
of microjoule energy at 1 kHz repetition rate that could be compressed to about 2 ps
duration. This laser made use of a thin disk, active mirror configuration, in which
the laser crystal is very thin, typically 100 gm to 1 mm. In such gain media one face
of the crystal is anti-reflection coated while the other face is a high reflector. The
mirror surface is soldered to a heat sink. Since the amount of material for the heat to
dissipate through is minimal, this is a very efficient cooling geometry. Additionally,
the thermal gradient is longitudinal, which is the direction of laser propagation. This
further reduces thermal effects such as thermal lensing and depolarization. This and
other solids state laser geometries are discussed in more detail in Chapter 2. Follow-
ing this first demonstration of diode-pumped CPA there has been much effort put
toward increasing the pulse energy and average power.

Figure 1.12 summarizes the diode pumped, high energy CPA lasers demonstrated
to date. This figure shows the pulse energy and repetition rate of these systems along
with the average power and year corresponding to each demonstration. The great
interest in the development of these lasers is evident by the large number of publi-

cations in the past two years. The first few demonstrations of >1 mJ diode-pumped
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Figure 1.12: Summary of high energy, laser diode pumped CPA systems demonstrated
to date. Diode pumped, CPA lasers producing greater than 1 mJ energy at repeti-
tion rates greater than 5 Hz are included. Uncompressed pulse energy is plotted on
the vertical axis while repetition rate is plotted on the horizontal axis, both are in
logarithmic scale. The lines are contours representing average power, and the color of
the symbol represents the year of each demonstration. Our work is highlighted with
yellow boxes. 1: [71], 2: [72], 3: [73], 4: [74], 5: [66], 6: [67], 7: [75], 8 [76], 9: [77],
10: [68], 11: [78], 12: [79], 13: [80], and 14: this work.

CPA laser systems were made in room temperature Yb:Glass and cryogenically-cooled
Yb:YLF, Yb:YAG, and Yb:KYW amplifiers and were limited to less than 1W aver-
age power with mJ laser pulses [71, 72, 73, 74]. In 2009, several groups, including
this work, demonstrated higher energy and average power systems using Yb:YAG.
Tummler, et al. demonstrated a room temperature, thin disk system that could pro-
duce 165 mJ pulses at 100 Hz repetition rate [66]. These pulses had bandwidth that
could support 2 ps compressed pulse duration. Metzger, et al. demonstrated a room

temperature Yb:YAG thin disk laser that produced 25 mJ pulses at 3 kHz repetition

rate. The pulses were compressed to 1.6 ps FWHM duration [75]. This work was also
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interesting because they observed a region of deterministic chaos in the pulse energy
when the time between pulses was near the lifetime of the material. Also in 2009,
we demonstrated the first diode-pumped laser to produce more than 1 J of energy in
picosecond pulses [67]. This laser system was based on cryogenically-cooled Yb:YAG
amplifiers and produced 1.45 J pulses at 10 Hz repetition rate that were compressed
to 8.5 ps duration pulses with 1 J energy.

Chapter 2 describes the development of a diode-pumped CPA laser system that
produces 5 ps duration pulses with 1 J energy at 50 Hz repetition rate and discusses
its performance. Chapter 3 describes the demonstration of a soft x-ray laser driven by
a version of this all-diode-pumped laser. Chapter 4 is a summary and discussion while
Appendix A describe a computer model of amplified spontaneous emission, which is

a limiting effect in the design of high energy amplifiers.
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Chapter 2

Development of a Diode Pumped,
High Repetition Rate, High

Energy Picosecond Laser

2.1 Introduction

The first chapter gave a description of soft x-ray lasers and mentions the motiva-
tions for the development of more compact, higher repetition rate and average power
chirped pulse amplification (CPA) laser systems. The inefficiency of flashlamp-based
lasers limits these systems to low repetition rates. Directly-pumping with laser diodes
is much more efficient than flashlamp pumping and allows operation at significantly
higher average powers.

This chapter describes the design and performance of a high energy, all diode
pumped CPA laser system. This system produces 1.5 J pulses at 50 Hz repetition rate.
These pulses were compressed producing 1 J pulses of 5 ps duration. Furthermore,
this system is very compact, occupying only one 12’ x 5’ optical table excluding

the pulse compressor. The choice of laser materials is discussed in the next section
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followed by an overview of the layout of the system. This is followed by a description
of the oscillator and grating stretcher that produce low energy seed pulses. The design
of the amplifiers is described next, followed by a presentation of the results obtained

and a discussion of the performance of this system.

2.2 Yb Laser Materials

As briefly mentioned in the previous chapter, ytterbium?®*-doped materials have sev-
eral characteristics that make them an excellent solid state laser material for pumping
with laser diodes. Even though the Yb laser materials haven been known since the
1960s, they were largely overlooked until the development of high power InGaAs
laser diodes. Figure 2.1 shows the energy level digram of Yb-doped materials. The
Yb energy level configuration is very simple consisting of only two manifolds each
containing several energy levels. As can be seen from this figure, the laser transition
is around 1030 nm and can be pumped on several transitions from the ground state
at wavelengths between 930nm and 980 nm, where high power laser diode arrays
are commercially available. Furthermore, the absorption peaks are relatively broad,
when compared to other diode-pumped lasers such as Nd:YAG, which relaxes the
pump wavelength accuracy required. At room temperature the main absorption peak
of Yb:YAG at 941 nm has a bandwidth of about 18 nm [81], which is about 10 times
broader than the 808 nm absorption line of Nd:YAG [63]. This greatly simplifies the
temperature control required for pump laser diodes.

In addition, Yb materials have relatively long upper level lifetimes when compared
to other laser materials. This is important for high energy amplifiers, as it allows high
energy storage when pumping with low peak intensity laser diodes. For example the
lifetime of Yb:YAG and Yb:YLF, two common materials, are 1.0 ms and 2.2 ms

respectively [82]. This is much longer than the 230 us lifetime of Nd:YAG or 3.2 us
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Figure 2.1: Energy level diagram of Yb:YAG. The normal pump and laser transitions
are shown. Although Yb:YAG is shown, all Yb-doped laser materials have a similar
energy level configuration. From [63]

lifetime of Ti:Al,O3 [63]. This long fluorescence lifetime permits the use of long pump
pulses from peak power-limited laser diodes and therefore high energy amplifiers are
possible with reasonable-sized laser diode arrays.

Additionally, Yb-doped materials have several other features that make them
excellent for high power solid state laser amplifiers. Figure 2.1 shows that Yb lasers
are typically pumped at a wavelength near 940 nm and lase at a wavelength near
1030 nm. Since the energy of the laser transition is only about 9% smaller than
that of the pump transition, only this small fraction of the pump power is locally
converted to heat. This thermal defect is much smaller than that of other solid state
laser materials such as Ti:Al,O3, which has a thermal defect of 34% when pumped
at 532 nm. Additionally, the presence of only one excited state manifold eliminates
the problems of excited state absorption and up-conversion of other rare earth laser
systems [63]. Furthermore, in many laser crystals including YAG and YLF a trivalent

Yb ion replaces a trivalent Y ion. Since Yb3T and Y 3 ions are nearly the same size
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very high doping densities are possible, theoretically up to 100%, with up to 10%
being common. This is a much higher dopant concentration than is possible with Nd,
which helps Yb lasers overcome their relatively weak absorption cross section.
There are also a few disadvantages of Yb lasers. First, both the stimulated emis-
sion cross section and the absorption cross sections are relatively small, about an
order of magnitude smaller than Nd:YAG at room temperature. This low stimulated
emission cross section complicates the design of pulsed amplifiers as it increases the
laser fluence required for efficient energy extraction. The saturation fluence is defined

as:
hv

(ore

Jsat =

(2.1)

where hv is the laser photon energy, o, is the stimulated emission cross section,
and 7 is a parameter which is 1 for a four level laser system and 2 for a three
level system with no degeneracy [63]. In a pulsed amplifier, the laser fluence must
exceed the saturation fluence for high extraction efficiency. At room temperature the
peak stimulated emission cross section of Yb:YAG is about 2.1 10 %° cm? leading
to a saturation fluence of about 9.2 //em2. This fluence is higher than the damage
fluence of most currently available optical coatings for pulse durations typical of CPA
lasers. This leads to amplifiers that require many passes through the gain material
to achieve efficient energy extraction. Furthermore, while the lower laser level being
very close to the ground state lowers the thermal defect, it also has the drawback that
a significant fraction of atoms can thermally populate the lower laser level leading
to a quasi-three level behavior. This leads to increased pump requirements and to
lower efficiency when compared to four level systems such as Ti:Al,O3 or Nd lasers.
At room temperature, a calculation of the Boltzmann distribution reveals that the
thermal population of the lower laser level in Yb:YAG is 5.5%. Without pumping,
Yb:YAG absorbs light at 1030 nm, and, at steady state, it must be excited with

a pumping density of about 1.7 kW /cm?/%-doping to achieve transparency. The
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advantages of diode-pumping Yb lasers outweigh these drawbacks. Moreover, we will
see in the next section that these limitations are reduced when the gain medium is
cooled to cryogenic temperature. The following section focuses on Yb:YAG, which
is well suited to high average power operation and is the material we chose for our

diode-pumped CPA system.

