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ABSTRACT

DEVELOPMENT OF A HIGH POWER CHIRPED PULSE AMPLIFICATION LASER FOR DRIVING

SECONDARY SOURCES

Laser applications which require high energy ultrashort laser pulses have been limited in

repetition rate. This dissertation describes the development of high repetition rate, high en-

ergy, all diode pumped ultrashort pulse Yb:YAG lasers and their use in two selected applications.

Yb:YAG is an attractive gain medium for high average power, ultrashort pulse laser operation.

This material, with long upper level lifetime, is well suited for direct pumping by high power,

narrow bandwidth laser diodes, and combined with a small quantum defect, minimal heating

of the material is produced. Additionally, the thermal conductivity and optical properties of

Yb:YAG dramatically improve when cooled to cryogenic temperatures. The main focus of this

dissertation is the development of an all diode-pumped, chirped pulse amplification, ultrashort

pulse laser based on a cryogenically-cooled Yb:YAG amplifier design. This laser system operates

at λ = 1.03 µm and is capable of producing 1.4 J pulses before compression at 500 Hz and 1 kHz

repetition rate. During 500 Hz operation, the laser used a combination of room temperature

and cryogenically-cooled Yb:YAG amplifiers to generate pulses of 1 J energy compressed to sub-

5ps duration. At 1 kHz, pulse energies of 1 J with sub-10ps transform limited pulse durations

were obtained. The simultaneously high pulse energies and repetition rates obtained in this

work will be beneficial for a host of applications including tabletop sources of coherent short

wavelength radiation, high power femtosecond sources operating in the near and mid-infrared,

and high gradient laser plasma accelerators. The work in this dissertation specifically demon-

strates the use of cryogenically cooled Yb:YAG lasers in the development of soft x-ray lasers

and a near-infrared optical parametric amplifier for the testing damage threshold of multilayer

coatings.
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The generation of coherent radiation in the soft x-ray regime was historically limited to 10

Hz. Compact, table-top soft x-ray lasers have enabled a range of applications including nano-

scale imaging and lithography, the investigation of hot dense plasmas, and nano-scale fabri-

cation. Recently, compact sources of coherent soft x-ray laser radiation were demonstrated at

repetition rates of one hundred shots per second using the laser technology described in this

dissertation. As a demonstration of the Yb:YAG laser’s excellent beam quality and high average

power, this system was used to pump a high repetition rate soft x-ray laser. The optical pump

laser and the resulting soft x-ray laser, operated at a record 400 Hz repetition rate with strong

lasing in the λ = 18.9 nm line of Ni-like Mo.

This work also demonstrates a Yb:YAG laser driven, optical parametric chirped pulse ampli-

fication (OPCPA) laser system operating at 100 Hz in the near-infrared, which was used to per-

form laser induced damage threshold measurements of optical coatings. OPCPAs have emerged

as a next generation ultrafast laser source for generating sub-femtosecond laser pulses useful

for probing molecular electron dynamics as well as creating ultra-intense, femtosecond laser

pulses for exploring exotic states of matter and for the development of next generation laser

plasma accelerators. The OPCPA developed as part of this work operates at wavelengths ranging

from λ = 1.5-2 µm with final amplification stages pumped at 100 Hz with a chirped pulse am-

plification laser based on cryogenically-cooled Yb:YAG. The OPCPA was used to obtain damage

thresholds of optical coatings in what to our knowledge constitutes the first results of picosec-

ond damage performed in this wavelength range.
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Chapter 1

Introduction

Strickland and Mourou’s demonstration of optical chirped pulse amplification (CPA) in 1985

laid the groundwork for the development of ultrafast, high energy lasers. [1] The fundamental

concept of CPA is to reduce the laser pulse intensity during the amplification process. This

is done by imparting a frequency dependent time delay, called a chirp, to the pulse prior to

amplification which temporally stretches the pulse in a controlled manner. The lower pulse

intensity during amplification prevents nonlinear, intensity dependent effects from developing

which can be detrimental to the integrity of the laser beam and even lead to damage of opti-

cal elements within the laser system. After amplification, the chirp is removed from the pulse

returning the initial short pulse duration.

Shortly after the first demonstration of CPA, the spectroscopic and lasing characteristics of

Ti:Al2O3 were first reported. [2] The material boasts a high stimulated emission cross section

and broad bandwidth allowing for amplification to high pulse energies and ultrashort pulse

durations. In 1999, the CPA scheme was used in conjunction with the favorable properties of

Ti:Al2O3 to produce a laser system with a peak power greater than a petawatt (PW). [3] Since

this demonstration, the number of PW class lasers has proliferated [4] with many groups using

Ti:Al2O3 reporting multi-PW operation [5–8]. Many of these systems are only capable of sin-

gle shot operation, yet a higher photon flux is needed for many applications to be viable [9].

Recently, progress has been made to increase the average power of Ti:Al2O3 based lasers, with

repetition rates >1 Hz and PW-class pulse intensities having been reported [10–12].

The difficulty in producing simultaneously high pulse energy and repetition rates stems

from the pump lasers necessary to supply energy to the Ti:Al2O3 gain medium. As a conse-

quence of the high stimulated emission cross section and broad emission bandwidth, Ti:Al2O3

has a short upper level lifetime and energy has to be supplied by a bright, short pulse pump

laser. This pump source is typically a flash lamp pumped Nd:glass system whose output is
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frequency doubled to well match the peak absorption wavelength of Ti:Al2O3 around λ = 500

nm. The broadband flash lamps produce significant thermal loading in the host material and

the poor thermal conductivity of glass prevents the efficient dissipation of heat. These factors

therefore limit the repetition rate of the whole system.

High power laser diodes provide a more efficient means of pumping high average power

solid state lasers. Laser diodes provide narrow bandwidth pumping that is well matched to

the upper laser manifold of Yb-doped solid-state laser gain media, resulting in minimal excess

heating from unabsorbed pump light. These pump sources are low peak power when compared

to flash lamps and require a laser material with a long upper level lifetime to efficiently store

energy. Yb:YAG has emerged in recent decades as a gain material that is well suited for high

power short pulse laser operation due to its long upper level lifetime (∼1 ms) and its absorption

band which is suitable for λ = 940 nm diode laser pumping. In addition, its material properties

allow for efficient heat removal with minimal thermo-optic distortions.

Figure 1.1 shows the current state of high average power, high energy, short pulse, diode

pumped Yb-doped lasers around the time when the work of this thesis was conducted. The

graph shows the results of diode pumped laser systems operating at λ ≈ 1 µm, with energies

>10 mJ, repetition rates >10 Hz, and transform limited pulse durations below 10 ps. It can be

seen that tremendous progress has been made in picosecond to femtosecond lasers with pulse

energies in the tens to hundreds of millijoule range and average powers of up to 1 kW, and these

results were obtained using a variety of different schemes. A popular and successful geometry is

the room temperature, thin-disk active mirror design, which was first applied to diode-pumped

solid-state lasers in 1994. [35] Recently, this scheme has been used in a regenerative amplifier

ring cavity producing pulse energies as high as 200 mJ at a repetition rate of 5 kHz [26] and

when used in a multi-pass amplifier has achieved 600 mJ at 1 kHz repetition rate [30]. Other

geometries include the coherent combination of Yb-doped fibers which has produced 12 mJ

pulse energies with 700 W of average power [36] as well as 2.3 mJ with 1.83 kW of average power

[37], the Innoslab geometry which has reported 54 mJ energy at 10 kHz [29], and cryogenic-
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Figure 1.1: A summary of diode-pumped Yb-doped lasers at λ≈ 1 µm with high pulse energy (>10 mJ),
repetition rate (>10 Hz), and pulse durations compressible to sub-10 ps. Red indicates work reported
elsewhere, blue indicates previously reported work from Colorado State University’s cryogenically-
cooled Yb:YAG laser, and green indicates the work presented in this dissertation. (1): [13], (2): [14],
(3): [15], (4): [16], (5): [17], (6): [18], (7): [19], (8): [20], (9): [21], (10): [22], (11): [23], (12): [24], (13): [25],
(14): [26], (15): [27], (16): [28], (17): [29], (18): [30], (19): [31], (20): [32], (21): [33], (22): [34]

cooling [18, 22, 28, 33] which is the focus of the work presented in this dissertation. Many of

these schemes use Yb:YAG as the lasing medium, but other host materials such as Yb:YLF [13],

Yb:KYW [38], and Yb:CaF2 [39,40] which support broader bandwidths and thereby shorter pulse

duration are also being pursued for high power operation.

Scaling to higher pulse energy while maintaining high average power by using diode pumped

ultrafast lasers is of interest not only for the applications discussed in the following sections,

but will be a key technology for enabling numerous scientific, medical, and industrial applica-

tions. [9, 41, 42] While many of the techniques for producing energetic photons, isotopes, and

neutrons have been demonstrated in current high energy, low repetition rate laser systems, new
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high average power ultrafast lasers will make these applications viable by providing a higher

flux of photons and energetic particles. This will make materials processing, x-ray imaging

procedures, and medical therapies time and cost efficient, and will ease experimental stabil-

ity requirements by decreasing data acquisition times. Beyond these goals, higher repetition

rates provide new opportunities for incorporating machine learning to provide feedback in ex-

periments with high energy lasers. [41, 43] Not only can this feedback be used to maintain the

long-term stability of the laser system or experiment, but it provides the potential to efficiently

optimize experiments over large parameter spaces.

Diode pumped ultrafast lasers, such as the one described in this dissertation, are of interest

for applications including the tabletop generation of coherent soft x-ray radiation via plasma-

based lasers, high harmonic generation (HHG), and potentially free electron lasers (FEL) [44].

Other uses include compact, high gradient laser plasma accelerators (LPA) as well as high power

optical parametric chirped pulse amplification (OPCPA) lasers for use in spectroscopy and HHG.

The generation of high repetition rate, plasma based soft x-ray lasers (SXRL) and LPAs for next

generation electron accelerators will be expanded upon in Section 1.1.2 and Section 1.1.4 re-

spectively. OPCPA and its applications will be briefly discussed in Section 1.1.3 while a more

detailed description of optical parametric amplification will be presented in Chapter 3.

The work presented in this dissertation describes a CPA laser capable of producing >1 J of

pulse energy at a repetition rate of 500 Hz with a pulse duration below 5 ps. This system was ex-

panded to obtain joule-level energies at 1 kHz and initial results are presented with stable long

duration operation expected soon. The approach for achieving >1 J, picosecond pulses at kHz-

level repetition rates utilizes a cryogenically-cooled, thick-disk Yb:YAG active mirror multi-pass

amplifier. This design takes advantage of the enhanced material and spectroscopic properties

of Yb:YAG when cooled to cryogenic temperature while maintaining the efficient heat removal

characteristic of thin-disk amplifiers. This CPA laser was used to demonstrate soft x-ray lasing

at λ = 18.9 nm in Ni-like Molybdenum at a repetition rate of 400 Hz. Additionally, an earlier 100

Hz version of this laser was used as the pump source for a near-infrared OPCPA laser which was
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tunable from λ = 1.5 - 2 µm and was used to perform laser induced damage testing (LIDT) of

optical coatings at λ = 1.6 µm.

1.1 Motivating Applications

The technological advancements provided by high power short pulse lasers are important

for the development of various scientific applications. Some of these have already been real-

ized, including the generation of high power, coherent soft x-ray radiation from tabletop sys-

tems as well as powerful femtosecond sources in the near and mid-infrared. While others, like

high gradient laser plasma accelerators, are still in the early stages of development and require

further progress of laser technology to become operational.

1.1.1 Soft X-ray Sources

The numerous absorption features in the spectral region of the ultraviolet through the x-ray

has made it difficult to access due to the short penetration depth of radiation in this wavelength

regime. Because of these absorption resonances and the efficiency of photo-absorption at these

wavelengths, coherent sources of extreme ultraviolet (EUV) and soft x-ray radiation are excel-

lent tools for the spectroscopic study of elements and molecules. While no consensus exists

on the exact definitions of EUV and soft x-ray, Atwood defines EUV to be photon energies of 30

eV to 250 eV (∼40 nm to ∼5 nm) and soft x-rays as extending from 250 eV to several keV (∼5

nm to ∼0.3 nm). [45] Furthermore, the radiation’s short wavelength allows for microscopy and

lithography of small-scale features and is well understood by considering the Rayleigh criterion

for an imaging optic

RRayl . =
0.61λ

N A
(1.1)

where N A is the numerical aperture of the objective. From this criterion, the direct relation

between feature resolution and the wavelength of the illumination source can clearly be seen.

For this reason, manufacturers of next generation microprocessors have begun utilizing EUV

sources for their lithographic processes. When this small spatial resolution is combined with
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ultrafast time durations, on the order of femtoseconds to attoseconds, it is possible to probe

molecular and even electron dynamics. [46–48]

To obtain radiation at these EUV and soft x-ray wavelengths there exist large, facility sized

sources, such as synchrotrons and FELs. In synchrotrons, radiation is generated by relativistic

electrons moving in a circular path. This radiation is emitted as a broad bandwidth cone of light

tangential to the direction of acceleration. Initially, this radiation was simply seen as a source

of power loss in early accelerators, but quickly the value of such high flux x-ray sources was

realized. Today’s 3rd generation synchrotrons are dedicated user facilities that incorporate a

number of features, such as straight sections with additional magnetic components like undu-

lators or wigglers, to improve the output radiation’s coherence or increase photon energy. The

radiation emitted can be filtered to make it more spatially coherent and monochromatic, pro-

viding a tunable high power source of x-rays. FELs are another facility sized source of coherent

x-ray radiation. FELs use a linear accelerator to create a beam of energtic electrons which then

pass through either an undulator or wiggler which impart a periodic magnetic field. Injected

electrons oscillate and emit photons which are in phase with the oscillating electrons, yielding

a coherent beam of x-rays. FELs are tunable and produce high brightness sources of coherent

x-rays. Due to the cost and scale of synchrotrons and FELs there are a small number of these

facilities with limited user access.

Alternative approaches for EUV and soft x-ray generation are laboratory scale sources which

include HHG and laser driven SXRLs. In HHG, a femtosecond laser pulse is focused in a tar-

get, usually a neutral gas cell, where a nonlinear interaction occurs between the laser electric

field and the atoms. This generates photons whose frequencies are odd integer multiples of the

driving laser frequency and are spatially and temporally coherent. The resulting spectrum is

a broad “comb” of individual frequencies ranging from the driving laser’s frequency up to the

cutoff frequency which is characterized as [49]

Ec = Ip +3.17Up (1.2)
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where Ip is the ionization potential of the atom and Up is the ponderomotive energy, which is

proportional to Iλ2 with I being the laser intensity and λ being the center wavelength of the

laser. It can be seen that increasing the laser wavelength extends the cutoff to higher energies

allowing for broader spectrums with shorter wavelengths. The desire for higher average power

HHG sources with cutoff energies in the EUV regime has spurred the development of intense

femtosecond lasers in the mid-infrared (MIR) using techniques like OPCPA.

Another approach to generating short wavelength radiation in a laboratory environment is

through laser driven, plasma based SXRL. The first lasers generated with this technique used

extremely powerful, facility sized lasers, but in recent decades numerous techniques have been

developed to improve the conversion efficiency of drive laser energy into SXRL energy. This has

produced compact, tabletop SXRL sources. These lasers typically are much more monochro-

matic and have higher pulse energies than those generated via HHG but don’t obtain as short

of pulse durations and operate at lower repetition rates. While many methods exist for laser

driven, plasma based soft x-ray lasers including recombination and photoionization, the most

successful method is electron impact excitation.

1.1.2 Collisionally Pumped Soft X-Ray Lasers

Electron impact excitation at EUV and soft x-ray wavelengths operate analogously to com-

mon ion lasers in the visible wavelength regime such as Argon and Krypton ion lasers. In the

case of the Argon ion laser, an Argon atom is first singly ionized by an intense electric discharge

and then excited to the upper energy levels from the ground state by collisions with free elec-

trons. A population inversion is created when the upper laser levels have a much longer radia-

tive decay time than the lower laser levels, and the system forms a three level laser. While most

lasers in the visible and near infrared (NIR) have excitation energies on the order of a few eV,

SXRLs operate on transitions greater than 30 eV, much greater than the ionization potential of

a neutral atom. This means that laser action at these short wavelengths will occur with ions

which have an energy level structure that allows transitions at higher energies. If electron exci-

7



tation is to occur through collisions with energetic free electrons, then it is necessary to create

an environment which has a high density of free electrons with energies greater than the exci-

tation energy of the ion. This suggests use of hot dense plasmas, and most atomic SXRLs are

generated in this environment. Given that these plasmas rapidly expand and cool, their gain

is very short lived. Furthermore, there are no high reflective mirrors in this wavelength regime

which precludes the use of a resonator cavity to build pulse energy. For these reasons, nearly

all SXRLs operate with amplification of spontaneous emission in a single or double pass. To

efficiently utilize this mode of operation, the plasma is formed into a column with a high aspect

ratio, i.e. the length is much larger than the width. Throughout the plasma, radiation is emitted

spontaneously, but at one end, some amount of radiation will be directed along the length of

the column. This radiation will lead to stimulated emission along the plasma length. Using this

geometry, gain saturation can be achieved.

To generate SXRLs from outer shell electrons, highly ionized atoms exhibit the energy level

structure necessary for high energy laser transitions. In particular, ions with closed shell elec-

tron structures are favored as they are most abundant over wide range of conditions. The two

most investigated ion states being the n = 3, 10 electron ions and the n = 4, 28 electron ions,

where n is the principal quantum number. These states are referred to as the neon-like (Ne-

like) and nickel-like (Ni-like) states respectively. These particular ionization states are preferred

because the closed nature of the electron shell at these points creates an “ionization bottleneck”

in which substantially more energy is required to remove the next electron from the ion. As an

example, we can consider the ionization energy necessary to remove one electron from a sele-

nium ion in the 11 electron, Na-like state and the 10 electron, Ne-like state. The former has an

ionization energy of 1036 eV while the latter has an energy of 2540 eV. Therefore, by selecting an

electron temperature near 1 keV a large fraction of the ions will be in the desired Ne-like state

from which collisions with free electrons will create a population inversion.

The first demonstrations for using an optical laser to obtain inversion in a Ne-like plasma

were reported from Lawrence Livermore National Laboratory in 1985. [50, 51] In this experi-
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ment, the kilojoule class Novette laser was frequency doubled to λ = 527 nm, and two 450 ps

laser pulses were focused onto a selenium foil to a cylindrical focal spot that measured 200

µm wide by 2.2 cm long with an intensity 5 x 1013 W/cm2. This ionized the selenium atom

24 times to a Ne-like ion and produced gain at two transitions, λ = 20.64 nm and 20.98 nm,

with a gain-length product of 5.5 ± 1.0 cm−1. In a Ne-like plasma, lasing is obtained between

the 2p53p upper laser level and 2p53s lower level. Inversion occurs due to monopole electron

impact excitation between the 2p53p and 2p6 ground state and radiative decay to the ground

state is dipole forbidden, while the 2p53s to 2p6 transition is radiatively allowed and has a short

lifetime. These initial SXRLs used nanoseconds long pulse durations and energies in excess of

several hundred joules. [52, 53] In order to obtain soft x-ray lasing with more modest tabletop

optical lasers a number of schemes were developed to improve efficiency. These include the

use of the Ni-like isoelectric sequence to scale to shorter wavelengths with less pulse energies,

a pre-pulse to separate the plasma formation from the plasma heating, transient collisional ex-

citation to obtain substantially higher gain, and grazing incidence pumping to deposit optical

laser energy in the optimal plasma density region.

To produce shorter wavelengths and decrease pulse energy requirements, collisional pump-

ing of Ni-like ions was explored. [56,57] Ni-like ions have an advantage over Ne-like ions due to

the lower ionization potential associated with the n = 4 closed shell configuration in nickel ver-

sus the n = 3 configuration in neon. Figure 1.2 shows the wavelength as a function of ionization

degree for the Ni-like (blue) and Ne-like (red) isoelectronic sequences. [54,55] The figure shows

a scaling to shorter wavelengths quicker in the Ni-like series, and as such, was chosen as a path

to obtain shorter wavelengths. Figure 1.3a shows the energy level structure of molybdenum 14

times ionized. While the degree of ionization and lasing wavelength indicated are specific to Mo

14+ the energy level structure is the same for all Ni-like ions. Here, 3d10 level forms the ground

state while lasing occurs between the 3d94d and 3d94p excited states, and wavelength scaling

in the Ni-like series has been used to demonstrate lasing down to λ = 3.56 nm in Ni-like Au. [58]
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Figure 1.2: Plot of laser wavelength as a function of ionization degree for the 3p to 3s transition in Ne-like
ions (red) and the 4d to 4p transition in Ni-like ions (blue). Based on data from [54, 55]

Scaling to shorter wavelengths was also advanced by implementing a pre-pulse technique

in which the excitation process is divided into two parts, plasma formation and heating. In this

process, the plasma is first formed by an initial pulse which ablates the target and allows the

plasma to expand. This is followed several nanoseconds later by a main pulse which then heats

the plasma and creates the conditions necessary for laser action. To appreciate the value of this

technique, it is important to understand the role of refraction effects on SXRLs. The index of

refraction of a plasma can be described by the following equation

η=
√

1−
ne

nc
(1.3)

where ne is the electron density and nc is the critical density which is defined as
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nc =
4π2ǫ0me c2

e2λ2
(1.4)

where ǫ0 is the permittivity of free space, me is the electron mass, e is the electron charge, and

λ is driving laser wavelength.

Figure 1.3: a) the excited state energy levels for a 14 times ionized, Ni-like molybdenum ion. b) shows
the electron density profile as a function of distance from the target (top) and the geometry of a grazing
incidence pumping scheme (bottom)

In [59], London approximated the electron density to decrease parabolically in the direction

of plasma expansion. This matches well with measured electron density profiles, and is shown

at the top of Figure 1.3b. For a driving laser pulse incident on a slab target at normal incidence,

plasma expansion occurs predominantly in the direction normal to the target surface and the

majority of optical laser energy is deposited near the critical density.

From equation (1.3), this electron density distribution creates an index profile at a minimum

near the critical density and increases with distance from the target surface with the steepest

index gradients near the critical density where energy deposition is greatest. This causes x-ray
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radiation to refract out of the high gain plasma column before significant amplification can be

achieved. Nilsen et al. made the first use of a pre-pulse pumping scheme to overcome refraction

effects. [60] In this demonstration, the Nova laser was used to illuminate the target with a 600

ps FWHM main pulse with 1.1 kJ of energy which was focused to a 120 µm wide by 5.4 cm long

line. A 600 ps FWHM, 6 J pulse preceded the main pulse by 4-7 ns. Using this pumping scheme,

lasing was observed for the first time in Ne-like chromium and iron. Illumination by a low

energy pre-pulse allows the plasma to expand and cool creating a larger, more uniform plasma

with lower density and reduced density gradients. Lower densities were necessary for lasing in

these elements and the lower gradients reduced losses from refraction, thereby increasing the

effective lasing length of the plasma. While the pre-pulse technique allowed experimenters to

access more laser transitions and mitigate refraction losses, the pulse energy requirements still

inhibited SXRL generation with tabletop optical lasers.

A dramatic decrease in driving laser energy resulted from the implementation of transient

collisional excitation. This scheme was first theoretically predicted in Afanas′ev and Shlyaptsev

in 1989. [61] They found that in a transient regime (where the characteristic times of the ex-

cited state relaxation and ionization are greater than or on the order of the characteristic time

of changes in the plasma parameters) a plasma which is rapidly heated can achieve very high

gain values, with g ≈ 102 cm−1. In the initial SXRL work described to this point, targets were

irradiated with pulses on the order of a nanosecond. This creates a quasi-steady state plasma

in which inversion is created by depopulation of the lower laser level. In contrast, inversion in

the transient regime occurs by heating the plasma at a rate faster than the upper level relaxation

time. This produces a much higher population inversion that lasts for a short period of time be-

fore relaxation redistributes the upper level population. To create the conditions for transient

inversion, a high energy, ultrashort picoseconds duration pulse is needed to heat the plasma.

In 1997, Nickles et al. successfully demonstrated a transient inversion pumping scheme to gen-

erate lasing in Ne-like titanium. [62] In this work, experimenters used a 7 J, 1.5 ns pre-pulse

to form the plasma and a 4 J, 600 fs heating pulse delayed by 1.5 ns to create a transient pop-
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ulation inversion. Amplification was observed with pulse energies as low as 4-6 J in the pre-

pulse and 1.5 J in the short heating pulse, and small signal gain coefficients as high as 19 cm−1

were reported. This marked a dramatic increase in gain (∼7 times higher) from previous experi-

ments [63] that operated in a quasi-steady state regime and saw a significant reduction in pulse

energy from the 200-550 J used in [63]. While this work was successful at lowering the lasing

threshold for collisionally pumped SXRL by over an order of magnitude, the authors reported

that the achievable amplification was still limited by refraction losses.

In pumping schemes which use normally incident laser pulses, a majority of the energy is

deposited in the region near the critical density. As a consequence, this region suffers most from

refraction losses. In 2003, it was reported that these limitations could be overcome by pumping

at grazing incidence. [64] This geometry, illustrated in Figure 1.3b, makes use of the refraction

effects present in the plasma to deposit laser energy at an optimal electron density in which

high gain can be achieved with minimal refraction loss. This grazing incidence angle can be

expressed for small grazing angles as

θ =
√

nem

nc
(1.5)

where θ is the angle between the target and the incident laser radiation, nc is the critical den-

sity, and nem is the density at the turning point of the beam where the majority of energy is

deposited. From equation (1.5) it can be seen that by adjusting the incidence angle θ energy

can be deposited at different regions of the plasma. Additionally, this pumping scheme inher-

ently accomplishes traveling wave excitation, which is important when the transient excitation

time is shorter or on the order of the time it takes soft x-ray radiation to traverse the plasma.

The use of grazing incidence pumping opened the door for efficient soft x-ray lasing with

modest pulse energy, tabletop optical lasers. In 2005, Keenan et al. reported lasing at λ = 18.9

nm in Ni-like Mo using a total pump energy of 150 mJ at repetition rate of 10 Hz. [65] In this

demonstration, a 70 mJ, 200 ps duration pre-pulse was focused to a 15 µm x 5 mm line at normal

incidence onto a molybdenum target. This was followed 500 ps later by an 80 mJ, 1.5 ps heating

pulse which was incident on the target at an angle of θ = 14◦. A maximum small signal gain
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coefficient of 55 cm−1 was reported for targets up to 2 mm long with the output energy for

longer target lengths indicating saturation like effects. In the same year, researchers at Colorado

State University reported fully saturated lasing at λ = 18.9 nm using a total pulse energy of 1.35

J at a repetition rate of 5 Hz. [66] Over the coming years, grazing incidence pumping was used

to demonstrate lasing with joule-level pulse energies from tabletop lasers in the Ne-like and

Ni-like sequences at wavelengths ranging from λ = 32.6 nm down to 7.36 nm. [67–72] Studies

were also conducted to improve the temporal and spatial coherence of these sources by seeding

them with high harmonic femtosecond pulses. This resulted in high brightness, temporally and

spatially coherent lasers at wavelengths which ranged from λ = 13.2 to 32.6 nm. [73–75]

The high pulse energies available from tabletop SXRLs have enabled numerous applica-

tions, including nanoscale imaging [76–78], interferometer of dense plasmas [79], and surface

science [80]. Yet other processes such as nanopatterning [81, 82], nanomachining [83], and

microscopy all benefit from SXRL sources with high average powers. Therefore, increasing the

available photon flux necessitates scaling the driving laser to higher repetition rates while main-

taining similarly high, joule level pulse energies. Research at Colorado State University has been

leading the development of high average power SXRL. In 2009, lasing atλ = 18.9 nm was demon-

strated used an all diode pumped driving laser system at a repetition rate of 10 Hz. [31] This all

diode pumping scheme allows for reduced thermal loading of the driving laser gain material

and facilitates higher repetition rate operation as opposed to conventional flash lamp pumped

systems. Using this high repetition rate pump source, researchers were able to demonstrate sta-

ble, long duration SXRL operation. In 2013 hour-long, mW level operation of a 50 Hz, 18.9 nm

laser as well as 30-minute operation at 100 Hz were reported. [84] The viability of this system for

high power SXRL applications was exhibited by using this coherent source to lithographically

print nanoscale features using a Talbot self-imaging technique. This work was further extended

in 2016 with a demonstration of an 18.9 nm laser operating at 400 Hz repetition rate [33], and

these results are presented in this work.
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1.1.3 Optical Parametric Chirped Pulse Amplification

The development of high power CPA lasers is also important for the development of high

average power optical parametric chirped pulse amplification (OPCPA) lasers. OPCPA is seen

as a valuable tool for its ability to produce intense few cycle pulses and is the basis of many new

petawatt (PW) lasers being developed around the world [85, 86] as well as holding the poten-

tial for being the next generation of high average power, tabletop femtosecond lasers. [87] This

technology incorporates optical parametric amplification (OPA) with the extremely successful

CPA technique to produce a broadband, tunable source of ultrafast laser pulses.