2.2.1 Yb:YAG

Of all available crystal hosts, yttrium aluminum garnet, Y3Al;05 or YAG, is one of
the most widely used. YAG is cubic, isotropic crystal that is transparent from the near
UV to the infrared. It has a relatively high index of refraction of about 1.82 near A =
1 um. YAG is also one of the tougher laser materials available with a tensile strength
of 280 MPa. The Nd:YAG laser was one of the first lasers to be demonstrated [83]
and is now one of the most highly developed solid state laser material. Because of the
more than 40 years experience in manufacturing this material, crystalline YAG can be
grown in relatively large sizes with high quality, and is commercially available. YAG is
also available in very large sizes in ceramic form. Yb:YAG has a number of properties
that make it an ideal material for high power and high energy chirped-pulse-amplifiers,
these are summarized in Table 2.1. Additionally, a number of these parameters are
improved significantly when Yb:YAG is cooled to cryogenic temperature, as can be
seen from this table.

At room temperature, YAG has a thermal conductivity of x = 10.3 W/mk, which
is higher than most laser host materials including YLF or glass [84]. The thermal
conductivity improves nearly an order of magnitude, to about 90 W/mrk, when cooled
to the boiling temperature of liquid nitrogen (77 K). This is very advantageous for
high average power lasers, as all repetition rate-limiting thermal characteristics, such
as peak temperature, thermal lens power, and degree of thermal depolarization are

inversely proportional to the thermal conductivity of the materials. Additionally, the
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thermal-optic coefficient, which is the derivative of the refractive index with respect
to temperature decreases by about a factor of 8. These two terms are the physical
parameters that determine the primary thermal lensing behavior of a laser material.
For example, the temperature profile of uniformly pumped cylindrical rod of radius
ro and length L, thermal conductivity , thermal-optic coefficient dn/dt, and thermal

power density p can be shown to be parabolic and is:
T(r) = T(ro) + +-(rs* = 1?) (2.2)

This temperature profile leads a refractive index profile that is parabolic and is highest
in the center of the rod for most materials. From [63], the focal length of this profile

is:
2K
e — 2.3
/ pL(dn/dt) (2:3)
Another component of thermal lensing arises when the thermal gradient is sufficiently
strong to cause a strong enough stress within the material to significantly distort the
surfaces of the laser crystal [63]. This component is typically weaker than the refrac-

tive index gradient component discussed here. This effect scales with the thermal

expansion coefficient, «, which for Yb:YAG is also improved significantly upon cool-

Parameter 300K | 77K
Thermal conductivity (W/mK) 10 90
Thermo-optic coefficient, dn/dT (10-9/K) 7.8 0.9°
Expansion coefficient, o (10%/K) 6.14 1.95°
Peak stimulated emission cross section (10-20cm?) 2.1 11
Emission Bandwidth (FWHM nm) 9 1.5
Saturation fluence (J/cm?) 9.2 1.7

Table 2.1: Summary of spectroscopic and thermal properties of Yb:YAG at room
temperature and cryogenic temperature. From [84, 85].
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ing to cryogenic temperature. In typical solid state amplifiers, the thermal lens must
be longer than about 10 meters in order to properly compensate for the distortion
with lens combinations. With aggressive compensation or a phase conjugation setup,
more powerful thermal lenses can be tolerated. Of currently available solid state laser
host materials only sapphire has superior thermal characteristics than YAG. Yb:YAG
is one of the best materials available for high average power diode pumped lasers.
In addition to its excellent thermal properties, the spectroscopic characteristics of
Yb:YAG make it an ideal material for high energy, picosecond laser amplifiers. As
Yb:YAG is predominately thermally broadened, the spectral bandwidth and magni-
tude of the absorption and emission cross sections are very dependant on temperature.
The absorption cross section as a function of wavelength of Yb:YAG at ambient and
cryogenic temperatures is shown in Figure 2.2. As can be seen from this figure the
broad absorption peak near 940 nm is ideal for pumping with high power InGaAs laser
diodes. This transition remains fairly broad when cooled to liquid nitrogen tempera-
ture which relaxes the wavelength specification and temperature control requirements
of the pump laser. At liquid nitrogen boiling temperature the absorption cross section
peaks at 941nm at a value of about 1.6 10 2° cm?, which allows absorption of about
98% of the pump power in a length of 1 cm with 2% atomic doping density when
pumped with a narrow source [81]. When pumped with a 5 nm FWHM spectral
width laser diode, as is typical for high power laser diode arrays, pump absorption
still remains high, absorbing about 90% in a length of 1 cm with 2% doping [81].
Figure 2.3 shows the pertinent emission properties of Yb:YAG at both room and
cryogenic temperature. As can be seen from Figure 2.3 (a) the fluorescence bandwidth
narrows and increases significantly when Yb:YAG is cooled to cryogenic temperature.
The peak emission occurs near 1030 nm at both temperatures. The stimulated emis-
sion cross section increases from about 2.1 10 2% cm? at room temperature to about

1.1 10 ' cm? at cryogenic temperature. This reduces the saturation fluence from
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Figure 2.3: Yb:YAG emission characteristics. (a) Fluoresence spectra at room and
cryogenic temperature. (b) Peak emission cross section as a function of temperature
for different Yb doping densities. (c¢) Emission bandwidth as a function of temperature
for different Yb doping densities. (d) Wavelength of peak fluorescence intensity as a
function of temperature for different Yb doping densities. From [86].
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about 9 7/em? to less than 2 J/em2. This is very important, as previously mentioned,
because amplifiers must operate near the saturation fluence to achieve efficient energy
extraction in a reasonable number of passes through the gain material. Laser fluences
below 2 J/em? for stretched pulse durations typical of CPA systems usually do not
cause optical damage on currently available anti-reflection and high reflector coat-
ings. Additionally, operation at lower fluences and with a limited number of passes
through the gain material is desirable to reduce nonlinear effects that can disrupt
temporal compressibility and reduce beam quality. The degree of nonlinear effects is

normally evaluated with a parameter know as the B-integral that is given by:

) L
B=" [ nyI(2)d, (2.4)
A Jo

where ns is the Kerr nonlinear index of refraction of the material of length L in which
the beam is propagating, and I(z) is the peak laser intensity. As the product of I
and ny is the change in refractive index due to the Kerr effect it can be seen the the
B-integral is the total accumulated phase shift between the most intense and least
intense portions of the beam. For B-integral values of less than 1, nonlinear effects
are generally not noticeable. However for values greater than 3 there is a risk that
self-focusing can occur. At even higher values, filamentation can occur, in which
different sections of the beam locally focus causing hot spots which can cause optical
damage.

Accompanying this increase of the stimulated emission cross section is a narrow-
ing of the bandwidth as can be seen from Figure 2.3 (c). When cooled to 77 K, the
emission bandwidth narrows from around 9 nm to about 1.5 nm FWHM. This nar-
row bandwidth combined with the sharply peaked spectral shape limits the shortest
duration pulses that can be achieved. In fact, for CPA systems with only cryo-

genic Yb:YAG amplifiers, no pulse duration less than 8 ps FWHM has been reported
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(67, 74, 87]. In contrast, laser pulses from CPA systems with room temperature
Yb:YAG amplifiers typically can be compressed to 2 ps duration [66, 75] with sub-ps
pulse durations possible with aggressive spectral shaping [68]. Additionally, the peak
emission wavelength is dependant upon temperature and Yb density as can be seen
in Figure 2.3. For laser systems combining Yb:YAG amplifiers operating at different
temperatures or with very different doping, attention must be paid to matching the
center wavelength.

Furthermore, as mentioned above, at room temperature Yb:YAG is a quasi-3
level laser system, with about 5% of the Yb ions occupying the lower laser level. At
cryogenic temperature, the fraction of ions in the lower level is dramatically reduced
to a negligible 10 °, allowing the it to function as a four level laser system. This
reduces the pump power required and increases the achievable efficiency.

For these reasons, cryogenically-cooled Yb:YAG is an excellent laser material for
amplifiers producing high energy, picosecond laser pulses at high repetition rates in
an all diode pumped system. The design and performance of the 1.5 J, 50 Hz, diode-

pumped CPA system is described in the following sections.

2.3 Laser System Overview

Figure 2.4 shows a block diagram of the laser system. As can be seen from this figure,
the system makes use of a diode-pumped mode-locked oscillator that produces short,
low energy pulses that are stretched to several hundred picosecond duration by a
grating stretcher to produce the seed pulses for the amplifiers. This system combines
room temperature and cryogenic Yb:YAG amplifiers to exploit the relatively broad
bandwidth of the material at room temperature while taking advantage of the high
gain and excellent thermal properties of cryogenically-cooled Yb:YAG. The stretched

seed is amplified in three stages of amplification: a room temperature regenerative pre-
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Figure 2.4: Block diagram of the compact diode pumped CPA laser system.

amplifier followed by two stages of multipass cryogenic Yb:YAG amplifiers. Following
amplification, the pulses are compressed in vacuum by a dielectric grating compressor.
The entire system is very compact with the oscillator, stretcher and all amplifiers
occupying one 12’ x 5 optical table, with the compressor chamber on an adjacent

table. The following sections describe each stage.

2.4 Diode-Pumped Mode-locked Laser Oscillator

The CPA laser makes use of a laser diode-pumped mode-locked laser oscillator schemat-
ically illustrated in Figure 2.5. The laser crystal in this oscillator is ytterbium-
doped potassium yttrium tungstate (Yb:KYW). Yb:KYW is an attractive material
for diode-pumped mode-locked oscillators because of its strong absorption at 981nm,

its emission bandwidth is several times larger than Yb:YAG, its low quantum defect
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Figure 2.5: Schematic diagram of the diode pumped, modelocked Yb:KYW oscillator.
CM: -2000 fs> GDD chirped mirror, OC, 6% output coupler, SESAM: semiconductor
saturable absorber mirror, LD: 30 Watt, A = 980 nm, laser diode coupled into a 200
pm optical fiber.

of only 4%, and a relatively high stimulated emission cross section of about 3 10 2°
cm? [88, 89]. These advantages have led to the development of a number of high
power laser oscillators producing femtosecond pulses at high average powers [88, 89].
In our setup, a 5mm x bmm x 3mm thick antireflection (AR) coated 5%-at Yb:KYW
crystal is mounted on to a water-cooled copper heat sink. This crystal is pumped
by a 30 W, 981 nm, laser diode coupled into a 200 um optical fiber. As shown in
Figure 2.5, the light exiting the fiber is 1:1 imaged onto the Yb:KYW crystal by a
50.8 mm diameter, 101.6 mm radius concave mirror forming a uniform 200 um spot.
The pump mirror has a small hole drilled through it to allow the laser cavity beam to
pass through. The laser cavity was designed to produce a mode-matched focal spot
on the crystal with a large waist of several millimeters on the output coupler and
a tunable focal spot size on the opposite end mirror by adjusting the cavity length.
The oscillator is passively mode-locked by a saturable absorber semiconductor mirror
(SESAM) [90]. The SESAM has a saturable loss of 2%, which is sufficient to main-
tain stable continuous mode locking over output powers of 1-2W. The output coupler
consists of a home-made multilayer dielectric reflector coating with 6% transmission
deposited on a window substrate that has an AR coating on the opposite face. The

output coupler substrate is slightly wedged to eliminate small reflections from the AR
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face disrupting stable mode locking.

Dispersion compensation in the oscillator is accomplished by a single chirped mir-
ror made in house. This mirror was designed in a similar manner to that in [91]. The
mirror is composed of 70 alternating layers of TasO3 and SiO, deposited through ion
beam sputtering (IBS). It was designed to have a group delay dispersion (GDD) of
-2000 fs? over a range of about 20 nm centered near the lasing wavelngth of 1030
nm. The calculated GDD is shown in Figure 2.6. This value of GDD was experimen-
tally determined by inserting a prism pair into the cavity without the chirped mirror
and finding the prism separation and insertion distance that resulted in the broadest
bandwidth and most stable mode locking. The coating was measured to have a reflec-
tivity greater than 99.9% over this entire wavelength range. Dispersion compensation
through dispersive mirrors is advantageous because of its simpler alignment. It avoids

the spatially dispersed beam that is obtained with a SESAM mode locked oscillator
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Figure 2.6: Designed group delay dispersion of the chirped mirror used for dispersion
compensation in the mode-locked laser oscillator.
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with a prism pair.

When pumped with 23 W of pump power the oscillator achieves stable, single pulse
mode-locking with an average output power of 1.8 W. The repetition rate determined
by the cavity length is 56 MHz, which results in an energy per pulse of 32 nJ. Higher
pump powers were observed to result in multiple pulses and a CW beam component.
However higher output power could probably be achieved by increasing the pump
power in combination with an increased transmission output coupler. The spectrum
of the output beam is shown in Figure 2.7 (a). This spectrum was obtained using a
fiber-coupled spectrometer with 1 nm resolution. The center wavelength was about
1035 nm, with a bandwidth of 6.9 nm FWHM. The spectral intensity of the oscillator
at 1030nm is about 20% of the peak, which is adequate for seeding the Yb:YAG
amplifiers in the system. The duration of the pulses was measured with a home made
second harmonic autocorrelator, the result of this measurement is shown in Figure 2.7
(b). Assuming a sech? pulse shape, the pulses had a duration of 190 fs FWHM. This
pulse duration is nearly transform limited with a time-bandwidth product of 0.36.

2 and it is also

The oscillator is very compact, occupying an area of 1 x 0.25 m
quite stable, only requiring realignment after several months of operation. The beam
exiting the oscillator is stretched in a grating stretcher before seeding the chain of

amplifiers. The grating pulse stretcher is discussed in the next section.
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Figure 2.7: (a) Spectrum of beam exiting the modelocked oscillator. The pulses have
a bandwidth of 6.9 nm FWHM. (b). Second order autocorrelation of pulses exiting
the autocorrelator. The thin red line is a sech? fit of the data. The pulses have a
duration of 190 fs FWHM assuming a sech? pulse shape.
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2.5 Grating Pulse Stretcher

A diffraction grating pulse stretcher is used to temporally stretch the pulses from the
oscillator to a duration of several hundred picoseconds prior to amplification. Because
of the relatively narrow bandwidth of the amplified laser pulses as compared to con-
ventional flashlamp pumped CPA laser such as Ti:AL,O3 a very large stretch factor,
AT/ax is required. In order to accomplish this in a compact footprint a reflective,
folded grating stretcher with an Offner-type telescope is used as shown in Figure 2.8.
Additionally, the entire stretcher is double-passed with respect to the standard con-
figuration, doubling the total stretch obtained. By applying the grating equation
and geometry considerations, the variation of the group delay with wavelength for a
parallel grating pair is [61]:

L(M\/d)AX

AT=TT0 (d sy

(2.5)

where L is the perpendicular distance between the gratings, A is the center wavelength,
d is the groove spacing of the grating, c is the speed of light, and v is the angle of
incidence on the first grating. As mentioned in the previous chapter, the inclusion

of a telescope between the gratings can result in an effectively negative optical path

andy
450ps\,%

Oscillator

Figure 2.8: Schematic diagram of the grating pulse stretcher. An Offner configuration
is used and the entire stretcher is double-passed by way of a Faraday rotator (FR),
waveplate, and thin film polarizer(TFP). The beam is diffracted by the 1714 lines/mm
holographic diffraction grating eight times.
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separation resulting in positive dispersion [62]. In this folded stretcher one grating
constitutes the grating pair, and the 1m radius concave mirror and -0.5 m convex
mirror form an Offner triplet telescope [92] with an effective optical distance of -2.4
m for one pass through the stretcher. This large path difference is made possible by
the Offner telescope, which allows for a longer negative effective distance while at the
same time cancelling out spherical aberration [92]. When double-passed the stretcher
has effective distance is -4.8 m. With a groove spacing of 1714 lines/mm, angle of
incidence, v = 52.5 | center wavelength, A = 1030 nm, and A\ = 0.5 nm, which is the
bandwidth remaining after gain narrowing in the first amplifier, the stretched pulse
duration is 440 ps. This value was confirmed by the deconvoluting a fast photodiode
measurement, of the output pulse from the impulse response of the photodiode. In
this configuration, the stretcher passes about 1.5 nm bandwidth, which is sufficient

for seeding the chain of amplifiers.

2.6 Active Mirror Amplifiers

As mentioned above, a chain of three amplifiers is used to produce pulses with energy
up to a 1.5 J at high repetition rates. All of the amplifiers in this system use the “active
mirror” geometry which allows for efficient heat removal at high average powers [93].
In this configuration, a usually thin laser crystal has a high reflector (HR) on one face
and an anitireflection (AR) coating on the opposite face for both the pump and laser
wavelengths. The HR face is in thermal contact with a heat sink or cooling fluid,
as shown in Figure 2.9 (a). Because the heat is dissipated through a short distance,
compared to conventional cylindrical laser rods, the overall increase in temperature
is minimized. Furthermore, as can be seen in the figure, the thermal gradient is
longitudinal in the laser propagation direction. This thermal gradient profile nearly

eliminates thermal lensing, which is in contrast to cylindrical cooling which results in
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radial parabolic temperature gradient [63]. This is illustrated by Figure 2.9 (b) which
shows a finite element simulation of the temperature profile for an edge cooled laser
rod and a face-cooled active mirror laser disk. Both are assumed to be equivalently-
pumped with 4kW, 1.5ms, pump pulses at A = 940nm at 100 Hz repetition rate, and
only the fraction of pump power given by the thermal defect (1-940/1030) is assumed
to contribute to heating. Both are Yb:YAG crystals at cryogenic temperature. This

simulation solves Fourier’s law of heat conduction, which is

g=—k T (2.6)

where ¢ is the local heat flux, k is the thermal conductivity which in the most general

case is dependant on temperature, and T is the temperature gradient. For each
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Figure 2.9: (a) Schematic of the active mirror laser geometry. (b) Comparison of edge
cooling and active mirror face cooling techniques. Each map is the simulated thermal
profile of a Yb:YAG crystal at liquid nitrogen temperature when pumped with a 4 kW
peak power, 1.5 ms duration A = 940 nm pulses at 100 Hz repetition rate. The active
mirror crystal has a maximum temperature difference of 6 C, while the edge-cooled
rod has a temperature difference of about 25 C. The thermal gradient is radial in
the case of the edge-cooled rod, while it is mostly longitudinal for the active mirror
geometry.
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geometry the appropriate cooling surface is held at a constant temperature and the
thermal power is uniformly distributed within a 16mm diameter cylinder in the center
of the crystal. As can be seen from this figure the face-cooled active mirror is a
much more thermally efficient geometry with a maximum temperature difference of
only about 6 C, where the edge-cooled rod has a temperature difference of 25 C.
Additionally, the temperature gradient of the active mirror is mostly longitudinal
which does not contribute to thermal lensing.