The mechanics of OPA are detailed in Section 3.1, but a brief overview of the process is nec-

essary here to understand the benefits high power picosecond Yb:YAG lasers afford. The process

is illustrated in Figure 1.4. Here a high energy pump beam and lower energy signal beam are

made to interact within a suitable nonlinear crystal. The process is parametric, and therefore,

energy is very briefly stored in a virtual energy level under the condition that the quantum state

of the system cannot change. As a consequence, energy and momentum must be conserved

in this process. By minimizing the mismatch in the momentum of three waves involved in the

process, i.e. phase matching, energy can efficiently be converted from a high energy pump pho-

ton into two lower energy photons, one at the signal wavelength and another at the so-called

idler wavelength. Due to the conservation of energy, this emitted idler photon energy is equal

to the difference of the pump and signal photon energies. This process is tunable in that so

long as the energy and phase matching conditions are met within the medium, it is possible to

amplify and generate beams of varying wavelengths. Due to the instantaneous nature of OPA,

the pulses involved must spatially and temporally interact within the crystal, and for efficient

amplification, the pump and signal pulses must have similar temporal pulse durations. There-

fore, to efficiently amplify a broadband femtosecond laser pulse and avoid optical damage, it is

necessary to stretch the pulse in time to match the pulse duration of the pump beam. This pro-

cess of temporally stretching a short signal pulse, parametrically amplifying this chirped pulse,

15



Figure 1.4: An energy level diagram illustrating OPA. A pump photon hνp excites a virtual energy level.
In the process, an additional signal photon hνs is emitted in phase with the input signal photon and
under conservation of energy and momentum, an idler photon hνi is emitted.

and recompressing to near the transform limit to obtain high peak pulse intensities is called

OPCPA.

Many high peak power OPCPAs rely on high energy Nd:glass pump lasers, which after fre-

quency doubling, are used to parametrically amplify pulses in either potassium dihydrogen

phosphate (KDP) or lithium triborate (LBO) and are able to capitalize on the broad bandwidths,

excellent pulse contrast, and reduced thermal load OPCPA affords to produce high energy laser

pulses. While these lasers are extremely successful in achieving high peak powers, they are

limited in repetition rate by the Nd:glass laser material. Aside from just obtaining high pulse

energies, there exists a desire to leverage the wavelength tunability, broad bandwidth, and low

thermal loading of the OPCPA technique to develop lower energy, high average power femtosec-

ond lasers. These systems are of interest for use in ultrafast spectroscopy [88–90] as well as for

scaling HHG to higher average power and extending its cutoff energy to the soft x-ray regime

by developing MIR OPCPAs [91–93]. These higher average power OPCPAs require a similarly

high average power pump laser, and the development of high power picosecond Yb based CPA

lasers has been identified as a key technology for the advancement of high power OPCPA lasers,

which are seen as the next generation of femtosecond laser technology. [87] Conventionally,
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pump pulses with durations of hundreds of picoseconds have been used in this type OPCPA

laser, but Fattahi et al. identified key advantages of using near-1-ps duration pump pulses in

the amplification process. [87] Because the interaction process scales with the pump intensity,

the use of shorter pump pulses increases the gain of these amplifiers and reduces the length of

the crystals used. This has the added benefit of simplifying the pulse stretching and compres-

sion inherent in CPA, limits dispersion in the material, and improves pulse contrast.

Due to the benefits outlined above, a tunable OPCPA laser was developed by our group to

investigate optical coatings at 1.6 µm. This wavelength range is of interest for the development

of eye safe, high power lasers but no work has currently been published concerning the perfor-

mance of multilayer dielectric coatings at this wavelength. This system was used to perform

laser induced damage testing of specially designed high reflective (HR) and antireflective (AR)

optical coatings. Full details of this laser system and optical coating damage results are the

focus of Chapter 3.

1.1.4 Laser Plasma Accelerators

The technology gained in the development of high power ultrafast lasers will be crucial

for the next generation of high gradient particle acclerators. Current particle accelerators are

reaching a scaling limit in which the economic costs outweigh the potential for new physics.

Synchrotron colliders such as the 26.7 km circumference Large Hadron Collider (LHC) rely on

powerful superconducting magnetics to collide groups of protons or heavy ions in counter-

propagating circular paths. Linear particle accelerators such as the 2-mile-long Stanford Linear

Accelerator Center (SLAC) accelerate particles using oscillating electric potentials. Both of these

technologies are ultimately limited by their achievable acceleration gradient. Hence their scale

(and cost) must increase in size to enable the higher particle energies necessary for probing new

physics. Therefore, an alternative to constructing ever larger colliders is to pursue schemes with

the potential for higher acceleration gradients.
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Laser Plasma Acceleration (LPA) has emerged in recent decades as a powerful alternative to

conventional accelerator technologies. In 1979, Tajima and Dawson proposed a novel way of

accelerating electrons which involved using an intense laser pulse to generate a periodic elec-

tron density within a plasma. [94] In this scheme, an intense electromagnetic pulse is injected

into a plasma waveguide, which can be generated by ionizing hydrogen or helium inside a gas-

filled capillary discharge waveguide. This intense laser pulse causes the electrons to move out of

the beam path, and, as ions are much more massive, their position is left relatively unchanged.

This creates regions of oscillating electron density known as a laser wake or plasma wave which

oscillates at the plasma frequency which is defined as

ωp =

√

e2ne

ε0me
(1.6)

where e is the electron charge, ne is the electron density, ε0 is the permittivity of free space, and

me is the electron mass. The resulting electric field used for accelerating electrons generated by

the plasma oscillations is

E0 =
cmeωp

e
(1.7)

For typical electron densities of ∼1018 cm−3, this yields an accelerating electric field on the

order of 100 GV/m, which is three orders of magnitude greater than what can be achieved with

conventional radio frequency (RF) linear accelerators. With a high intensity laser pulse and

proper plasma conditions, the ponderomotive force of the laser pulse can deflect all electrons

transversely out of the beam path, resulting in an ion cavity behind the pulse which is com-

pletely devoid of electrons. [96] The electrons form a sheath around this cavity which is why this

operation regime is commonly referred to as the “bubble” regime. The trajectories of some of

the electrons surrounding the ion cavity can penetrate the barrier and experience a large accel-

erating force. If they gain sufficient energy, they will become trapped and be further accelerated

by the field. These electrons are referred to as self-trapped electrons. By seeding electrons into

the wakefield with the proper phase, it is possible to accelerate these electrons to relativistic
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Figure 1.5: Image showing a laser wakefield plasma in the “bubble” regime. (from [95])

velocities in interactions lengths a fraction of the size of today’s RF accelerators. To date ac-

celerated electron energies up to 7.8 GeV have been achieved using LPA techniques [97], and

with the hope for more compact particle accelerators, an intense effort has begun to develop

the next generation light source to enable high brightness accelerators based on LPA. [98]

This high brightness requirement necessitates laser systems with simultaneously high pulse

intensities and average powers, and many design architectures have been proposed to reach

these goals, including a Tm:YLF based femtosecond laser system [98, 99], the coherent com-

bination of many high power fibers [98, 100], and a Colorado State University (CSU) led high

power Ti:Sapphire system. [98] Figure 1.6 illustrates the CSU design for a joule-level, kilohertz

repetition rate, femtosecond duration, Ti:Sapphire based system proposed to meet the near

term laser requirements for LPA. Here, a 1 J, 1 kHz cryogenically cooled bulk Yb:YAG laser, could

be used to seed two high power cryogenically-cooled, thick-disk active mirror bulk Yb:YAG am-

plifiers, similar to the ones presented in Section 2.5, to produce a combined 10 J pulse energy.
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Figure 1.6: A conceptual schematic of the CSU proposed 0.1 PW Ti:Sapphire laser pumped by a
cryogenically-cooled Yb:YAG amplifier akin to the power amplifiers detailed in this work. (from [98])

8 J of λ = 515 nm light is expected after frequency doubling in LBO, and this green light would

be used to efficiently pump a cryogenically cooled Ti:Sapphire laser, ultimately producing 3 J

pulse energies and 30 fs after compression.

1.2 Chirped Pulse Amplification Lasers

Chirped pulse amplification (CPA) is the primary method for generating femtosecond and

picosecond laser pulses with high energy. CPA involves temporally stretching a pulse prior to

amplification and subsequently recompressing it back to its original pulse duration after reach-

ing high energy. This reduces the pulse intensity during the amplification process, mitigating

the damaging effects pulses with high intensity can cause to optical elements, and results in

a high intensity short pulse useful for applications. The CPA technique was first conceived in

the context of radar in 1960 [101] but was first applied in the optical regime by Strickland and

Mourou in 1985. [1] For their achievement and the profound impact CPA has had on laser de-

velopment and basic research, Strickland and Mourou were awarded the 2018 Nobel Prize in

Physics.

To understand the importance of CPA, it is instructive to consider the effects and limita-

tions associated with the direct amplification of ultrashort laser pulses. When a laser pulse has
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enough intensity, it begins interacting with the medium through which it is traveling. This is ev-

idenced by the nonlinear refractive index due to the Kerr effect [102] which adds an additional

intensity dependent term to refractive index of the material, which can be written as

n = n0 +n2I (1.8)

where n0 is the weak-field or linear refractive index, n2 is the second-order or nonlinear re-

fractive index, and I is the field intensity. This additional term can lead to self-focusing effects

that can cause the beam to collapse and result in optical damage. The nonlinear effects accu-

mulated throughout the laser amplifier can be estimated by calculating the B-integral (beam

breakup integral), expressed as

B =
2π

λ

∫

n2I (z)d z (1.9)

where n2 is the nonlinear refractive index of a given material and I (z) is the laser pulse intensity

in that material.

The B-integral determines the total nonlinear phase shift of the system and contributions

can come from optical components such as windows, laser gain media, Pockels cells, etc. Con-

ventionally, it is best to keep the value of a systems B-integral below 1 to avoid detrimental

nonlinear effects. At higher B-integral values, the beam can experience self-focusing or fila-

mentation. The latter effect occurs when small perturbations in the beam’s intensity profile

experience exponential growth during nonlinear propagation in the amplifier. This creates lo-

calized hot spots in the beam that can lead to degradation of the beam and amplify to levels

exceeding the damage fluence of components in the laser system. The optical coatings used to

transmit or reflect the beam at interfaces of differing refractive indices typically have the low-

est damage fluence of all the optics in the system and are most susceptible to damage by these

intensity dependent effects.

There exist two means by which the laser pulse intensity can be reduced. One is to expand

the beam size. This method requires large area optics for the laser system, and it becomes
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increasingly difficult to produce high quality optics with large surface areas. This can make

the optics prohibitively expensive. The increased beam size also limits the efficiency of the

amplifier because it is necessary to operate near or above the saturation fluence of the gain

medium to efficiently extract energy from the system. Thus, increasing beam size is not the

optimum method for reducing pulse intensity. The second option is to increase the laser pulse

duration during amplification, and this is the essence of CPA.

Figure 1.7 shows an overview of the CPA process. The implementation of the technique

begins with generation of a low energy, ultrafast pulse in a laser oscillator. The oscillator pulses

are temporally stretched before amplification. After the pulse energy is increased in one or more

amplification stages, the pulse is then recompressed to its original duration, resulting in a high

energy ultrashort pulse.

Figure 1.7: An overview of a chirped pulse amplification (CPA) laser system.
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Low energy short pulses used to seed the amplifiers in a CPA laser system are usually gen-

erated in a mode-locked oscillator. In a typical multimode cavity, many longitudinal modes

are allowed to oscillate in the cavity with no fixed phase relation. The process of mode-locking

requires these longitudinal modes to oscillate with a fixed phase relation causing constructive

interference between these modes and produces a train of pulses in time separated by the cav-

ity round trip time. Using this technique, pulses as short as 5 fs [103] have been produced in

solid state lasers. While these laser oscillators typically have a repetition rate of tens of MHz,

they have low pulse energy and therefore usually function as a seed for further amplification.

Laser pulse stretching can be achieved in an optical element which provides a wavelength

dependent time delay, i.e. a “chirp” to the pulse. This dispersion can be imparted by various

methods including diffraction grating pairs, fibers, Bragg gratings, chirped mirrors, etc, with

diffraction grating pairs being one of the most common methods for laser pulse stretching

and recompression. In 1969, Treacy [104] showed that light incident on a system of two par-

allel diffraction gratings will always exit with negative dispersion (also known as anomalous

dispersion), meaning that shorter wavelengths will travel a shorter distance. This dispersion

is opposite in sign from the dispersion accumulated when a laser pulse travels through most

transparent optical materials, which are said to have positive (normal) dispersion, and these

compressors were first used to compensate for material dispersion of broad band ultrashort

pulse lasers. [105] In 1985, Strickland and Mourou used an optical fiber to impart a positive lin-

ear chirp to a short pulse prior to amplification, and then using a Treacy style compressor to

impart negative dispersion to obtain near transform limit pulses after amplification. However,

gratings cannot accurately compensate for the dispersion in optical fibers. In 1987 Martinez

reported a method for stretching pulses by using a grating pair with a pair of lenses to form a

telescope between the gratings. [106] In such a stretcher, dispersion with opposite sign (positive

dispersion) can be achieved (see Figure 1.7). This breakthrough allowed much better matching

between stretching and compression of ultra-short pulses. Since this initial demonstration, CPA

has become the primary method for generating high intensity pulsed lasers.
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Since the 1990s, solid state lasers have come to supersede dye lasers as the gain material

of choice for the development of ultrashort pulse lasers. Solid state materials boast a higher

saturation fluence as compared to dye lasers, allowing for a significant reduction in size and

higher stored energy densities. By far the material that has been most popular for developing

high peak power lasers is titanium3+ sapphire (Ti:Al2O3). [5–8] The material has a broad fluo-

rescence linewidth of 230 nm (FWHM) peaked around 780 nm and a high stimulated emission

cross section. [107] This has allowed the development of lasers with pulse durations as short as

5 fs. [103] Ti:Al2O3 is also attractive as a gain medium due to the sapphire host material which

has excellent thermal conductivity and mechanical rigidity making it an excellent material for

high average power operation. The main drawback is its short upper level lifetime of 3.2 µs.