Active mirror lasers have become nearly synonymous with “thin disk” lasers in
which the the laser crystal is typically 100-200 pgm thick. In this geometry, the heat
removal distance is very short allowing for very high power operation. Additionally,
because the heat removal is proportional to the beam size, this technique is scalable
to very high average power simply by increasing the beam size on the disk. This
method has been used very successfully to make CW lasers with up to 5.3kW average
power from a single laser disk, up to 8 kW with multiple disks in one laser cavity
[94] and mode-locked oscillators with up to 140 W average power [95]. While the
thin disk approach is excellent for CW and low energy, high repetition rate pulsed
laser amplifiers, there are severe limitations in scaling this technique to high energy
amplifiers. Because of the low aspect ratio of the gain region for the beam sizes
required for high energy operation, the transverse gain becomes much higher than
the longitudinal gain. This can lead to large amplified spontaneous emission (ASE)
which depletes the stored energy. If care is not take to eliminate reflections on the
edges of the laser crystal, the feedback can further exacerbate the situation leading to
parasitic laser oscillations. Figure 2.10 shows the simulated stored energy of a Joule-
level, cryogenic Yb:YAG amplifier as a function of crystal thickness in the presence
of ASE. The details of this model are discussed in Appendix A. As can be seen from
this figure, the thin disk geometry limits the stored energy for large area, high energy

amplifiers.
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We have chosen an approach that provides a compromise between the highly
efficient heat removal of the thin disk, active mirror laser geometry while still allowing
for high energy storage in the amplifiers. Figure 2.10 shows that at a thickness of
several mm efficient energy storage is still possible. Because of the high thermal
conductivity of Yb:YAG at cryogenic temperature combined with the face-cooling of
the active mirror geometry, high average power operation is possible, as can be seen
from Figure 2.9. This “thick disk” approach with cryogenic Yb:YAG combines the
thermal advantages of the active mirror with the high energy storage possible with

thicker gain media.
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Figure 2.10: Simulated stored energy as a function of crystal thickness for a
cryogenically-cooled Yb:YAG crystal in the presence of ASE. The model assumes
90% absorption of 2ms, 3kW, 940nm pump pulses in a 16mm diameter spot size.
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2.7 Regenerative Preamplifer

The first stage of amplification is the room temperature Yb:YAG regenerative ampli-
fier shown schematically in Figure 2.11. With a gain of 10° - 107 this is the highest
gain amplifier in the system, capable of amplifying the stretched pulses from the
stretcher to the mJ level. The optical cavity of the amplifier is designed to have a
mode size of about 700 um FWHM at the location of the laser crystal. The mode size
increases to 2 mm on the opposite end of the cavity to reduce the laser intensity
on the Pockels cell, quarter waveplate and thin film polarizer that are used to couple
the seed pulses from the stretcher into the amplifier and to eject amplified pulses out
of the amplifier. The laser crystal is a 1mm thick x 10mm diameter 10%-at Yb:YAG
used in the active mirror configuration. The crystal is cut with a slight wedge between
the faces of 1 to eliminate unwanted reflections in the cavity. The high reflecting
face of the crystal is soldered to a water-cooled copper heatsink and the temperature
is held at 20 C. The cavity is designed to make two double passes through the active
region of the crystal per cavity single pass resulting in an increased gain to loss ratio.

This also reduces the effects of spatial hole burning which are unavoidable in thin
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Figure 2.11: Schematic diagram of the first stage regenerative amplifier. FR: Faraday
rotator, A\/2: half waveplate, A/4: quarter waveplate, TFP: thin film polarizer, PC:
Pockels Cell, LD: fiber-coupled laser diode.
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disk, active mirror setups [96]. The Yb:YAG crystal is pumped by a 90 W average
power A = 940nm laser diode array coupled into a 600 um optical fiber. The laser
diode is pulsed to produce square shaped temporal pulses of variable duration and
repetition rate. Pump light emerging from the fiber is imaged through a dichroic
mirror onto the crystal by a pair f = 100mm achromatic lenses, producing a rela-
tively uniform 600 um spot. The pump optics couple the light into the crystal with
an efficiency of 65%. A slight adjustment of the wavelength is necessary to match
the peak gain of the cryogenically-cooled second stage amplifier. For this reason a
home-made thin film etalon is inserted into the cavity that can be used to tune the
center wavelength over a few nanometers with a tolerable loss of energy. A Faraday
rotator and thin film polarizer are used to inject seed pulses from the stretcher and

extract the amplified pulses which are collinear. The amplifier is compact, occupying
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Figure 2.12: Output pulse energy of the regenerative amplifier as a function of peak
pump power at 100 Hz repetition rate. The three data sets are for pump pulsewidths
of 1ms, 1.5ms, and 2ms respectively. The number of cavity roundtrips before the
pulse was ejected was optimized for each data point.
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1 x 0.3 meter? of table space.

This amplifier produces pulses of up to 4 mJ energy at 100 Hz repetition rate,
and energies up to 1.5 mJ at 300 Hz repetition rate. Figure 2.12 shows the pulse
energy obtained at 100 Hz repetition rate as a function of peak pump power incident
on the crystal. Results for pump pulse widths of 1 ms, 1.5 ms, and 2 ms are shown.
The output pulse energy was limited to less than 4 mJ to avoid damage observed
on the AR coated face of the crystal above this value. For each pump power, the
Pockels cell timing was adjusted to optimize the number of cavity roundtrips allowed
before the laser pulse was ejected from the amplifier. At the highest energies, the seed
pulse makes 16 roundtrips through the amplifier. As expected, shorter pump pulse
durations result in more efficient amplification, with 1 ms pulses having an optical

to optical efficiency about 50% higher than that obtained with 2 ms duration pump
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Figure 2.13: Pulse energy obtained from the room temperature regenerative amplifier
as a function repetition rate for 1 ms duration 110 Watt pump pulses. The number
of cavity roundtrips before the pulse was ejected from the cavity was optimized for
each data point.
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pulses. The energy output was very stable with a shot to shot standard deviation
of 27 uJ (0.7%) when operated at the highest energy. The output pulse energy
dependence on repetition rate is shown in Figure 2.13. With 1ms duration 110 W
pump pulses, an energy of about 4mJ is obtained at repetition rates up to about
100Hz. However, under these pump conditions, the pulse energy deteriorates almost
linearly with repetition rate after 100 Hz, resulting in an energy of 1.7 mJ at 300
Hz. This decay with increasing repetition rate is likely due to an imperfect thermal
contact between the crystal and heat sink.

Figure 2.14(a) shows the spectrum of amplified pulses exiting the 100 Hz room
temperature regenerative amplifier with the etalon tuned to match the measure peak
gain wavelength of the cryogenic second stage amplifier described in the following sec-
tion. Under these conditions, the pulses have spectral bandwidth of 0.55 nm FWHM
and a measured temporal duration of about 440 ps FWHM prior to compression. The
pulses were compressed by a pair of dielectric gratings to a duration of 3.6 ps FWHM

assuming a sech? pulse shape, as illustrated by the second harmonic generation (SHG)
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Figure 2.14: (a) Spectrum of 3.6 mJ pulses exiting the room temperature regenerative
amplifier at 100 Hz repetition rate with the etalon tuned to match the cryogenic peak
gain wavelength. These pulses have a bandwidth of 0.55 nm FWHM and were com-
pressed to 3.5 ps FWHM duration (sech? fit). (b) Second harmonic autocorrelation
of these pulses after compression. The solid curve is a sech? fit of the data.
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autocorrelation shown in Figure 2.14(b). This grating pulse compressor is described

in more detail later in this chapter.

2.8 Cryogenic Multipass Amplifier

Figure 2.15 shows a schematic of a 4-pass power amplifier based on liquid nitrogen
cooled Yb:YAG. A 4.5mm thick 2%-at Yb:YAG crystal used in the active mirror
configuration is soldered to a liquid nitrogen-filled copper heat sink. All edges of
the square profile crystal were optically bonded to a Cr**:YAG cladding to prevent
parasitic lasing. Cr:YAG is index matched to Yb:YAG and has high absorption
at the laser wavelength preventing any significant feedback of spontaneous emission.
Furthermore, this “thick disk “ geometry combined with the high thermal conductivity
at cryogenic temperature allows for excellent thermal behavior while limiting the

transverse gain. The crystal assembly is mounted in vacuum onto the bottom of a
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Figure 2.15: Schematic of the second stage cryogenic multipass amplifier.
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home-made liquid nitrogen Dewar with capacity of about 3 liters which is sufficient for
uninterrupted operation for several hours. The crystal is pumped through a dielectric
multilayer coated window by a 500 W fiber-coupled laser diode. The pump light
exiting the 600 pum fiber is imaged into a 4mm spot on the crystal by a single 25.4mm
diameter, 35mm focal length achromatic lens. Millijoule laser pulses from the room
temperature regenerative amplifier described above pass through a pair of crossed
calcite polarizers with a Pockels cell between to isolate the two amplification stages
and remove small pre-pulses that leak out of the regenerative amplifier. Following
this isolation the laser pulses make 4 passes through the laser crystal.