This means that most high peak power Ti:Al2O3 systems are pumped by frequency doubled

Q-switched neodymium3+ (Nd3+) doped lasers.

Nd doped glass in particular is used for pumping systems with high pulse energies. [108–

110] By using glass as the host material, there is greater flexibility in the sizes and shapes avail-

able, from fibers to large slabs. Nd:glass lasers typically operate at a wavelength of λ = 1.05-

1.06 µm depending on the glass host used and have a fluorescence linewidth between 15-30 nm

(FWHM), allowing for short pulse operation. [107,109] These lasers also have an upper level life-

time of several hundred microseconds and broad absorption bands as compared to Nd doped

crystals such as Nd:YAG. [111] However, YAG has a significantly higher thermal conductivity,

which is an important advantage in the implementation of high power lasers, where heat dis-

sipation is a major roadblock to overcome. These spectroscopic features make Nd-doped ma-

terials well suited for flash lamp pumping, which have a broad spectral emission and can be

pulsed at several hundred microseconds. Flash lamp pumping is very successful for high pulse

energy operation but is limited in its ability for high repetition rate operation.

Figure 1.8a shows the emission of a Xenon flash lamp operating at two different current den-

sities, while Figure 1.8b shows the absorption spectrum of two Nd-doped phosphate glasses. It

can be seen that the broad emission of the flash lamps will only be absorbed by narrow tran-
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Figure 1.8: a) Typical emission spectrum of a Xenon flashlamp operating at two different current densi-
ties. b) shows the absorption spectrum of two Nd-doped phosphate glasses. (from [107])

sition bands in Nd-doped gain media with the excess light contributing to heating of the laser

material. Furthermore, the low thermal conductivity of glasses, typically 0.7-1.4 W/mK [107],

reduces the ability to control the temperature within the material at high repetition rate opera-

tion. The buildup of heat leads to thermally induced optical effects, which will be discussed in

detail in Section 1.2.3, such as thermal lensing which occurs when thermal gradients within the

laser medium develop across the beam profile. This temperature variation is associated with a

change in the refractive index of the material and can lead to focusing effects and potentially

optically induced damage. Thermally induced birefringence can also occur from this buildup

of heat. This creates a nonuniform polarization change across the laser beam profile and can

lead to losses and beam degradation when the laser passes through a polarizing element. While

Nd:YAG has the necessary thermo-mechanical properties to allow high power operation, it can-

not be grown to the sizes available in glass media. Typically, apertures of Nd:YAG are limited to

under 2 cm, and therefore, to scale high pulse energy lasers to high repetition rates, new mate-

rials and pumping schemes must be investigated.
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1.2.1 Laser Diode Pumping

Over the past few decades, diode laser technology has advanced to the point that there are

now commercially available, high power laser diodes suitable for pumping many laser gain me-

dia, with Nd3+ and ytterbium3+ (Yb3+) being two common rare earth ion dopants. These ions

are preferred because they can easily be pumped at λ = 808 nm by InGaAsP or GaAlAs diodes

for Nd3+ and λ = 940-980 nm by InGaAs diodes for Yb3+. As will be discussed in the next sec-

tion, Yb3+ has become the preferred dopant for high power diode pumped solid state lasers due

to its simple electronic structure, small quantum defect (the difference between pump photon

energy and laser photon energy), and long upper level lifetime. High power diode development

is important because diodes possess many characteristics which are advantageous for efficient

laser operation.

One of the principal advantages of laser diode pumping as opposed to flash lamp pump-

ing is the monochromatic output of diode sources. Many commercially available diodes have a

spectral linewidth of ∼5 nm, although volume Bragg grating (VBG) stabilized diodes are avail-

able with linewidth of ∼1 nm. This narrow linewidth along with center wavelengths which are

well matched to the absorption peaks of the gain medium allow for nearly all of the pump light

to contribute to populating the upper laser level. This results in highly efficient conversion of

pump energy to stored energy with little additional heating from unabsorbed pump light, which

is crucial for high power laser operation.

Along with their spectral properties, laser diodes are much more efficient than conventional

flash lamps with electrical to optical efficiencies greater than 70 % having been reported. [112]

Laser diodes are also much more compact than flash lamp systems. Figure 1.9a shows a 6 kW

average power laser diode stack which is composed of 60 bars each producing 100 W of λ = 940

nm light. The entire assembly is only 5” x 3” x 0.75” and allows for compact end pumping of

a Yb:YAG amplifier. The vertical stack is microchannel cooled for efficient heat removal. Due

to the cross section of the bars, emitted light is highly divergent, as shown in Figure 1.9b. Typ-

ically, a cylindrical micro lens is used to collimate the vertical (fast) axis of each emitter. This
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Figure 1.9: a) 6 kW peak power, 940 nm laser diode used for high power pumping of the cryogenic Yb:YAG
amplifier detailed in Section 2.5 b) the radiation pattern from a laser diode bar. (from [107])

produces a beam divergence of ∼1 degree in the vertical direction and a horizontal (slow axis)

divergence angle of ∼10 degrees. In addition to laser diode stacks, high power fiber coupled

laser diodes are also commercially available and allow for compact, directional laser pumping.

The directionality of diodes allows for novel pumping schemes, such as end-pumping in which

the pump and seed laser propagate along the same axis. This provides better mode matching

of the pump and seed lasers throughout the gain medium and helps minimize thermal effects

that can degrade beam quality.

1.2.2 Yb-doped Gain Media

The drawback of laser didoes as compared to flash lamp systems is their relatively low peak

power. This requires using a gain medium with a long upper level lifetime. As was mentioned

before, the two rare earth ion dopants neodymium and ytterbium are well suited for diode

pumping due to the inherent wavelength matching between available diodes and the mate-

rials’ absorption bands. Yb3+ materials such as Yb:YAG have upper level lifetimes of 950 µs,

which is over four times longer than similar Nd3+ materials like Nd:YAG, which has a lifetime

of 230 µs. This allows for better pump energy storage. Furthermore, Yb:YAG has an absorption
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bandwidth of 18 nm FWHM [113] when pumped at λ = 940 nm, which is nearly an order of

magnitude greater than the 2 nm absorption bandwidth of Nd:YAG at λ = 808. This eases diode

linewidth and center wavelength stability requirements.

Figure 1.10: The relevant energy levels of Nd3+ and Yb3+ gain media with typical pump and lasing tran-
sitions, as well as parasitic effects. (from [113])

Figure 1.10 shows the energy levels typical of Nd3+ and Yb3+. Lasing occurs around 1 µm

between the 4F3/2 and 4I11/2 manifolds in Nd3+ and between the 2F5/2, and 2F7/2 manifolds

in Yb3+. The first observation is the quantum defect, which is the difference between pump

and emission photon energies, for both materials. When expressed as the fraction of the lasing

wavelength to the pump wavelength, Nd:YAG has a quantum defect of 24 % when pumped at

λ = 808 nm, while Yb:YAG has a value of 9 % when pumped at λ = 940 nm. This wavelength
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difference is the primary direct source of heating in the material. Therefore, minimizing this

difference is vital for high power laser operation. The simplified electronic energy levels of Yb3+

also help to avoid parasitic effects such as up conversion, excited state absorption, and cross-

relaxation, which all occur in Nd-doped media. These upper level de-excitations are also non-

radiative and contribute to further thermal loading of the system. Thus, the Yb3+ ion is a prime

candidate for high power ultrafast laser development.

There exist numerous Yb-doped gain media with different host materials that exhibit many

of the spectroscopic properties discussed above. These materials demonstrate long upper level

lifetimes and small quantum defects, but differences in material properties make some more

suitable for high power operation. Examples of host materials include KYW, KGW, YLF, CaF2,

and YAG, and some of their spectroscopic and mechanical properties are listed in Table 1.1.

Table 1.1: Spectroscopic and mechanical properties of various Yb-doped materials. From [19,38,40,107,
113–115]

Host λe (nm) λabs (nm) ∆λ (nm) σe (10−20cm2) τL (ms) κ (W/m*K) (undoped)

YAG 1030 941 11 2.1 0.95 8.6
KYW 1025 981 16 3 0.6 3.3
KGW 1023 981 20 2.8 0.6 3.3
YLF 1017 959 >30 0.75 2.08 5.2
CaF2 1049 980 70 0.17 2.4 9.7

Many of these materials have been explored as options for high power laser operation. [39,

116, 117] Hosts such as YLF and CaF2 are intriguing due to their broad emission bandwidth

and good thermal conductivities, κ, as alternatives to Ti:Al2O3 for high energy femtosecond

pulses, yet the low stimulated emission cross section of these materials means they have a high

saturation fluence and low gain. From [118], the saturation fluence for the atomic medium can

be expressed as

Fs =
~ω

2∗σ
(1.10)
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where ~ω is the photon energy, σ is the stimulated emission cross section, and 2∗ is the “satu-

ration factor”. This factor is defined as 2∗ ≡ 1 if the lower laser level rapidly depletes, i.e. a four

level laser system, or as 2∗ ≡ 2 if the lower laser level accumulates a population during laser ac-

tion, i.e. a three level laser system. The saturation fluence of a material such as Yb:CaF2 can ex-

ceed 100 J/cm2 which is well above the damage threshold of the host material and makes it un-

suitable for implementation in high power amplifiers where it is necessary to operate above the

saturation fluence for efficient energy extraction. Therefore, their use has been limited to short

pulse high power oscillators [119,120] or low energy amplifiers [13,23]. Similarly, KYW and KGW

with their low thermal conductivities have only seen use in mode-locked oscillators [121, 122]

or low energy amplifiers [116, 117]. Of the available host materials, Yb:YAG has been the most

attractive material for high energy, high repetition rate picosecond laser operation.

1.2.3 Yb:YAG

Yttrium aluminum garnet (Y3Al5O12), or simply YAG, has been a popular host material for

decades due to its attractive spectroscopic, mechanical, and thermal properties. YAG has a

cubic crystalline structure making it optically isotropic and boasts excellent structural stabil-

ity across all temperatures up to its melting point. It is also harder than most laser materials

and is well suited to accept substitution of trivalent rare earth ions. Furthermore, since YAG

has been studied as a laser host since the 1960s [123] and found wide use with Nd3+ and Yb3+

dopants, the fabrication of high quality single crystal and ceramic YAG is mature, making large

aperture YAG-based gain media commercially available. In recent decades, Yb:YAG has found

wide use in high power picosecond CPA lasers using a number of different designs including

water-cooled thin-disks [24, 26], slabs [29], and at cryogenic temperatures [19, 28, 33]. Of these

applications at high average powers, cryogenic Yb:YAG is particularly well suited for high pulse

energy operation.

A disadvantage of Yb:YAG’s simple two manifold electronic structure and low quantum de-

fect is that the lower laser level is thermally populated at room temperature. From Maxwell-
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Boltzmann statistics, the fraction of ions in the lower level is 5.3 % at 300 K due to thermal

excitation from the ground state, making room temperature Yb:YAG a quasi-three level laser.

This means there is a minimum amount of pump energy required for the system to reach trans-

parency and reduces the efficiency of the laser. When cooled to cryogenic temperatures, i.e.

∼77 K, this fraction reduces to 10−5 and is nearly completely depopulated, making it a four level

laser system.

In addition to the improved efficiency of cryogenic operation, a number of mechanical and

thermo-optic properties of Yb:YAG dramatically improve. From Table 1.1, we see that at room

temperature Yb:YAG has a thermal conductivity of 8.6 W/m*K, which is better than many of the

other host materials listed. However, it is still significantly worse than other host crystals like

sapphire which has a thermal conductivity of 33 W/m*K at room temperature. When cooled to

cryogenic temperatures, the conductivity of Yb:YAG increases by over a factor of 4. In addition

to the properties listed in Table 1.1, the thermal expansion coefficient, α, as wells as the thermo-

optic coefficient, ∂n/∂t , improve at cryogenic temperatures. The former has a value of 7.8 x 10−6

K−1 at 300 K and decreases to a value of 0.9 x 10−6 K−1 at 77 K, while the latter has a value of 6.14

x 10−6 K−1 and decreases to a value of 1.95 x 10−6 K−1 at 77 K.

To illustrate the significance the improvement in thermal conductivity has on system per-

formance, Figure 1.11 shows the results from a thermal simulation of two 50 x 50 x 5 mm YAG

crystals being heated by a circular 50 W heat source which measures 16 mm in diameter. For

these simulations the back (left) surface temperatures were fixed at 77 K, in a), and 300 K, in b),

and all heat flow was conducted through this surface. This boundary condition is analogous

to the heat transfer present in the active mirror geometry used in the amplifiers described in

Chapter 2. This amplifier geometry is described in detail in Section 1.2.4. Figure 1.11a and Fig-

ure 1.11b show the temperature profile through the center of the crystal, with both colormaps

plotted on the same scale. It’s readily apparent that the crystal cooled to 77 K experiences much

less heating throughout the bulk with the cryogenically cooled crystal experiencing a maximum

temperature difference of 8 K while the room temperature crystal has a maximum temperature
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difference of 62 K. This results in less significant temperature gradients which is further illus-

trated in Figure 1.11c. This figure shows the maximum temperature across the center of the

crystal. As we will see below, this reduction in temperature gradients at cryogenic temperatures

has a dramatic impact on the mitigation of thermo-optic effects that can lead to beam degra-

dation as well as laser induced damage.

To understand the importance of these improved material properties under cryogenic op-

eration, it is instructive to consider the case of a cylindrical laser rod with a uniform heat load

and radial cooling. For this situation, the temperature distribution in the rod can be expressed

as

T (r )−T (r0) =
(

q

4κ

)

(r 2
0 − r 2) (1.11)

where q is the heat density source and r0 is the radius of the rod. From this equation, we see

that the temperature at any point in the rod is inversely proportional to the thermal conduc-

tivity. An increase in thermal conductivity will lower the overall temperature of the rod and by

extension decrease the radial thermal gradients within the rod. If we assume that κ is constant

with temperature, we can express the refractive index at some radial distance within the rod as

having a contribution due to thermal gradients, ∆nt , and mechanical stress, ∆ns

n(r ) = n0 +∆nt (r )+∆ns(r ) (1.12)

The temperature dependent refractive index change can be expressed as

∆nt (r ) = q0 −
qr 2

4κ

(

∂n

∂t

)

(1.13)

where q0 is a constant that is dependent on the rod geometry and heat density, while ∂n/∂t is

the thermo-optic coefficient. The contribution to the refractive index change due to stress can

be expressed as

∆ns(r ) =∆nr,θ(r ) =
−αn3

0q

2κ
Cr,θr 2 (1.14)
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Figure 1.11: shows a simulation of the temperature distribution in a 2”x 2”x 0.2” Yb:YAG disk with a
thermal load of 50 W deposited in a 16 mm circular region in the center of the disk with a) the back
surface fixed to a temperature of 77 K and b) fixed to 300 K. a) and b) are plotted on the same scale. c) is
a 1D cut showing the maximum temperature across the crystal.
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where α is the thermal expansion coefficient and Cr,θ is a constant given by the elasto-optic

coefficient of the material. This index change due to stress can have two consequences. First,

the refractive index changes in equations (1.13) and (1.14) display a parabolic dependence on

radius, and a beam traveling along the axis of the rod will experience a lensing effect. An addi-

tional source of loss can come from depolarization of the beam due to the nonuniform index

change in r and θ.