Figure 2.16(a) shows that the small signal single pass gain at 100 Hz repetition rate
reaches a value of 4.5 peak pump power of 400 W. Figure 2.16(b) shows the output
pulse energy obtained at this repetition rate as a function of peak pump power for
pump pulse durations of 0.7 ms, 1.0 ms, and 1.5 ms. In this measurement the seed

pulses from the first amplification stage had an energy of 2.4 mJ after the isolation
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Figure 2.16: (a) Single-pass small signal gain of the cryogenically-cooled multipass
amplifier as a function of peak pump power at 100 Hz repetition rate. The pump pulse
duration was 1.5 ms. (b) Energy obtained from the cryogenically-cooled multipass
amplifier as a function of peak pump power at 100 Hz repetition rate for pump pulse
durations of 1.5 ms, 1.0 ms, and 0.7 ms. The amplifier was seeded with 2.4 mJ pulses
from the room temperature regenerative amplifier discussed above. The peak energy
achieved was 140 mJ at 100 Hz repetition rate.
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Figure 2.17: Energy obtained from the cryogenically-cooled multipass amplifier as
a function of peak pump power for four different repetition rates. The pump pulse
duration was 1.5 ms and the amplifier was seeded with 2.4 mJ pulses from the room
temperature regenerative amplifier discussed above. The power scaling of the ampli-
fier as a function of repetition rate is excellent showing very little change in energy
up to 100 Hz.

polarizers. An output pulse energy of 140 mJ was obtained at 100 Hz repetition rate
at a pump power of 470 W. The amplifier is very stable with a shot to shot standard
deviation of 0.3% at 100 Hz, which is slightly better than the shot to shot deviation of
the regenerative amplifier seeding the amplifier, this is possible because of saturation
in the second amplifier. At the maximum output pulse energy the amplifier has an
optical to optical efficiency of 20% which exceeds that reported for room temperature
Yb:YAG amplifiers producing similar energies [66, 68]. Furthermore, higher efficiency
could be achieved by increasing the fraction of absorbed pump power through double-
passing the pump beam or increasing the Yb doping percentage. The well behaved
thermal response of this amplifier can be seen in Figure 2.17, which shows the energy

obtained as a function of peak pump power for repetition rates ranging from 10Hz-
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100Hz. At repetition rates up to 80 Hz an energy of about 152 mJ is obtained, with no
thermal effects noticeable. At 100Hz repetition rate, there is a slight reduction of the
amplified energy to 140 mJ, which is due to a lower gain caused by localized heating.
The amplified pulses have good beam quality, as can be seen from Figure 2.18, which
shows near-field and far-field images of the beam after this amplifier along with a
measurement of the M2 factor. The measurement for both axes is M? < 1.1. However
the beam is a slightly oval resulting from the asymmetrical gain profile of both the
first and second stage amplifiers.

The spectrum of the amplified pulses exiting the multipass amplifier is shown in
Figure 2.19(a). During amplification the spectrum narrows to 0.35 nm FWHM due to
the narrow bandwidth of Yb:YAG at cryogenic temperature. The full energy pulses
(140 mJ) were compressed with 72% efficiency to 4.8ps FWHM duration (sech?) pulses
of 100 mJ energy. A SHG autocorrelation trace of the compressed amplified pulses
along with a sech? fit is shown in Figure 2.19(b).

This stage of amplification produces 140 mJ laser pulses at 100 Hz repetition rate
with good beam quality to seed the Joule-level, 3"¢ stage amplifier discussed in the

next section.
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Figure 2.18: M? measurement of pulses exiting the cryogenic amplifier at 100 Hz
repetition rate along with (a) far-field and (b) near-field images. This profile was
measured by focusing the beam exiting the amplifier with a 600 mm focal length lens
and measuring the 40 beam width.
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Figure 2.19: (a) Spectrum of laser pulses exiting the cryogenic multipass amplifier at
100 Hz repetition rate. These pulses have a bandwidth of 0.35nm FWHM. (b) Second
harmonic generation autocorrelation of the pulses with the solid trace showing a sech?
fit of the data. These pulses have a 4.9ps FWHM duration assuming sech? pulse shape.
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2.9 High Repetition Rate Joule-Level Amplifier

The final stage of amplification is the 5-pass cryogenic Yb:YAG amplifier shown in
Figure 2.20. This amplifier amplifies the 100mJ-level pulses from the cryogenic 4-pass
amplifier described in the previous section to >1 J energy at 50 Hz repetition rate. In
this amplifier, two 30 mm x 30 mm x 5.5 mm thick 2%-at Yb:YAG crystals are used in
the active mirror configuration and are mounted in vacuum to a cryogenically-cooled
head. FEach crystal is pumped with up to 4.5 kW peak power pulses from 45 bar
laser diode stacks emitting at 940 nm, with a total average pump power at 50 Hz
repetition rate of over 700 W. The cryogenic cooling system developed to cool the
Yb:YAG crystals is discussed first, followed by a description of the pump laser and
beam reshaping optics. The resulting energy, beam quality, and pulse compression

are then presented.

Figure 2.20: Photograph of the main amplifier. The crystal chamber is in the center,
with the mirrors that comprise the multipass optics are also shown. One of the large
mirrors for imaging the pump beam is visible on the right.
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2.9.1 Cooling system

In conventional high power, thin disk lasers the laser crystal is soldered with low
temperature indium or tin-indium solder to a copper heat sink which is then water-
cooled. However, copper and YAG (and other Yb host materials) have very different
coefficients of thermal expansion. When the soldered assembly is cooled to cryogenic
temperature a large deformation occurs in a manner similar to a bi-metal as shown
in Figure 2.21. The simulated deformation has a magnitude of about 70\, which is
unacceptable for an optic in a high power laser system. In addition to this simulation,
we have experimentally observed the deterioration of beam quality that is obtained
with this cooling method.

Another cryogenic cooling approach is to cool the laser crystal through direct
contact with liquid nitrogen. This technique has been implemented successfully in
several CW and ns-pulsed laser systems [98, 99], however there is a limitation in the

heat flux that can be dissipated at low temperatures. At the lowest heat flux, heat is

l73 um

Figure 2.21: Finite element simulation of the deformation of a 30mm x 30 mm x
5.5 mm thick YAG crystal soldered to a copper heat sink upon cooling from room
temperature to 77 K. The simulation included the temperature dependant expansion
coefficients and elastic moduli of YAG and copper and assumed that the two materials
are rigidly attached. A deformation of about 70 wavelengths resulted across the entire
surface.
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Figure 2.22: (a) Photograph of nucleate boiling occurring in liquid nitrogen from an
electrically heated wire. (b) Film boiling. (c) Log-log plot of the different regimes of
boiling heat transfer in liquid nitrogen. The heat flux is plotted as a function of the
temperature difference between the surface and the liquid. From [97].

carried away from the crystal through free convection in the liquid nitrogen. As the
flux is increased, nucleate boiling occurs on the surface of the crystal in which small
bubbles form. This is the regime where most liquid nitrogen cooled lasers operate.
In the nucleate boiling regime modest heat power fluxes can be achieved, and the
temperature difference between the liquid nitrogen and the boiling surface is less
than 10 C. If the heat power increases above a certain flux, known as the critical
heat flux, the system departs from nucleate boiling into the film boiling regime. In
this regime, the large amount of vapor locally formed shields the surface from contact
with the liquid resulting in large drop in heat transfer efficiency. This is illustrated in
Figure 2.22 which shows photographs of nucleate and film boiling in liquid nitrogen
along with a plot of the heat power flux as a function of temperature difference
between the surface and the liquid. As can be seen from this figure the critical heat
flux for liquid nitrogen was measured to be about 20 W/cm? [97], although this
depends on the surface material, roughness, and orientation. For practical purposes,

this is the maximum thermal flux that can be cooled through direct contact with
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boiling liquid nitrogen.

We experimentally determined that under our maximum pump conditions, 4.5 kW
peak power in a 1.5 ms duration pulse in a 16mm diameter spot on each crystal, that
the critical heat flux limited us to about 20 Hz repetition rate using the direct liquid
nitrogen cooling method. At repetition rates above 20 Hz, the crystals rapidly heated
to very high temperatures. This motivated us to develop a novel cryogenic cooling
technique for solid state lasers, direct forced convective cooling with a sub-cooled
cryogenic liquid.

Figure 2.23 shows a block diagram of the cooling system. In this system, liquid
oxygen is cooled to liquid nitrogen temperature in a vacuum-jacketed reservoir. Liquid
oxygen was chosen because it has a boiling point of 90 K and a freezing point of 54
K at atmospheric pressure, and is therefore liquid and 13 C below its boiling point
at the liquid nitrogen boiling temperature of 77 K. The liquid oxygen is first pumped
through a heat exchanger at liquid nitrogen temperature consisting of a length of thin-
walled copper tubing surrounded by liquid nitrogen. The sub-cooled liquid oxygen is
then transported to the laser head by vacuum-jacketed stainless steel hoses. Inside

the laser head, the liquid oxygen flows in a narrow channel across the HR face of each

Figure 2.23: Block diagram of the cryogenic cooling system for the Joule-level am-
plifier. Liquid oxygen is pumped through a liquid nitrogen-cooled heat exchanger
cooling it to about 77 K. The sub-cooled liquid oxygen is then pumped through vac-
uum jacketed lines to the amplifier head where it directly cools the laser crystals. The
liquid oxygen then returns to the reservoir which is also cooled by liquid nitrogen.
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Yb:YAG crystal. The flow on the back of the crystal is turbulent, Reynolds number =
2.1 10%, allowing the liquid oxygen to be heated uniformly. The liquid oxygen then
returns to the reservoir, remaining liquid throughout the whole process, removing the
limitation of the critical heat flux that accompanies boiling heat transfer. The flow
is sufficient to cool the amplifier when operated at 100 Hz repetition rate with a 2
C temperature rise in the fluid assuming all of the pump power is converted to heat.
This assumption is of course the worse case, only a fraction of the pump power is
locally converted to heat.

The computed temperature distribution of the Yb:YAG crystals under 100 Hz
repetition rate operation is shown in Figure 2.24. This finite element simulation as-
sumed that the Yb:YAG crystal was pumped with 4 kW, 1.5 ms A = 940 nm pulses
at 100 Hz repetition rate in a 16 mm diameter spot and only the thermal defect
fraction contributed to heating. Under these conditions, the maximum temperature
increase is about 6 C, and the gradient is primarily longitudinal in the gain region.
The amplifier head, shown in Figure 2.24(a), is made of invar, which is a low thermal
expansion nickel-iron alloy. The difference in thermal contraction between invar and
YAG is minimal, compared to other common metals. This results in minimal defor-
mation of the laser crystal due to thermal contraction as shown in the simulation

results of Figure 2.24(c).
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Figure 2.24: (a) Photograph of the two Yb:YAG crystals mounted on the invar ampli-
fier head. (b) Computed temperature distribution in the Yb:YAG crystals at 100 Hz
repetition rate operation. The profiles on the AR face and in cross-section are shown.
The bold lines indicate the gain region. (c) Finite element simulation of the minimal
deformation of the symmetrically stressed Yb:YAG-invar assembly when cooled to
liquid nitrogen temperature.
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2.9.2 High Power Laser Diode Pump System

Each crystal in the amplifier is pumped by a 4.5 kW average power laser diode array
emitting at A = 940nm with a spectral width of 5 nm FWHM. Each array is a vertical
stack of 45 laser diode bars with a width of 10 mm and height of 1.5 mm. Each bar has
a microlens to collimate the fast axis of the individual emitters resulting in a vertical
divergence of 14+ FWHM. The arrays have a slow axis (horizontal) divergence of
about 10 FWHM. The resulting beam profile is composed of a series of vertical
lines that is about 75 mm tall x 10 mm wide that is quickly diverging horizontally.
In order to reshape this beam into a round, uniform spot suitable for pumping the
amplifier we developed the system shown in Figure 2.25 that combines both imaging
and nonimaging optics.

In order to reshape the beam into a round homogeneous spot the pump light is
focused into a 4 mm diameter silica rod. The beam is reshaped and homogenized by

many total internal reflections (TIR) from the outside edge of the rod. To couple the

\"f-:;

——
’ /] \
R=12”,_F/1 1:2 \ /
Spherical [

: Aspheric
Mirror

Telescope

4 mm
Glass Rod

Nonimaging Hin

Concentrator n
c i
onvex ” |
Lens (i

~> ol

Laser Diode —p [mml

Stack

Figure 2.25: (a) Schematic diagram of the optical pump system for the Joule-level
amplifier. (b) Photograph showing a laser diode stack, focusing lens, nonimaging
concentrator, beam reshaping and homogenizing rod, and aspheric telescope.
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pump light into the rod, a 12 cm focal length plano convex lens is used to focus the
collimated vertical axis into a small width. A nonimaging concentrator consisting of
two 75 mm x 100 mm dielectric multilayer mirrors guides the pump radiation in the
horizontal axis into a 3-4 mm wide spot allowing for efficient coupling into the rod
[100]. In order to couple the beam exiting the rod into the laser crystal, the plane of
the end the rod is imaged onto the crystal plane by a two aspheric lenses and a large
aperture f/1 spherical mirror. The two aspheric lenses form a 1:2 telescope reducing
the excessive divergence of the light exiting the rod and producing an 8 mm image
on the 45 flat mirror. The pump beam is then relay imaged by the concave mirror
with a magnification of about 2x onto the crystal. This system was designed using
raytrace simulations. A measured image of the pump profile in the laser crystal plane
is shown in Figure 2.26. The pump profile is close to flat with soft edges and is free
of damage-causing hot features. The profile has a diameter of about 16 mm FWHM
with nearly all of the energy contained within a 17 mm diameter. This system was

measured to have an overall efficiency of 88% at the maximum power.
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Figure 2.26: (a) Measured image of the pump beam. The pump profile is flattop with
soft edges and is free of any hot spots. (b) Horizontal lineout of the pump profile.
The width of the profile is 16 mm FWHM.
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2.9.3 Performance

Figure 2.27 shows the beam path of the laser through the amplifier. 100 mJ pulses
from the second stage cryogenic amplifier are first spatially filtered by an 8 mm
diameter serrated aperture that removes the low intensity tails of the beam profile
without causing excessive diffraction effects. This results in a more flat-top beam
profile. The beam is then made to diverge slightly as it passes through the amplifier.
The beam makes two passes through the crystal on the left and three passes through
the right crystal. A pass is defined here as passing through the crystal, reflecting off
the HR coating on the back face, and passing back through the crystal. In order to
accomplish these passes in a small footprint the beam is not confined to a single plane
as can be seen from the figure.

Figure 2.28 shows the output energy as a function of peak pump power at 50
Hz repetition rate of the 5-pass amplifier when seeded with 100 mJ pulses from the
second stage amplifier. The pump pulses had a square profile of 1.7 ms duration. At
the maximum peak pump power of nearly 8kW, a pulse energy of 2 J was obtained at

50 Hz, however at this energy optical damage occurs sporadically on the AR surfaces

N
Yb:YAG
Active Mirrors -

Figure 2.27: 3-D perspective illustration of the multipass Joule-level amplifier. The
pump beams and optics, crystal chamber and optics mounts are omitted for clarity.
100 mJ pulses from the 2nd stage make a total of 5 passes through the two Yb:YAG
crystals (two for the left crystal, three on the right crystal). The mirrors are numbered
in the order that the beam is incident on them.
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Figure 2.28: Output pulse energy of the 5-pass, Joule-level amplifier as a function
of peak pump power at 50 Hz repetition rate. Optical damage occurs at the highest
energies, for reliable operation the amplifier output energy is maintained at 1.5 J.

of the laser crystals and on the vacuum-side of the AR-coated window on the crystal
chamber. For reliable, non-damaging operation the output energy of this amplifier is
limited to 1.5 J. The optical to optical efficiency of the amplifier when producing 1.5
J pulses at 50 Hz repetition rate is 15%, which is comparable to other diode pumped
amplifiers producing greater than 100 mJ pulses [66, 68].

The amplified pulses have good beam quality as can be seen from the measurement
shown in Figure 2.29. For this measurement the 1.5 J pulses at 50 Hz repetition
exiting the amplifier were focused with a 500 mm focal length lens and the beam
was measured with a CCD. The 40 width was determined in each direction for each
image and a least-squares fit to the Gaussian propagation equation was made to
determine the M? parameters. The M? parameter for the x and y axes are 1.16 and

1.24 respectively. There is some residual astigmatism, but is not significant enough

66



2000f

1500F

1000}

Beam Radius (um)

500F

0 50 100 150 200 250 300 350
Distance (mm)

Figure 2.29: M? measurement of the 3rd stage amplified pulses at 50 Hz repetition
rate with (a) near field and (b) far field beam images. The beam was focused with

a 500 mm focal length lens for the measurement. The M? of both axes are less than
1.25.

to cause concern for our purposes. The far field profile shows that most of the energy
is concentrated in a relatively flat-top area in the center and is free of any hot spots
or significant modulation. The peak fluence at 1.5 J energy is about 1.2 #, and no
nonlinear effects such as self-focusing were observed. Furthermore, no thermal lensing
was observed.

The pulses exiting this amplifier are compressed to picosecond duration by a pulse
compressor composed of high efficiency, high damage threshold dielectric gratings.

This compressor is discussed in the next section.

2.10 Grating Pulse Compressor

Figure 2.30 (a) shows a schematic diagram of the pulse compressor. The compressor

consists of two high efficiency, high damage threshold multilayer dielectric gratings
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with 1740 lines/mm optimized for a wavelength 1.03 gym. The amplified beam exiting
the final amplifier is expanded to a width of 40mm (3w) to reduce the fluence and
minimize the risk of optical damage to the gratings. The angle of incidence on the
first grating is about 55.5 and the distance between the gratings is about 2510 mm in
order to achieve the shortest pulse duration. The compressor is folded twice to attain
this large distance in a minimal footprint. The compressor supports a bandwidth of
1 nm, as can be seen from the raytrace simulation of the Figure 2.30(b), and it is
contained in a vacuum chamber to prevent distortions of the high intensity beam.
Under the parameters above, the grating diffraction efficiency is about 95%, and the
overall efficiency of the compressor was measured to be 75%. This allows the 1.5 J

pulses generated at 50 Hz repetition rate to be compressed producing 1 J energy

Retrorector
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Figure 2.30: (a) 3-D schematic of the grating pulse compressor. The first pass
throught the compressor is shown in red, while the second pass is traced in blue.
(b) Raytrace simulation of the compressor. The difference in wavelength between the
red and blue traces is 1 nm.

68



1.2

o
o0

SHG Intensity (normalized)
o
()]

0.4F
0.2
O » 'l B
-20 -15 -10 -5 0 5 10 15 20
Delay (ps)

Figure 2.31: Second harmonic generation autocorrelation of compressed 1 J pulses at
50 Hz repetition rate. The trace is a least squares sech? fit of the data. Assuming
this pulse shape, the pulses have a duration of 5.1 ps FWHM.

pulses with 5 ps FWHM duration. Figure 2.31 shows the SHG autocorrelation of 1
J laser pulses exiting the compressor. Assuming a sech? pulse shape the compressed
pulses have a duration of 5.1ps FWHM, which is nearly the same as the 4.9 ps FWHM
pulses acheived with the 100 mJ pulses exiting the 2nd amplification stage. This

shows that there is negligible further narrowing of the bandwidth upon amplification

to Joule-level.