For an optically isotropic medium such as YAG in this geometry, the refractive index change

due to stress can induce birefringence of the crystal which has a radial and tangential compo-

nent. This index change can be seen in Figure 1.12a where the undistorted index, n0, is uniform

in all directions, that’s to say its index ellipsoid in this two dimensional projection forms a circle.

When stress is applied to the crystal, differing index changes can occur in r and θ and distort

the index ellipsoid (in two dimensions) into an ellipse. For a beam linearly polarized in either

the x or y direction, rays on the x and y axes will not experience a change in their polarization

state, while all other rays will become elliptically polarized, as seen in Figure 1.12b. This can be

a great source of loss if the beam travels through a polarizing element and significantly modify

the beam’s spatial profile. This is commonly referred to as depolarization loss. From equation

(1.14), it can be seen that both components are linearly dependent on the expansion coefficient,

α, and inversely dependent of the thermal conductivity κ. The decrease in thermal expansion

coupled with the increase in thermal conductivity by cryogenic cooling of Yb:YAG combine to

reduce the refractive index change due to mechanical stress by a factor of 12 when compared

to room temperature operation. Therefore, by cryogenically cooling the Yb:YAG gain medium

these thermal lensing effects can be significantly reduced.

In addition to the improved mechanical and thermo-optic properties, Yb:YAG also expe-

riences dramatic improvements in its spectroscopic properties when cooled to cryogenic tem-

peratures. Figure 1.13a shows the stimulated emission cross section of Yb:YAG and Figure 1.13b

shows the emission bandwidth of the laser transition at temperatures ranging from room tem-

perature to 70 K. [124]
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Figure 1.12: a) shows the nonuniform modification to the refractive index due to stress. b) shows the
change in polarization a linearly polarized beam experience when traversing a crystal with stress induced
birefringence (from [113])
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Figure 1.13: a) Stimulated emission cross section of Yb:YAG b) shows the emission bandwidth for tem-
peratures ranging from 70 K to room temperature. (from [124])
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From Figure 1.13a it can be seen that the stimulated emission cross section increases by

about a factor of 5, and from equation (1.10), we see that the saturation fluence, Fs , decreases

from a value of 9.2 J/cm2 at room temperature to a value of 1.95 J/cm2 for 5 % Yb:YAG at

77 K. To better understand the importance of these improvements, we can consider the one-

dimensional case of amplification of a temporally square pulse. From [125] we have the follow-

ing expression for the single-pass gain

G =
Fs

F0
l n

(

1+
[

exp
(F0

Fs

)

−1
]

exp(γl )

)

(1.15)

where F0 is the input pulse fluence, γ is the small signal gain coefficient, and l is the length of

the amplifying medium. For the case when F0 ≫ Fs and using the definition for the small signal

gain coefficient, γ=∆Nσe , where ∆N is the inverted population, this reduces to

G ∼= 1+
(

Fs

F0

)

γl (1.16)

From equation (1.16), we see that in the regime above saturation the gain varies linearly with

the length of the medium, meaning that every excited state is contributing to the amplifica-

tion of the pulse and constitutes the most efficient removal of energy from the system. This

increase in single pass gain allows for amplifiers with fewer passes and thereby decreases losses

and reduces the design complexity of the system. It also minimizes thermo-optic effects on the

beam which can compound from successive trips through the optical distortions of the ampli-

fying medium. The reduction in saturation fluence also makes it possible for efficient energy

extraction without the risk of optical coating damage.

Along with the increase in emission cross section at cryogenic temperatures, there is a cor-

responding narrowing in the emission bandwidth as illustrated in Figure 1.13b. The bandwidth

of the peak lasing wavelength narrows from a FWHM of ∼10 nm at room temperature to ∼1.5

nm at liquid nitrogen temperature. Although, it is important to remember that this is not equiv-

alent to the bandwidth of the fully amplified pulse which will suffer from gain narrowing as a
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part of the amplification process. In Chapter 2 it is shown that the combination of a room tem-

perature preamplifier and cryogenic power amplifiers allows for the generation of joule level

pulses with enough bandwidth to support <5 ps pulses, thereby mitigating the worst gain nar-

rowing effects of cryogenic operation. Another important temperature dependent property of

Yb:YAG which must be taken into account when using a dual temperature amplification scheme

is that the peak emission wavelength of the medium shifts to the blue as it is cooled. Dong et

al. determined the wavelength shift from room temperature to cryogenic temperature to be ap-

proximately ∼0.6 nm [124], while Körner et al. determined this value to be closer to 1 nm. [126]

Therefore, it is necessary to match the peak wavelength of the room temperature preamplifier

to the center wavelength of the cryogenic power amplifiers.

The absorption cross section is a final factor to consider when evaluating the viability of

amplification in cryogenic Yb:YAG. Brown et al. [127] and Körner et al. [126] measured the ab-

sorption cross section as a function of temperature. Figure 1.14 shows the results of Brown et

al.’s measurement of 9.8 at.% Yb:YAG at 300 K (Figure 1.14a) and 75 K (Figure 1.14b). [127] Both

Brown and Körner found the cross section at the peak of the 940 nm absorption band to in-

crease by a factor of 2 when cooled to liquid nitrogen temperatures and that the absorption

peaks similarly suffer narrowing at these colder temperatures. Although, the narrowing of this

absorption feature only changes from a FWHM of 18.3 nm at 300 K to 12.6 nm at 75 K and the

peak of this band remains nearly unchanged. Thus, pumping this feature with commercially

available λ = 940 nm diodes, which typically have a bandwidth of 3-5 nm, is suitable at 77 K.

Another apparent feature present in these spectra is the dramatic increase of the absorption at

the zero-phonon line around λ = 969 nm which increases by roughly an order of magnitude

when cooled. This line has a bandwidth of 2.8 nm at 300 K, making it usable at room temper-

ature, but only with more expensive volume Bragg grating (VBG) stabilized diodes. This has

the advantage of further decreasing the quantum defect and thermal load by 30 %, yet even

with stabilized diodes, this feature becomes impractical for use at 77 K because the bandwidth

reduces to < 0.2 nm.
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Figure 1.14: The absorption cross section of 9.8 at.% Yb:YAG at a) 300 K and b) 75 K. (from [127])
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1.2.4 Current state of the art Yb-doped CPA Lasers

With the advances in diode laser technology outlined above, many laser architectures utiliz-

ing Yb-doped materials have emerged in recent years to generate high power short pulse lasers.

These systems use high power amplifiers based on either water-cooled thin disk Yb:YAG, slab

Yb:YAG, Yb-doped fiber, or cryogenically cooled Yb:YAG. For this discussion, we are concerned

with the development of CPA laser systems with high pulse energy, on the millijoule to joule

level, high repetition rates, on the order of 1 kHz, and short pulse duration, <10 ps.

Figure 1.15: Schematic showing the active mirror geometry.

The thin-disk Yb:YAG amplifier is a mature technology that has been a successful means of

generating high power short pulse lasers. [35, 128] The concept, shown in Figure 1.15, uses a

100-200 µm thick, several millimeters diameter disk which has a high reflective (HR) coating

for both pump and seed laser wavelengths on one side and an antireflective (AR) coating for

both wavelengths on the other. This amplifier configuration is often described as an “active
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mirror”. The HR side is thermally coupled to a water-cooled heatsink, often made of copper or

copper-tungsten. The large area of the cooling surface and small thickness facilitate excellent

heat removal from the gain medium with the largest thermal gradients being longitudinal to

the direction of beam propagation. This minimizes thermal lensing and depolarization effects.

This design architecture has been effective at generating pulses with picosecond durations and

modest pulse energies, including demonstrations of 40 mJ at 1 kHz repetition rate [24] and

4.7 mJ at 300 kHz [129]. Recently, this concept has been used to scale to high pulse energies

with Nubbemeyer et al. reporting 200 mJ, 5 kHz operation with 1.1 ps pulse durations. [26] In

that work, two high power thin disk amplifier heads were used in a large mode regenerative

amplifier ring cavity, and this work is being further extended with the goal of reaching joule

level pulse energies at kilohertz operation. [130] While the thin-disk amplifier design has been

successful for high power operation, it can be expensive and difficult to implement. Due to the

low single pass absorption of pump light, a complicated, multi-pass pump design must be used

for efficient energy storage. Many of these systems rely on expensive VBG stabilized diodes to

minimize the thermal load in the laser crystal.

Another approach for high power operation, which is less related to the one investigated

in this dissertation, uses Yb-doped fiber amplifiers. Two common techniques used in this ap-

proach are coherent beam combining (CBC) [131] and divided pulse amplification (DPA) [132,

133]. In CBC the seed beam is spatially separated into multiple beamlines and individually am-

plified. These amplified beams are then recombined to form a single high peak power pulse.

Similarly, DPA temporally separates the initial seed pulse into a train of pulses which can then

be amplified in a single gain medium and temporally recombined into a single pulse. Through

a combination of CBC and DPA, pulse energies of 12 mJ with 262 fs pulse durations have been

achieved at average powers of 700 W. [36] This scheme is susceptible to inefficiencies due to

the precision and complexity of temporal and spatial beam recombination and is sensitive to

gain saturation effects. This can lead to different pulses within the DPA pulse train experienc-

ing different amplification levels, and amplitude and nonlinear phase mismatch among the
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pulses can further limit recombination efficiency. Although, recent work has made progress

on increasing the number of combined fiber channels with improved efficiency and diffraction

limited beam quality [100], providing the potential for high pulse energy, high average power

fiber laser systems.

Of the schemes used for high power amplification in Yb doped gain media, amplification

in cryogenic Yb:YAG has been, to date, one of the most successful in obtaining high pulse

energies at high repetition rates. It has been observed that the sole use of cryogenic Yb:YAG

severely narrows the bandwidth of the output pulse making sub-5 ps pulse durations diffi-

cult. [31] Also, limitations in material properties of non-YAG host materials, as discussed above,

limit achievable energy and power scaling. Many host materials have been investigated in-

cluding KYW [116, 117], SSO (Sc2SiO5) [134], CALGO (CaAlGdO4) [39], and CaF2 [39], yet these

amplifiers achieved relatively low pulse energies, on the order of 1 mJ, and modest, watt-level

average powers. Therefore, many of the lasers systems using cryogenic Yb:YAG typically use a

hybrid approach, whereby a broad bandwidth gain medium is used in a high gain preampli-

fier and cryogenic Yb:YAG is used in multipass power amplifier stages. The approach is favored

because bandwidth can be preserved in the preamplifier and limited gain narrowing can be tol-

erated in the subsequent power amplification stages. Using this scheme, pulse energies on the

order of 100 mJ and repetition rates of 1 kHz or greater have been achieved. [19, 28]

1.3 Outline of the following chapters

Chapter 2 describes the development of an all diode-pumped CPA laser using a room tem-

perature Yb:YAG preamplifier in conjunction with a cryogenically-cooled Yb:YAG power ampli-

fier to achieve uncompressed pulse energies of 1.4 J at a repetition rate of 500 Hz compressible

to 3.8 ps. This laser system was used to demonstrate soft x-ray lasing in Ni-like molybdenum at

a repetition rate of 400 Hz. Additionally, an initial result is presented of 1.4 J operation at 1 kHz.

Chapter 3 details the operating principles of OPCPA lasers and describes the development of

a 100 Hz OPCPA laser operating in the near infrared (NIR) which is wavelength tunable between
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λ = 1.5-2 µm. This system consisted of a ∼100 µJ, sub-ps Yb:KYW regenerative amplifier which

was used to generate λ = 1.5–2 µm pulses in a beta barium borate (BBO) difference frequency

generation (DFG) stage. The generated NIR pulses were subsequently amplified in multiple

stages of potassium titanyl phosphate (KTP) optical parametric amplification (OPA) to obtain

a maximum pulse energy of 5 mJ. The final three stages of OPA were pumped by λ =1.03 µm,

50 mJ, ∼5 ps pulses from a cryogenically cooled Yb:YAG CPA laser system described in [34] and

similar in design to the one described in Chapter 2. Both the NIR OPCPA laser and λ = 1 µm CPA

laser were seeded by a common Yb:KYW oscillator allowing for passive temporal synchroniza-

tion of pump and signal pulses. λ = 1.6 µm, ∼2.5 ps pulses were used to conduct laser induced

damage threshold (LIDT) measurements on a number of high damage threshold optical coat-

ings designed for operation near this wavelength. These constitute the first reported results of

short pulse LIDT at this wavelength.
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Chapter 2

Development of a kW class, Diode Pumped

Picosecond Laser

This chapter describes the design and performance of a compact all diode-pumped λ =

1.03 µm CPA laser based on cryogenically-cooled active mirror Yb:YAG power amplifiers that

produces pulses with energy up to 1.5 J at a repetition rate of 0.5 kHz, resulting in an uncom-

pressed average power of 0.75 kW. The output is demonstrated to have good beam quality and

good shot-to-shot stability. The laser pulses are compressed in vacuum to durations of about 5

ps FWHM by a pair of dielectric diffraction gratings, yielding pulse energies as high as 1 J.

The design architecture used to produce robust operation at 500 Hz was expanded upon

to facilitate joule-level laser operation at 1 kHz repetition rate. Modifications to the system

front end and the addition of one amplifier head allowed for uncompressed pulse energies as

high as 1.4 J at 1 kHz. This chapter also discusses the application of this laser to realize the

demonstration of a soft x-ray laser in the λ = 18.9 nm line of Ni-like Mo operating at 400 Hz

repetition rate, the highest repetition rate demonstrated to date for a plasma-based soft x-ray

laser.

2.1 500 Hz Laser Overview

A block diagram of the 500 Hz laser system is shown in Figure 2.1. Low energy, sub picosec-

ond pulses are generated in a diode pumped, passively mode locked oscillator. These pulses

are then stretched to several hundred picoseconds in a dielectric grating stretcher before being

seeded into subsequent amplifiers. The laser design incorporates a room temperature pream-

plifier, to exploit the relatively broad gain bandwidth, and cryogenic power amplifiers, to exploit

the improved mechanical, thermo-optic and spectroscopic properties. Pulses from the grating

stretcher are first seeded into a high gain, room temperature Yb:YAG regenerative amplifier that
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selects pulses at a repetition rate of 500 Hz and boosts the pulse energy to the millijoule level.

Then a pair of cross polarized calcite polarizers with a pockels cell between them temporally

cleans the pulses. The beam is then sent to a four-pass cryogenic preamplifier which increases

the energy to the 100 mJ level and finally to an eight-pass cryogenic power amplifier. Pulse en-

ergies has high as 1.5 J are obtained after amplification and then compressed in a Treacy style

dielectric grating compressor in vacuum, yielding >1 J, ∼5 ps pulses at 500 Hz.

Figure 2.1: Schematic diagram of the diode-pumped high energy CPA laser system that includes fiber-
coupled laser diodes (FC LD), a thin film polarizer (TFP), and periscope (P). (from [33])
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2.2 Laser Oscillator

The laser front end consists of a mode locked Yb:KYW oscillator, a Martinez style dielec-

tric grating stretcher, and a room temperature regenerative amplifier. The layout of the mode

locked oscillator is shown in Figure 2.2.

Figure 2.2: A schematic diagram of the diode pumped, modelocked oscillator. SESAM: semiconductor
saturable absorbing mirror, CM: chirped mirror, OC: output coupler

The gain medium in the cavity is ytterbium doped potassium yttrium tungstate (Yb:KYW).

The 5 %-at Yb:KYW crystal measures 5 x 5 x 3 mm and is in contact with a water-cooled copper

heatsink. Yb-doped tungstates are an attractive gain material due to their relatively high stim-

ulated emission cross section, broad gain bandwidth and low quantum defect. Furthermore,

Yb:KYW is well suited to pumping by laser diodes at λ = 980 nm. Here, the crystal is pumped

by a 30W, 980 nm fiber coupled laser diode with a 200 µm core. The tip is 1-1 imaged on the

Yb:KYW crystal by a 2” diameter, f = 101.6 mm gold spherical mirror with a hole in the center,

which the cavity beam passes through. The cavity is passively mode locked by a semiconductor

saturable absorbing mirror (SESAM) that has a saturable loss of 2 % , and dispersion is com-

pensated by a chirped mirror (CM) designed to have a group delay dispersion (GDD) of -2000

fs2 over a wavelength range of 1020 – 1040 nm. The output coupler (OC) is a dielectric mirror

coated to allow 6 % transmission on one side and an anti-reflection (AR) coating on the other.
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The coatings are deposited onto a window substrate with a wedge angle of 1 degree between

the surfaces to avoid back reflection from the AR side which could disturb modelocking.

The oscillator outputs 0.88 W when pumped with 30 W CW. Pulses leave the oscillator at a

repetition rate of 55.4 MHz, corresponding to 15.7 nJ per pulse. Figure 2.3 shows the measured

spectrum of the oscillator pulses. The spectrum is peaked at 1031.6 nm with a bandwidth of

3.8 nm full width at half maximum (FWHM), which supports transform limited, sech2 pulses

below 300 fs. While the wavelength is not centered at 1030 nm, where Yb:YAG demonstrates

strong lasing, the bandwidth and intensity are sufficient to allow amplification in subsequent

Yb:YAG stages.

Figure 2.3: The typical spectrum of pulses exiting the mode locked oscillator have a FWHM bandwidth
of 3.8 nm, which correspond to sub 300 fs transform limited pulses assuming a sech2 pulse shape.

2.3 Temporal Pulse Stretcher

2.3.1 Dielectric Grating Stretcher

A dielectric diffraction grating stretcher is used to temporally increase the ∼300 femtosec-

ond pulses exiting the oscillator to several hundred picoseconds prior to amplification. In a
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Figure 2.4: a) A schematic diagram showing the dielectric grating stretcher. It is a folded Martinez style
pulse stretcher in which the beam is diffracted four times from the 1740 mm−1 grating and a f = 60 cm
spherical concave mirror (SMCC) is used to provide positive dispersion. The retro-mirror (RM) allows
the beam to retrace the same beam path, and the focal plane mirror (FM) is placed at the focal plane
of the SMCC to allow a single grating and SMCC to be used. For clarity, this illustration does not show
the additional gold mirrors which allow the necessary path length in a small footprint. b) An image of
the grating stretcher with the beam path from the grating to the FM in red. The addition of fold mirrors
allows the stretcher to occupy a limited table space of only 16” x 27”.
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stretcher an optical element is used to impart group delay dispersion (GDD) which is a spectral

phase term that is quadratic in frequency and temporal broadening occurs as a result of dif-

ferent frequency components traveling different path lengths. In most CPA lasers the stretcher

introduces normal dispersion, i.e. longer wavelengths travel a shorter optical path, while the

compressor compensates for this after amplification by imparting anomalous dispersion. In

[104], Treacy found that two parallel grating always introduce anomalous dispersion, and Mar-

tinez [135] demonstrated that by placing a telescope between a grating pair the sign of the dis-

persion can be reversed and effectively create a negative pathlength between the gratings.

During 500 Hz operation, a Martinez style stretcher, shown schematically in Figure 2.4a, is

used. In this design a single 1740 mm−1 dielectric grating and f = 60 cm spherical concave mirror

(SMCC) are used. This simplifies the alignment by ensuring consistent incidence angles and

allows for a much smaller footprint on the optical table. Pulses from the oscillator are incident

on a 1740 mm−1 dielectric grating at an angle of 55.25 degrees. The SMCC is placed 15” from

the grating and a gold mirror is placed at normal incidence at the focal plane of the SMCC. This

generates an effective pathlength through the stretcher of 4.57 m. Figure 2.4b shows an image

of the stretcher. Additional mirrors are placed between the SMCC and the focal plane mirror

(FM) to reduce the footprint on the optical table, and the path of the incident beam from the

grating to FM is shown in red. The stretcher is slightly misaligned to simplify the ejection from

the stretcher and eliminates the need for optical isolators to prevent feedback into the oscillator.

If we consider the dispersion equation from [104], that the stretcher design creates a negative

effective path length, and a bandwidth of 0.55 nm, which is the bandwidth of the regenerative

amplifier after gain narrowing, then the stretched pulse duration is 450 ps.

2.3.2 Chirped Volume Bragg Grating Stretcher

For operation at 1 kHz, the results are discussed in more detail in Section 2.7, a Chirped Vol-

ume Bragg Grating (CVBG) was used to temporally stretch the oscillator pulses prior to seeding

into the regenerative amplifier. Similar to the dielectric grating stretcher, the CVBG applies a
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linear chirp by forcing the various frequency components of the pulse to travel differing op-

tical path lengths. This is accomplished by having the various spectral components of the

beam diffract from different holographic planes within the bulk. These diffraction planes are

recorded into the bulk by the interference of two beams in a photosensitive medium. In this

case, photo-thermo refractive (PTR) glass is the material used to record the phase volume holo-

gram by photo-inducing precipitation of sodium fluoride nanocrystals, and the refractive index

variation produced is proportional to the fraction of precipitated nanocrystals within the glass

structure.

Figure 2.5: An illustration of a holographic transmission grating. θ is the angle of incidence with respect
to the surface normal ~N , ~K is directed normal to the diffraction planes, φ is the angle between ~N and ~K ,
Λ is the grating period, and λB is the wavelength satisfying the Bragg condition

To understand the operation of a CVBG it is helpful to first consider the operation of a trans-

mission Bragg grating with uniform periodicity of the diffraction planes. A schematic of this

type of grating is shown in Figure 2.5. In order for efficient diffraction to occur, the following

Bragg condition should be satisfied [136]

λB = 2nΛcos(θ+φ) (2.1)
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where λB is the diffracted wavelength, n is the average refractive index of the material, Λ is the

period of the grating, θ is the direction of beam propagation with respect to the surface normal,

and φ is the angle between ~N and ~K . In Figure 2.5, φ=π/2 and (2.1) reduces to

λB = 2nΛsi n(θ) (2.2)

For a grating operating in reflection, the ~K vector is parallel to ~N so φ= 0 and we obtain the

following relation

λB = 2nΛcos(θ) (2.3)

Figure 2.6: a) A schematic showing geometry for producing a CVBG in which equally convergent and
divergent beams are used to record linearly varying interference planes. b) An illustration showing how
the diffraction of various spectral components within a CVBG create a temporal delay in the pulse.

For uniform Bragg gratings, the planes are recorded by interfering two collimated beams

of light in the PTR glass to produce diffraction planes with uniform periodicity. To produce a

CVBG, equally convergent and divergent beams are used to record diffraction planes whose pe-

riod varies linearly. An illustration of this recording geometry is shown in Figure 2.6a. When
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the period variation is oriented along the pulse propagation direction, z, the result is a reflect-

ing, CVBG shown in Figure 2.6b, in which the various spectral components of the beam are

diffracted from different planes in the bulk and produce an optical path difference.

To understand the reflected spectrum of a CVBG, we first consider a reflection Bragg grating

in which the beam is normally incident, i.e. θ = 0, and (2.3) is now, λ= 2nΛ. If there is a period

variation of the diffraction planes along the beam propagation direction, δΛ/δz, then we obtain

the following spectral chirp rate (SCR)

SC R =
δλ

δz
= 2n

δΛ

δz
(2.4)

This condition, along with the grating thickness T , dictates the spectral width of the grating.

The total time delay of the grating or the stretched pulse width, ts , can be determined using the

average refractive index of the material, n, and the speed of light, c. The stretched pulse width

along with the SC R can be used to characterize the stretch factor, SF , of the CVBG.

ts =
2nT

c
(2.5)

SF =
ts

∆λ
=

2n

cSC R
(2.6)

Due to the limited bandwidth available after amplification in the cryogenic regenerative ampli-

fier, the CVBG used for 1 kHz operation was specified with a large stretch factor of 400 ps/nm,

yielding a total of 800 ps/nm when used in a double pass configuration.

Figure 2.7a shows a schematic of the pulse stretcher used for 1 kHz operation. The oscillator

pulses are seeded through a thin film polarizer (TFP) and are incident on the face of the CVBG

which introduces normal dispersion (the red side) at an angle of 3 degrees. The spectrally

dispersed, diffracted pulse exits the grating and is then normally incident on a mirror with a

quarter-wave plate (λ/4) before it. The double pass through the waveplate rotates the polariza-

tion 90 degrees. The beam then traverses the CVBG once more and exits the stretcher upon re-
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Figure 2.7: a) A diagram showing the beam path through the CVBG stretcher. The beam makes two
passes through the CVBG yielding a spatially coherent beam with a stretch factor of 800 ps/nm. TFP:
thin film polarizer, λ/2: half-wave plate, λ/4: quarter-wave plate b) The stretched pulse spectrum at the
exit of the CVBG stretcher optimized for seeding a 1 kHz cryogenic regenerative amplifier. The pulses
have a FWHM bandwidth of 0.72 nm.

flection from the TFP. Figure 2.7b shows the typical spectrum at the output of the stretcher. The

pulses have a FWHM bandwidth of 0.72 nm and with a specified stretch factor of 400 ps/nm for

the CVBG, this yields a stretched pulse duration of 576 ps when double passed. The stretched

pulse duration of the beam was not directly measured due to the low intensity but pulse dura-

tions of 250 ps were measure with a SHG intensity autocorrelator of the amplified beam exiting

the regenerative amplifier where the majority of the gain narrowing occurs.

Figure 2.8 shows the typical spectra of amplified pulses exiting the cryogenic regenerative

amplifier used during 1 kHz operation when seeded with either the dielectric grating stretcher,

a), or the CVBG stretcher, b). The bandwidth for both cases is comparable with the CVBG

stretched pulses having a FWHM bandwidth of 0.26 nm. These pulses were able to be recom-

pressed using the same grating and geometry as the stretcher shown in Figure 2.7a. For com-

pression the stretched pulses were incident on the opposite side of the grating (the blue side),
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Figure 2.8: The spectra from a cryogenic Yb:YAG, 1 kHz regenerative amplifier when seeded with pulses
stretched by a) a dielectric grating stretcher and b) a CVBG stretcher. The pulses have similar amplified
bandwidths, 0.22 nm for a) and 0.26 nm for b).
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thereby introducing anomalous dispersion to the pulses. The results of this 1 kHz regenerative

amplifier and compressor will be discussed later in Section 2.7.1.

CVBGs have several advantages over conventional Treacy style designs. Typical stretcher/

compressor configurations require large aperture, highly uniform diffraction grating with long

path lengths to achieve a large stretch factor. This requires expensive optics with a large amount

of table space. By contrast, the CVBG used during 1 kHz operation measured 5 x 5 x 40 mm and

occupied a table space of only 4 x 20 inches (this could be further reduced by use of smaller op-

tics), and CVBGs are also much less susceptible to misalignment due to vibration because they

are monolithic. While many of the same advantages are shared by chirped fiber Bragg grat-

ings [137], their limited apertures constrain their power handling when used as compressors.

In contrast, CVBGs with their larger apertures can be used as both a stretcher and compressor,

and a single CVBG can be used to accomplished both tasks. [138]

2.4 Regenerative Preamplifier

The first stage of amplification is in a room temperature Yb:YAG regenerative amplifier, Fig-

ure 2.9. This amplifier has the highest gain of any in the system and is where pulses can suffer

the most gain narrowing. Therefore, the choice was made to use the broader bandwidth avail-

able in room temperature Yb:YAG [124, 126] for this amplifier. While the gain is lower than that

at cryogenic temperatures, it was not found to be problematic at 500 Hz operation. In fact, the

use of room temperature Yb:YAG at this stage allows the spectrum of joule-level pulses exiting

the final amplifier, shown later in Figure 2.22, to have nearly double the bandwidth as those

exiting a cryogenic regenerative amplifier, shown in Figure 2.8.

Pulses leaving the dielectric grating stretcher pass through a thin film polarizer (TFP), half

wave plate (λ/2), and faraday rotator (FR) combination before being seeded into the regenera-

tive amplifier. This combination functions as an optical isolator and prevents pulses exiting the

amplifier from propagating back to the stretcher and oscillator. S polarized pulses are seeded

into the cavity via a cavity TFP and are trapped inside the cavity by a λ/4 waveplate and pockels
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Figure 2.9: A schematic of the 500 Hz regenerative amplifier. λ/2: half waveplate, FR: faraday rotator
λ/4: quarter waveplate, PC: Pockels cell, TFP: thin film polarizer, LD: laser diode

cell (PC) which rotate the polarization 90 degrees when a λ/4 wave voltage is applied to the PC.