2.11 Summary

We have developed a compact, all diode pumped, chirped pulse amplification laser
system based on Yb:YAG that produces 1.5 J pulses at 50 Hz repetition rate. The
system output was compressed resulting in 5 ps duration 1 J laser pulses. To the

best of our knowledge, this is the highest repetition rate CPA laser to produce Joule
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pulses demonstrated to date. This high average power was made possible by a novel
cryogenic cooling technique, direct cooling with a sub-cooled cryogenic liquid. The
short pulse duration and high average power was achieved by combining a broader
bandwidth room temperature Yb:YAG preamplifier with the excellent thermal char-
acteristics and high gain of cryogenic Yb:YAG power amplifiers. These techniques
can be scaled to higher repetition rates and higher pulse energies. This compact and
efficient high power picosecond laser system is expected to have a significant impact
in applications such as the pumping of high average brightness table-top soft x-ray
lasers, the efficient x-ray generation from plasmas, and in pumping of optical para-
metric amplifiers for the generation of high intensity laser pulses of a few femtosecond

duration.
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Chapter 3

Demonstration of an
All-Diode-Pumped Soft X-Ray

Laser

3.1 Introduction

In this chapter, the first demonstration of a soft x-ray laser driven by a diode-pumped
laser is described [67]. Lasing was obtained on the 18.9 nm line of nickel-like molybde-
num at a repetition rate of 10 Hz. Figure 3.1 shows a block diagram of the soft x-ray
laser system. The driving laser is a version of the system described in Chapter 2 with
a different amplifier configuration that produces 1 J, 8.5 ps duration laser pulses at 10
Hz repetition-rate. This laser, with the exception of the pulse compressor, occupies a
single 5 x 12 ft? optical table. The pump laser is based on the passively mode-locked
Ybh:KYW laser oscillator described in the previous chapter, a cryogenically-cooled
Yb:YAG regenerative amplifier, and a cryogenically cooled Yb:YAG multipass ampli-

fier, all pumped by laser diodes.
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Figure 3.1: Block diagram of the diode-pumped soft x-ray laser. The oscillator,
stretchers and amplifiers fit on a single 12’ x 5’ optical table.

3.2 Diode-Pumped Cryogenic Yb:YAG CPA Laser

The output of the laser oscillator described in the previous chapter is divided to
generate a sequence of three amplified 1.03 pum laser pulses that are used to generate
the soft x-ray laser. The first and second pulses are sent through a negative GVD
stretcher, while the third pulse is sent through the positive GVD stretcher previously
described. After amplification, the duration of the first two pulses is 160 ps and the
duration of the third pulse is 200 ps. The relative energies of the pulses and the
delays between them are adjusted, the pulses are recombined, and then sent to the
amplifiers and a grating pulse compressor (negative GVD grating pair). This grating
pair further stretches the first two pulses while compressing the final heating pulse.
This allows us to generate a sequence of two long pulses for plasma creation, followed
by a short, plasma heating pulse. Furthermore, since the alignment of the three

beams is determined by the cavity of the regenerative amplifier, the spatial overlap
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of the three pulses is ensured by design.

The first stage of amplification is a cryogenically-cooled regenerative amplifier that
boosts the combined pulse energy to 7 mJ using a 2 mm thick 5 %-at Yb:YAG crystal
that is cryo-cooled using a closed cycle helium cryostat. The crystal temperature is
tuned to about 100 K utilizing an electrical heater to increase the bandwidth of the
amplified pulses. The regenerative amplifier is pumped by a 90 W fiber-coupled laser
diode emitting at a wavelength of 940 nm. The diodes are modulated to produce
1.2 ms pulses that are focused into a 400 pum diameter spot on the crystal. The
repetition rate of the amplifier was varied between 10 and 100 Hz with practically no
reduction in energy or beam quality.

The millijoule pulses exiting the regenerative amplifier increased to the Joule-level
in a compact multi-pass amplification stage, schematically shown in Figure 3.2. The
gain medium is split into two 5.5 mm thick 2%-at Yb:YAG crystals in an active-mirror

configuration. Off-axis spontaneous emission is absorbed by a Cr:YAG cladding elim-

==

1/2WP 12wp FR

Figure 3.2: Schematic layout of multi-pass amplifier. The beam from the regenerative
amplifier makes four passes through the gain medium changing the polarization from
p to s after the second pass. Next the beam is expanded, sent through the Faraday
rotator, and further amplified in additional four passes. Subsequently the polarization
changes from s to p, the beam goes through TFP1 and is sent back on itself to make
four more passes. Finally the beam switches polarization back to s, and is ejected by
TFP2. FR: Faraday Rotator; WP: Waveplate; TFP: Thin Film Polarizer.
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inating parasitic lasing. The crystals are mounted on the opposite faces of a cold
finger that is cooled by liquid nitrogen in an evacuated chamber. Each of the crys-
tals is pumped by 3.5 kW pulses of 2 ms duration produced by a stack of 940 nm
laser diodes. The pump beams are shaped to illuminate a circular region of 16 mm
diameter on each of the Yb:YAG laser crystals. The beam exiting the regenerative
amplifier makes 12 passes through the amplifier. The beam diameter is increased
to 8 mm to make the initial four passes through the amplifier (two on each crystal)
passing through small holes in the large mirrors used to focus the pump beams onto
the crystals. After these initial four passes the amplified pulses reach 100 mJ. Sub-
sequently, the beam is expanded to match the size of the pump beams and is sent
eight additional times through the gain media (four times through each crystal) by
means of changing the polarization. In Figure 3.3(a) the energy of the pulses exiting
the amplifier is plotted as a function of diode pump power. We measured a maximum
energy of 1.45 J at 10 Hz repetition rate. The laser was operated at repetition rates
up to 50 Hz with slight thermal lensing, but with significantly decreased output pulse
energy due to a reduction in the gain caused by localized heating of the gain medium

that lowers the stimulated emission cross-section. A reduction of the excessively long

1.5
(a) R L 1 (b) w B * Measurement
12 . 2 —Sech?(t) fit
20.8
S
N— L]
et = 0.6
o0 o
206 . = 0.4
m < 0.
:
0.3 ° Z0.2
@
0 1 2 3 4 5 6 7 -qS -10 -5 0 5 10 15
Pump Power (kW) Delay (ps)

Figure 3.3: (a) Un-compressed Yb:YAG laser output pulse energy as a function of
pump peak power from 2 ms pump pulses. A maximum energy of 1.45 J was ob-
tained with a peak pump power of 7 kW. (b) Hyperbolic secant squared fit of the
autocorrelation data corresponding to 8.5 ps FWHM pulses
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rise and fall times of the diode laser pulses used in the present set up combined with
better thermal management can help to mitigate this limitation. Non-linear effects
were observed to have an onset at about 1 J, but the B-integral can be reduced by

further stretching the input pulse.

3.3 Demonstration of an 18.9nm Soft X-Ray Laser

The amplified pulses are sent to a 70% efficient pulse compressor in vacuum based on
dielectric multilayer gratings. The short pulse is compressed to 8.5 ps FWHM (sech?
pulses) as shown in the autocorrelation trace in Figure 3.3(b), while the pre-pulses are
further stretched to 350 ps FWHM. This sequence of pulses is shown in Figure 3.4.
To generate the soft x-ray laser, this set of collinear pulses is focused at a grazing

incidence angle of 29 degrees into a 4 mm wide polished Mo target to form a 3.5
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Mo target

29°

R=940 mm

cylindrical
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Figure 3.4: (a) Raytrace of the line focusing optics for generating the x-ray laser.
(b) Hlustration of the soft x-ray spectrometer for characterizing the plasma emission.
(c) A sequence of two 350 ps pulses and one 8.5 ps pulse creates and heats the Mo
plasma.
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mm FWHM long line with a width of 35 um FWHM. The line focus was generated
by the combination of a cylindrical lens to focus the beam horizontally along the
length of the line, and a cylindrical mirror used at the same angle of incidence as the
target to focus vertically. This is illustrated in the raytrace of Figure 3.4. The x-ray
detection setup is shown in Figure 3.4(b). The axial soft x-ray plasma emission is
analyzed using a 1200 mm ™! variable space grating and a back-thinned CCD. Two 0.3
pm thick aluminum filters were used to block the visible light emitted by the plasma.
Figure 3.5(a) shows a single shot on-axis spectra taken with 700 mJ of total pump
energy incident on the target. The intensity of the 18.9 nm spectral line is at about
the same level as other spectral lines of the plasma emission. However, when the
pump energy is increased, there is clear evidence of amplification on the 18.9 nm line

of Ni-like Mo as it is shown in Figure 3.5(b). This particular spectrum was obtained
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Figure 3.5: (a) On-axis soft x-ray spectrum of the molybdenum plasma taken with a
total pump energy on target of 700 mJ. (b) The same spectrum taken with 940 mJ
of pump energy, showing lasing in the 18.9 nm laser line of Ni-like Mo.
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with a total pump energy on target of about 940 mJ (10 mJ and 320 mJ pre-pulses
separated by 4 ns, followed by a 620 mJ short pulse after 800 ps). The non-optimized
soft x-ray laser output energy was estimated to be 50 nJ. Improvement of the line

focus quality can be expected to significantly increase the output energy.

3.4 Summary

In summary, we have demonstrated the first soft x-ray laser, driven by a solid-state
laser system entirely pumped by laser diodes. Lasing in the 18.9 nm line of Ni-like
Mo was observed using a compact Yb:YAG system that generates compressed pulses
of 8.5 ps duration with up to 1 J energy. Future work can be expected to lead to
the development of very compact soft x-ray lasers that will operate at unsurpassed

repetition rates.
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Chapter 4

Conclusion

In summary, we have developed a compact chirped pulse amplification laser system
entirely pumped by laser diodes that produces 1.5 J at 50 Hz repetition rate. Com-
pression results in 1 J pulses with 5 ps FWHM duration. The short duration, high
energy, and high average power were enabled by combining a broader bandwidth
room temperature Yb:YAG preamplifier with cryogenically-cooled Yb:YAG power
amplifiers. This allowed us to take advantage of the low saturation fluence and excel-
lent thermal characteristics of cryogenic Yb:YAG while avoiding excessive bandwidth
loss in the first stage of amplification. Furthermore, a new cryogenic cooling tech-
nique was developed to allow the Joule-level amplifier to operate at high repetition
rate without excessive heating or reduction of beam quality. The technique, heat
removal by direct contact with a flowing, sub-cooled cryogenic fluid, allows for high
thermal fluxes, in contrast to other cryogenic thermal management techniques. This
all-diode-pumped system is the highest repetition rate CPA system that produces 1
J laser pulses demonstrated to date.