The active medium inside the cavity is 0.5 mm thick 10 %-at. doped Yb:YAG active mirror with a

1 degree wedge to prevent unwanted reflections inside the cavity. The side of the crystal coated

as a high reflector is soldered with indium to a water-cooled copper heat sink. The crystal is

pumped by a λ = 940 nm, 400 W CW fiber coupled laser diode. The diode output is coupled

through a 600 µm core fiber, the end of which is one to one imaged onto the crystal by a pair

of f = 10 cm achromatic lenses. The cavity is comprised of two R = 1.5 m spherical end mirrors

and flat zero degree and 45-degree mirrors otherwise. The cavity was designed to have a mode

size of approximately 700 µm on the Yb:YAG crystal to well match the 600 µm pump spot. The

beam makes two passes of the active mirror per cavity single pass allowing for an improved

gain to loss ratio. It was necessary to add a thin-film Fabry-Perot etalon with a few nanome-

ters of tunability near 1030 nm when operated around Brewster’s angle into the cavity, due to

the mismatch of peak wavelength emission between this room temperature amplifier and the

subsequent cryogenic amplifiers. [124, 126]
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Figure 2.10: a) The spectrum of the beam exiting the room temperature regenerative amplifier with no
wavelength tuning. The pulses have a bandwidth of 1 nm which corresponds to transform limit pulse
duration of 1.1 ps, assuming a sech2 pulse shape. b) The spectrum when the wavelength has been op-
timized for subsequent cryogenic amplification. The FWHM bandwidth is 0.56 nm, corresponding to a
transform limit duration of 2 ps.
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The amplifier is pumped by 200 W peak power, 200 µs square pulses from the diode laser at

a repetition rate of 500 Hz, producing pulses up 1.5 mJ at 500 Hz repetition rate with a wave-

length suitable for amplification in subsequent cryogenic amplifiers. Figure 2.10a shows the

typical spectrum of the amplifier when the system is “free running”, i.e. unoptimized for the

following amplification stages. Figure 2.10b shows the wavelength tuned for optimal gain in

the following amplifiers. The bandwidth in free running case is approximately 1 nm FWHM

and has a transform limit pulse duration of 1.1 ps, assuming a sech2 pulse shape, while the op-

timized case has a narrower bandwidth, FWHM of 0.56 nm, which still supports a transform

limit duration of 2 ps.

Pulse picking is performed in this stage by the timing circuit which controls the timing of

the voltage across the PC. This circuit synchronizes the pulses exiting the oscillator every ∼17 ns

with the desired 500 Hz timing. Unsynchronized pulses are not trapped in the cavity and make

one round trip before exiting with little amplified energy. After reflection from the entrance TFP,

these unamplified pulses are removed from the system by a pair of crossed polarized calcite

polarizers with a PC between them. The timing of the λ/2 wave voltage applied across the PC

is gated such that only the amplified pulses leaving the regenerative amplifier are transmitted

through this system. This temporal gating system has the added benefit of increasing the pulse

contrast by removing any “pre” and “post” pulses which may leak out of the amplifier before

and after the main pulse, respectively. Furthermore, this gating prevents possible back reflected

pulses from the later amplifiers from making their way back to the regenerative amplifier and

oscillator, which can significantly reduce the stability of the laser.

2.5 Cryogenic Power Amplifiers

The first cryogenic power amplifier is shown in Figure 2.11. The amplifying medium is com-

posed of a 30 mm x 30 mm x 5 mm Yb:YAG gain medium with a 5 mm thick Cr:YAG cladding

optically bonded to the perimeter, making the total dimensions of this composite disk 40 mm x

40 mm x 5 mm. The Cr:YAG acts as an absorber of amplified spontaneous emission (ASE), with
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Figure 2.11: A schematic of the beam path through the first cryogenic amplifier. The beam makes four
passes of the Yb/Cr:YAG gain disk, which is pumped by two fiber coupled laser diodes (FC LD), before
exiting the amplifier with pulse energy as high as 100 mJ. (from [33])

a measured absorption length of 5 cm−1. Due to the index matching between the materials,

potential Fresnel reflections at the interface are prevented. The inclusion of this cladding helps

prevent depopulation of the upper laser level in the high gain environment.

The disk is placed inside an evacuated chamber and sealed with indium wire. The back

face of the crystal is cooled by forced convection with flowing liquid oxygen (LOX) at 77 K by

a custom heat exchanger. The disk is pumped by two 400 W fiber coupled laser diodes. The

600 µm fiber ends are imaged into a single 4 mm spot on the laser crystal by two f = 50 mm

achromatic lenses (one for each fiber). The diodes are pulsed with 450 µs square pulses with

peak powers up to 400 W from each diode. The millijoule-level pulses from the front end of the

system are seeded into the amplifier where they make four passes through the gain medium

and then exit the amplifier. Figure 2.12 show a measurement of the amplifier’s output energy

as function of total pump energy incident on the crystal with a maximum of 100 mJ extractible

when pumped with 360 mJ at 500 Hz repetition rate.

The pulses suffer gain narrowing during amplification. The spectrum of the 100 mJ pulses,

shown in Figure 2.13a, have a FWHM bandwidth of 0.43 nm, supporting a transform limit du-
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Figure 2.12: Measured pulse energy exiting the first cryogenic amplifier as a function of incident pump
energy. A maximum of 100 mJ was obtained at 500 Hz repetition rate.

ration of 2.6 ps (sech2). The 100 mJ pulses were compressed to 3.8 ps after traversing the sub-

sequent amplifier and dielectric grating compressor, both of which will be described later. Fig-

ure 2.13b shows a second harmonic generation (SHG) intensity autocorrelation trace of the am-

plified pulses and a sech2 fit.

After exiting the first cryogenic amplifier, the beam passes through a Galilean telescope to

increase the beam size. The mode size and divergence of the beam after the telescope were ad-

justed to optimize the mode matching through the second cryogenic amplifier to account for

thermal lensing due to high power pumping. The beam shape is also made to be more flat top

before entering the following amplifier to improve extraction efficiency. This is done by includ-

ing a serrated aperture between the plano-convex and plano-concave lenses of the Galilean

telescope. The serrated teeth form a soft aperture and help to avoid high spatial frequency

modulations due to diffraction as the beam propagates through the following amplifier.

Following the telescoping and beam shaping, the beam proceeds to the second cryogenic

power amplifier which is shown schematically in Figure 2.14. In this final amplifier the P po-

60



Figure 2.13: a) The spectrum of the second stage. The FWHM bandwidth is 0.43 nm b) The second
harmonic (SHG) intensity autocorrelation of the cryogenic preamplifier operating at 100 mJ.
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Figure 2.14: Schematic of the beam path through the final cryogenic power amplifier. The beam makes
four passes through each composite gain disk, exiting the amplifier with energies up to 1.5 J. (from [33])

larized beam first passes through a TFP set near Brewster’s angle. The seed pulses make one

bounce off each gain disk before the beam height is changed by a periscope and continues to

make one more bounce off each disk. After this second set of bounces, the beam passes through

a λ/4 waveplate, reflects off a zero-degree end mirror, and passes through the λ/4 waveplate

again, thereby rotating its polarization 90 degrees from P to S, retraces the same beam path

back through the amplifier, reflects off the TFP, and exits the amplifier.

The custom-made gain disks used in this amplification stage were specially designed to al-

low for high gain amplification, minimal influence of ASE and parasitic oscillations (PO), and

a simplified pump geometry. First, the thickness and doping of the Yb:YAG gain medium was

optimized to allow for greater energy storage per pump pass than conventional active mirror

thin disk laser amplifiers. Many laser amplifiers utilizing an active mirror geometry are “thin

disk” lasers, using crystal thicknesses of 100-200 µm with high aspect ratios. The large aperture

face of the crystal provides a large surface for cooling and the limited thickness provides a short

conduction path, allowing for highly efficient heat removal with limited transverse thermal gra-

62



dients. Although, the thin disk design presents a number of limitations when trying to scale to

high pulse energy. The high aspect ratio creates significant transverse gain in the crystal. This

creates a long gain path for ASE and if precautions are not taken to eliminate surface reflections

due to index differences, PO can further reduce the energy storage in the gain region. There-

fore, a thin disk with simultaneously high gain is difficult to achieve. Along with limitations

in achievable gain, only a limited amount of pump energy can be stored per pass due to the

short absorption length of the crystal. To store an adequate amount of pump energy in a thin

disk amplifier design, complex pumping schemes are employed to reimage unabsorbed pump

light back to the gain region and typically require 12 to 24 passes of the pump light on the crys-

tal. Therefore, the design of the gain disks in this final amplification stage sought to preserve

the beneficial thermal properties of a thin disk active mirror geometry, while allowing for high

energy storage with a simplified pump design.

Figure 2.15: a) A schematic showing the composition of the custom designed gain disks used in the final
stage of amplification. b) A photograph showing the composite gain disk.

The gain disks in this final amplifier are a custom composite of Yb:YAG, Cr:YAG, and un-

doped YAG. An illustration showing the composition of the various materials is shown in Fig-
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ure 2.15a while a picture of the disk is shown in Figure 2.15b. The gain medium is a slab of

single crystal 3%-at. doped Yb:YAG whose lateral dimensions measure 30 mm x 30 mm and

a thickness of 2 mm. A 10 mm section of Cr:YAG is optically bonded to all lateral faces of the

gain medium and atop the Yb/Cr:YAG assembly, a 3 mm thick undoped YAG endcap is opti-

cally bonded. The absorption of the Cr:YAG was measured to be 5 cm−1 at 1030 nm, allowing

for greater than 99 % absorption of ASE in a 10 mm path length. The addition of an undoped

YAG end cap has been shown to further suppress the role of PO in thin disk lasers [139–141] by

eliminating the index difference between the host material and the environment on the large

surface area front face of the crystal. The near index matched endcap reduces the solid angle

over which spontaneously emitted photons can be trapped by total internal reflections at in-

terfaces where index differences exist. This allows the transverse dimension of the crystal to be

larger without concern that ASE will suppress gain. The endcap of the crystals was also beveled

to help direct spontaneously emitted photons into the absorbing Cr:YAG cladding. This end

cap also increases the structural integrity of the gain disk, making it less susceptible to wave-

front distortions which can occur when compressing the indium wire used to seal the crystal in

vacuum at cryogenic temperatures. It also prevents potential wavefront distortions or possible

fracture from the pressure difference between the flowing cryogen on the back surface and the

high vacuum on the front surface. The back face of the disks is HR coated for λ = 940 and 1030

nm while the front surface is AR coated for the same wavelengths.

Each disk in the amplifier is pumped by a λ = 940 nm, 6 kW diode array. The emission from

the diode comes from sixty 100 W bars which are stacked vertically. In total the emission region

from the diode stack measures 1 cm x 10 cm and has a divergence angle of 8 degrees FWHM

along the slow axis (horizontal) and 0.25 degrees FWHM along the fast axis (vertical). Therefore,

a pump shaping and imaging system was designed to collect the divergent light emitted from

the bars, homogenize the light, and re-image it into a near flat top pump profile on the crystal.

An illustration of the focusing optics is shown in Figure 2.16. The vertical axis of the diodes

is collected and down telescoped by a f = 350 mm and f = -50 mm cylindrical lens pair. The
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Figure 2.16: A top down view of the pump optics a) This shows the first part of the pump imaging system.
On the left is the emission from the diode bars which is collected and focused into the homogenizing rod.
The rays reflect within the rod and are reemitted on the right side of the image. b) This shows the second
part of the imaging system. The rays emitted from the rod at the top left of the figure are imaged onto
the crystal surface at the right of the figure by a 4x magnifying telescope at an angle of 15 degrees. The
unabsorbed rays are then re-imaged onto the crystal by the spherical concave mirror at the bottom of
the figure.
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horizontal axis is initially collimated by a single f = 170 mm cylindrical lens. Both axes are then

focused into a 100 mm long fused silica rod by a f = 50 achromatic lens. Within the rod total

internal reflections from the outer surface homogenize the light, but due to the limited com-

mercial availability of high quality round fused silica rods, the rod was hexagonal with an edge

to edge diameter of 4 mm. It was necessary to place a 5 degree holographic UV diffuser to

produce a uniform image at the crystal surface. The output of the rod is then re-imaged and

magnified 4x onto the crystal by a pair of f = 50 mm and a f = 200 mm spherical lenses to a 16

mm (edge to edge) flat top spot on each disk.

Figure 2.17: a) An image of the pump spot fluorescence from the final cryogenic amplifier. The spot is
approximately 16 mm from edge to edge. b) A one-dimensional cut of the pump profile. This illustrates
the highly flat top profile of the pump region.

An image of the pump spot on the crystal is shown in Figure 2.17a with a 1D cut to illustrate

the highly flat top nature of the pump region, Figure 2.17b. The pump radiation is incident on

the crystal at an angle of 15 degrees. To simplify pump alignment and maintain the desired in-

cident angle, a 10 degree wedge was placed between the spherical lenses used to re-image the

homogenizing rod. The unabsorbed pump radiation is relay imaged back onto the crystal with

an f = 150 mm spherical concave mirror. With this simple two pass pumping scheme and ap-

propriately designed gain disks, greater than 90% of the pump radiation is absorbed. It avoids
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the pump complexity inherent in a thin disk amplifier or the need for the high doping concen-

tration, which can significantly reduce thermal conductivity at cryogenic temperatures [114].

During laser operation, the laser diode arrays were pulsed with 500 µs pulses at a repetition

rate of 500 Hz, and ∼60 mJ of pulse energy was seeded into the final 8-pass amplifier. The

output energy of this amplifier as a function of total energy supplied to both disks is shown in

Figure 2.18. At the maximum pump energy of 4 J, 1.5 J (750 W) of pulse energy was obtained,

corresponding to an optical-to-optical efficiency of 37 %. Slight thermal lensing was observed

when operating at high power and this was compensated by increasing the input divergence

into the final amplifier with the Galilean telescope before the TFP. The thermal lensing in the

amplifier was measured to be less than 200 m for a single pass through each crystal, and no

depolarization loss was observed.