Additionally, a version of this laser system was employed to make the first demon-
stration of a soft x-ray laser driven by an all-diode-pumped laser. Lasing was achieved

at 10 Hz repetition rate on the 18.9 nm line of nickel-like molybdenum using tran-
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sient collisional grazing incidence pumping. Future work can be expected to lead to
the development of very compact soft x-ray lasers at wavelengths below 20 nm that
will operate at previously unobtainable repetition rates. This will enable applications
requiring high average power such as nanomachining, nanopatterning, some imaging
applications.

Planned future work includes further increases of the repetition rate and the
demonstration of soft x-ray lasers at increased repetition rate, as well as the genera-
tion of ultrashort laser pulses. Additionally, this laser system is an ideal pump source
for high energy optical parametric chirped pulse amplifiers producing femtosecond

pulses in the mid-infrared region of the spectrum.
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Appendix A

Amplified Spontaneous Emission

Simulations

A.1 Introduction

Amplified spontaneous emission (ASE) and parasitic lasing present a major limitation
in achievable energy storage and gain of large volume, high energy amplifiers. These
problems are further exacerbated when thermally efficient disk amplifiers with low
aspect ratios are used due to the large transverse gain. In order to design efficient
high energy amplifiers parasitic lasing must be mitigated and the effects of ASE must
be take into account. We have developed a three dimensional numerical simulation
that calculates the stored energy and gain distributions of solid state amplifiers in the
presence of ASE for arbitrary pump profiles in both time and space. We have also
developed a post-processor that models the amplifier performance when injected with
a seed of arbitrary energy and spatial profile using the results of the energy storage
simulation [101]. In this appendix, these models are compared to the corresponding

experimental results obtained with the amplifiers presented in Chapter 2.
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A.2 Model Description

The model is constructed in a similar manner to that reported in [102]. The rate
equation for the laser upper level population density, n, is:

dn Pl n
e Y Al
dt ho - ASE[Ca(Mot 1) Oenl, (A1)

where P/V is the pump power density, hv is the pump photon energy, 7 is the fluores-
cence lifetime of the laser upper level, ® A, is the photon flux of amplified spontaneous
emission, o, and o, are the absorption and stimulated emission cross sections at the
emission center wavelength respectively, and n. is the total density of lasing atoms
(doping density). The first term is the density of pump photons absorbed, the second
represents spontaneous emission, and the final term is the absorption and stimulated
emission of ASE. The model solves the rate equation in temporal steps at all points
within the laser volume. The laser medium is divided into a mesh of cubic cells. The
main computation is in the evaluation of the ASE flux, ®ssg. This is computed by

evaluating the following integral for each cell:

The term in the integral is the ASE flux at point 7y originating from spontaneous
emission at point 7 which are separated by a distance p and G(  7¢) is the gain
between the points. By integrating over the entire volume the total ASE flux at rj is
obtained. In the model this integral is solved numerically by transforming this into
a summation. As this summation must be done for each cell and at each time step
this is a fairly computationally heavy calculation. In order to reduce the run time,
the simulation can be run using the Monte Carlo integration numerical technique,

in which the integrand is only explicitly evaluated at a few random points in the
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volume and result of the integration is obtained by assuming these few points are
representative of the volume as a whole. For relatively uniform pumping without
large amounts ASE, a good result can be obtained with a very small number of
Monte Carlo points.

For each time step, the model calculated the population inversion density at all
points in the volume by solving the evaluating the following expression derived from

the rate equation above:

P t At
n(z,y,z,t) =n(r,y,z,t At)—l—At(% n(@,y, 2, ) D pspoen(z,y, z,t At)),

(A.3)

where At is the time step. The ASE flux is derived from the integral above and the
pumping density is a given parameter.

The assumptions made in this model are:

e The gain medium is uniform everywhere, there is no change in doping or other
physical parameters such as the stimulated emission cross section. This is a good
approximation for most solid state lasers, however as the stimulated emission
cross section of cryogenically-cooled Yb:YAG changes quickly with temperature,

very high average power operation may deviate from the model.

e The model is not spectrally resolved. It assumes all spontaneous emission is
emitted at the center wavelength. This is an acceptable approximation for

narrow bandwidth materials, however, it does overestimate the effects of ASE.

e In order to calculate the gain term when evaluating the ASE flux, the gain
coefficient is assumed to be the average of the values at ry and 7. This simplifies
the calculation enormously by avoiding ray-tracing or other radiation transport
calculations. This is a good approximation when the pumping is relatively

uniform.
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e For our purposes absorption of spontaneous emission is neglected as it is not

important for 4-level systems. However, it would be easy to include.

e Most reflections from the edges or faces of the gain medium are neglected.
For our absorbing-cladding crystals this is acceptable. In order to take into
account the active mirror reflection the model assumes a mirror image of the
gain medium side by side which takes into account the reflection of ASE on the

HR surface.

A.3 Simulation Results

A.3.1 100 mJ Cryogenic Yb:YAG Amplifier

Figure A.1 shows the results generated from the ASE model when simulating the 100
mJ-level cryogenic Yb:YAG amplifier presented in Chapter 2. A cell size of 100 pum
and temporal step of 100 us were used in the model. Assuming the pump parameters
used in the actual experiment a total of 180 mJ is stored in the amplifier with a single
pass small signal gain of 4.9, in good agreement with the actual single-pass gain. As
can be seen from this figure, ASE is not a large factor for this small beam size. Maps
of the single pass gain, ASE flux and the transverse and longitudinal pump profiles
are illustrated in the figure. Figure A.2 shows the simulated amplification of a 2.4
mJ seed making four passes through this stored energy profile. The simulated pulse
energy of 160 mJ agrees well with the measured pulse energy of 152 mJ at 10 Hz
repetition rate after 4 passes. Additionally, the amplification model predicts a peak

fluence of 1.4 J/cm? in a fairly uniform beam.
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Figure A.1: Results of the simulation of the stored Energy in the 100 mJ-level cryo-
genic amplifier described in Chapter 2. The top two maps show the transverse and
longitudinal pump density profiles. The middle maps show the a map of the single
pass gain and the ASE flux at one face of the gain medium. The blue, red, and black
lines represent the total pump energy absorbed taking into account the quantum
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Figure A.2: Simulated amplification of a 2.4 mJ seed pulse under the pump conditions
above. The red trace shows the pulse energy for each pass while the blue line shows
the remaining stored energy. The figure on the right shows a map of the fluence of

the amplified pulses.
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A.3.2 Joule-Level Cryogenic Yb:YAG Amplifier

Figure A.3 shows the model results for the main power amplifier described in Chapter
2. Each crystal was assumed to be pumped by a 4 kW peak power pulses with a spot
diameter of 17 mm, matching the experimental operation of the amplifier at the
maximum pump power. The cell size was 200 ym and the time step was 100 us.
Monte Carlo integration with 200 points per integration was used in this run, as
can be seen from the ASE flux map showing a non-physical variation in intensity.

However, these fluctuations in the flux are not significant enough to influence the
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Figure A.3: Results of the simulation of the stored Energy in the Joule-level cryogenic
amplifier described in Chapter 2. The top two maps show the transverse and longi-
tudinal pump density profiles. The middle maps show the a map of the single pass
gain and the ASE flux at one face of the gain medium. The blue, red, and black lines
represent the total pump energy absorbed taking into account the quantum defect,
stored energy neglecting ASE, stored energy with ASE for the two crystals combined
that constitute this amplifier.
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Stored Energy
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Figure A.4: Simulated Amplification of 100 mJ seed pulses to the Joule level. After
5 passes the simulation predicts a pulse energy of 2.1 J, in close agreement with the
experimentally measured value of 2.0 J.

results as can be seen from the smooth gain profile. This simulation was completed
in less than 10 minutes on a standard PC. In this large gain medium, the model
predicts that ASE causes a non-negligible 20% reduction in stored energy. A stored
energy of 3.7 J is obtained with a maximum single pass gain of 2.7, which is in
agreement with the experimentally measured small signal gain. Figure A.4 shows
the simulated amplification of 100 mJ energy pulses in this amplifier. Assuming the
measured loss and a closely mode-matched beam size, the pulse attains an energy of
2.1 J in 5 passes through the gain medium. This is in excellent agreement with the
measured 2 J pulses.

A comparison of the measured and simulated amplified pulse energy obtained as
a function of peak pump power is shown in Figure A.5. To obtain the simulated
data points the model was run with several different peak pump powers. This plot
shows that the simulation is in good agreement with the measured values over a wide

range of pump powers. These include regimes at low pump power where ASE is not
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Figure A.5: Simulated and experimentally measured pulse energy obtained from the
Joule-level amplifier as a function of peak pump power. For both the experiment and
the simulation the amplifier was pumped with 1.5 ms duration pulses and was seeded
with 100 mJ laser pulses. The measured data was obtained at 100 Hz repetition rate.
The measured optical loss was used in the model.

significant and at high gain where ASE depletes the stored energy.
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