Figure 2.18: Measured output pulse energy as a function of total pulse energy incident of the two gain
disks at 500 Hz repetition rate. 1.5 J of energy was obtained when 4 J of pump energy was incident on the
disks, yielding an optical to optical efficiency of 37 %.
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Figure 2.19: a) An M2 measurement of the beam exiting the final amplifier. This measurement was
performed with the laser operating at 1.4 J and 500 Hz repetition rate. Inset is an image of the far field
beam. b) An image of the near field laser beam with 1.4 J of pulse energy at 500 Hz repetition rate with x
(below) and y (right) profile cuts through the beam center.

Figure 2.20: A continuous measurement of pulse energy over a 30-minute period. The average pulse
energy during this run was 1.41 J with a standard deviation of 0.75 %.
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The laser demonstrated excellent beam quality during high power operation. Figure 2.19a

shows the results of an M2 measurement. Here, a f = 500 mm plano-convex lens was used to

focus the attenuated output laser beam operating at 1.4 J and a camera on a linear translation

stage was used to capture images of the beam as it went through a focus. The 4σ pulse widths

along the x (horizontal) and y (vertical) axes were determined from these images and a least

squares fit was made to the Gaussian beam propagation equation to determine an M2 value

for the beam. The M2 for the x and y axes were determined to be 1.25 and 1.31, respectively,

and this measurement also shows the lack of astigmatism present in the beam. The excellent

beam quality from the laser is further demonstrated by the far-field beam image, inset into

Figure 2.19a, as well as the near-field image shown in Figure 2.19b. The near-field beam shows

a highly flat top beam that is free of any hot spots.

Figure 2.20 shows the pulse to pulse energy fluctuations over a 30 minutes period of contin-

uous laser operation. During this run, the laser fired 900,000 consecutive shots with an average

energy of 1.4 J and a standard deviation of 0.75 % over the entire run. This standard deviation

approaches the 0.5 % shot to shot repeatability of the Newport 818E energy detector used to

make the measurement.

2.6 Dielectric Grating Compressor

The pulse compressor, shown in Figure 2.21, is a Treacy style compressor, providing anoma-

lous dispersion and consists of two high damage threshold 1740 mm−1 gratings, a roof mirror

(RM), and two fold mirrors. Prior to entering the compressor, the beam is expanded with a

Galilean telescope to a diameter of 40 mm and is incident on the first grating at an angle of 55.5

degree which creates a footprint of 22.5 cm2 on the first grating. For the 1.4 J beam, this cor-

responds to a fluence of 1.96 × 10−2 J/cm2 and poses a limited risk for optical damage. Upon

diffraction from the first grating, the beam travels 2.18 m before it is incident on the second

grating. After, the beam changes height via a roof mirror, retraces the same path, and passes

directly above the input mirror before exiting the compressor. Two fold mirrors are placed be-
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tween the two gratings to provide the necessary path length for full dispersion compensation

and minimizes the footprint of the compressor. All compression is done in vacuum to mini-

mize the risk of damage to the gratings. At the grating angle used for optimal compression, the

gratings have a first order efficiency of 92 % which corresponds to a throughput efficiency of 72

%. This takes the 1.4 J uncompressed pulses at 500 Hz to 1 J at the output.

Figure 2.21: A schematic of the pulse grating stretcher illustrating the beam paths of the various spectral
components. roof mirror (RM)

While an autocorrelation measurement was not performed on the fully amplified pulses due

to the logistical difficulty in attenuating the 500 W beam exiting the compressor, Figure 2.22

shows that limited additional gain narrowing occurs through this final stage of amplification.

Amplified pulses exiting the final amplifier had a FWHM bandwidth of 0.36 nm, which is enough

to support pulse durations as short as 3.1 ps (sech2). Figure 2.13b shows the intensity autocor-

relation trace of the 100 mJ (pre-compression energy) beam traversing the entire laser system.

This lower power beam was compressed to a sech2 FWHM duration of 3.8 ps having only 7
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Figure 2.22: The measured spectrum of the fully amplified beam exiting the final amplification stage.
The FWHM bandwidth was measured to be 0.36 nm which supports sech2 pulse durations of 3.1 ps.

angstroms more bandwidth than the fully amplified beam. Therefore, similar compression can

be expected at full power.

2.7 1 kHz Joule-level Laser Demonstration

In order to scale the laser system to Joule level pulse energies at 1 kHz repetition rate, several

changes were made to the 500 Hz system. These changes include redesigning the regenerative

amplifier and adding an additional stage of power amplification. The redesign of the regener-

ative amplifier constituted the largest change necessary for 1 kHz operation. These modifica-

tions included operating at cryogenic temperatures rather than room temperature, incorporat-

ing a new cavity design, and improvements to the soldered crystal heat sink.

2.7.1 Cryogenic Regenerative Amplifier

The most notable change to this amplification stage is the cryogenic cooling of the gain ma-

terial. While the room temperature regenerative amplifier enables broader bandwidth, it suffers
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from low gain and an emission wavelength that is mismatched to the subsequent cryogenic am-

plifiers. For these reasons, it was found that cryogenic cooling of the gain material was the sim-

plest step towards operation at 1 kHz repetition rate. Other alternatives exist which have the po-

tential for simultaneously broad bandwidth and high pulse energy but required more intensive

design and testing. Some of the options currently under investigation include a jet-impinged,

water-cooled thin disk Yb:YAG amplifier and a cryogenically cooled Yb:KYW amplifier. These

will be discussed in Section 2.9.

A new gain module was developed to enable operation at cryogenic temperatures. Similar

to the 500 Hz laser system, the HR side of a 1 degree wedged, 0.5 mm thick, 10 %-at. doped

Yb:YAG disk was soldered to a heat sink. Instead of soldering to copper, the Yb:YAG crystal was

soldered with indium to a 75/25 (W/Cu) heat sink. While CuW has a lower thermal conductivity

than pure copper, its coefficient of thermal expansion is better matched to that of YAG, helping

to mitigate thermally induced stress during the soldering process. [128] This CuW heat sink is

thermally contacted with indium to another copper heat sink which has atmospheric LN2 flow-

ing through it. This entire assembly is then placed into an evacuated chamber and positioned

as an active mirror in the cavity.

Figure 2.23a shows a schematic of the new regenerative amplifier while Figure 2.23b shows

the mode size throughout the cavity. The new cavity is more simplified, reducing alignment

complication, and allowed for a larger mode size in the cavity, which was possible due to the

higher gain of cryogenic Yb:YAG. A larger mode cavity was found to be crucial when scaling

to higher repetition rates because damage to the interface between the crystal and solder was

found to be a leading cause for optically induced damage. Now the cavity consists of a flat and

R = 1.5 m spherical mirror as the cavity end mirrors and provides a mode size of ∼1 mm in

diameter at the crystal as well as at the pockels cell, >2 mm. The crystal is pumped by the same

400 W peak power fiber coupled laser diode but now the 600 µm core fiber is magnified to a flat

top pump spot size of 1.8 mm by a pair of achromatic lenses of focal lengths f = 100 mm and f =

200 mm. This reduces the average pump intensity by over an order of magnitude and maintains
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Figure 2.23: a) A schematic illustrating the 1 kHz, cryogenic regenerative amplifier. b) A plot showing
mode size throughout the 1 kHz cavity. The R = 1.5 m end mirror is located at position 0 along the x-axis.
The vertical cursors indicate the pockels cell, located at x = 0.15 m, and the crystal, located at x = 0.9 m.

the seed pulse fluence, of ∼0.5 J/cm2 at the maximum extractible pulse energy, on the crystal

and has improved the lifetime of the crystal solder interface.

With this updated amplifier design, pulse energies exceeding 4 mJ have been obtained with

peak pump powers of 100 W and pump pulse durations of 100 µs. Furthermore, the wavelength

of the amplified beam is inherently matched to that of the subsequent amplifiers and eliminates

the need for an intracavity etalon which was a large source of loss in the cavity.

While the amplifier boasts significantly more energy it now suffers more gain narrowing.

Figure 2.8b shows the output spectrum of the amplified pulses with a FWHM bandwidth of 0.26

nm, approximately 47 % of that obtained at 500 Hz. The amplified pulses were compressed

using a CVBG compressor whose alignment was identical to that shown in Figure 2.7a except

that the amplified stretched pulse was incident on the opposite side of the CVBG. In this way,

the pulses experience anomalous dispersion and are recompressed to near their transform limit

and have been compressed to sub 10 ps durations, as shown in Figure 2.24. These pulses were

measured to have a compressed pulse duration of 8.4 ps FWHM (sech2).
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Figure 2.24: The acquired SHG intensity autocorrelation trace of the compressed cryogenic regenerative
amplifier. A sech2 fit indicates a compressed pulse duration of 8.4 ps FWHM.

2.7.2 Cryogenic Power Amplifiers

The first cryogenic power amplifying stage, as detailed in Section 2.5, was altered when tran-

sitioning from 500 Hz to the initial 1 kHz demonstration. The amplifier was again seeded with

millijoule level pulses from the regenerative amplifier and pumped by the same two fiber cou-

pled laser diode with pulse durations of 450 µs, now at 1 kHz repetition rate. Instead of the

four-pass configuration used at 500 Hz, an additional pass was added to maintain an extraction

energy comparable to that which was obtained at 500 Hz. A lower single pass gain was required

in order to minimize the effects of thermal lensing in the amplifier which became pronounced

at high pump powers.

Figure 2.25a shows the output pulse energy as a function of incident pump energy. 67 mJ

was obtained from 270 mJ of pump energy with good beam quality. Figure 2.25b shows the

amplifier operating at an average pulse energy of 67 mJ at 1 kHz repetition rate for a continu-

ous 30 minute run. The amplifier displays excellent stability with a standard deviation of 0.6

% for the entire run. Following this stage, the beam is again made to be more flat top with a
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Figure 2.25: a) Pulse energy at the output of the first cryogenic amplification stage operating at 1 kHz. b)
A plot of 30 minutes of continuous laser operation at an energy of 67 mJ at 1 kHz. The laser was measured
to have a standard deviation of 0.6 % during this period.
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serrated aperture between the lenses of a magnifying telescope. The throughput of this system

is approximately 70 % allowing the next amplifier to be seeded with a pulse energy of ∼45 mJ.

During the initial operation at 1 kHz, an additional cryogenic cooling unit, amplifier head,

and pump optics were added to the existing system. All of these components were identical

to those used in the final amplifier of the 500 Hz laser system and detailed in Section 2.5. Fig-

ure 2.26 is a diagram of the final two amplification stages used to obtain joule level pulses at

1 kHz repetition rate. The ∼45 mJ beam from the previous amplifier is seeded through a TFP

where the beam makes two passes of each crystal before its polarization is rotated, reflects from

a zero degree send back mirror, and retraces the same beam path, exiting the amplifier upon

reflection from the TFP. In total, the beam makes eight passes of the two crystals in the same

geometry as was used in the final 500 Hz amplifier.

Figure 2.26: A schematic of the the high power laser implemented with two cryogenic amplification
stages. The initial stage uses the same 8-pass beam path as was used during 500 Hz operation and in last
stage the beam makes two passes through the composite gain disk.

Figure 2.27a shows the performance of the 8-pass cryogenic amplifier operating at 1 kHz

repetition rate. In this run a maximum of 840 mJ was achieved with an incident pump en-

ergy of 2.5 J which corresponds to an optical to optical efficiency of 36 %. This amplifier has
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Figure 2.27: a) The output pulse energy from the initial 8-pass cryogenic amplifier as a function of pump
energy measured at 1 kHz from the initial 8-pass cryogenic amplifier. The maximum energy achieved
from this stage was 900 mJ. b) A measurement of the pulse energy exiting the final amplification stage
plotted as a function of total pump energy in both stages. Here, a maximum of ∼1.4 J of pulse energy was
achieved.
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achieved pulse energies of 900 mJ when pumped with 2.66 J of energy. After this amplification

stage, the beam is resized to well match the pump spot on the next crystal and control the di-

vergence through the subsequent amplifier by passing through a telescope consisting of a f =

60 cm plano-convex lens and a f = -40 cm plano-concave lens. In this final amplifier, the beam

makes two passes of the Yb:YAG slab before exiting. Figure 2.27b shows the extracted pulse

energy from this final amplifier as a function of total pump energy in the final two amplifiers.

Pulse energies of 1.38 J were achieved when pumping with 4.4 J of energy. In both amplifiers,

the pump diodes were pulsed with 300 µs square pulses to a peak power of 5 kW to minimize

thermal lensing in the crystals. No attempt was made to characterize the beam quality of the

laser when operating at joule level energies. Ensuring good beam quality and stability at 1 kHz

operation will be a focus of future work on this laser.

2.8 Demonstration of a Diode-pumped 400 Hz Soft X-ray Laser

This section details the application of the 500 Hz, λ = 1.03 µm, CPA laser described in the

above sections to generate lasing at λ = 18.9 nm in Ni-like molybdenum. The CPA laser system

was still in development at the time of this demonstration. To improve the CPA laser stability

and successfully obtain lasing in the soft x-ray regime, the driving laser was operated at 400

Hz repetition rate. This is a continuation of work performed at Colorado State University to

produce tabletop SXRLs with high repetition rates and average powers. [84,142] In [84], Reagan

et al. used a 100 Hz, >1 J, cryogenically-cooled CPA laser akin to the one detailed in this chapter

to demonstrate lasing at 18.9 nm in Ni-like molybdenum for periods of 1 hour and 30 minutes at

repetition rates of 50 Hz and 100 Hz respectively. This tabletop laser system was notable for its

high pulse energies, >1 µJ, and average powers, 0.15 mW, and in fact, a subsequent calibration

of the spectrometer diffraction grating showed the pulse energy and power to be higher and

closer to ∼0.2 mW. [143]

A schematic of the setup for SXRL generation with the 50/100 Hz system is shown in Fig-

ure 2.28. Here, a temporally tailored pump pulse consisting of a nanoseconds long pre-pulse
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Figure 2.28: Schematic for high repetition rate SXRL operation (from [84])

preceded the short heating pulse is used. This intentionally added pre-pulse had a relative pulse

intensity of approximately 10−3 as compared to the main pulse and was created as a result of

ASE from the regenerative amplifier. The duration and relative intensity of the pre-pulse were

controlled by adjusting the timing of the Pockels cell within and after the amplifier as well as

the intensity of the stretched short pulses seeded into this amplifier. This tailored pulse had an

energy of 0.9 J and the short heating pulse was compressed to ∼6 ps after the Treacy compres-

sor. To create and heat the plasma, the driving laser was focused with a horizontal cylindrical

lens and vertical cylindrical mirror to form a 30 µm FWHM wide by 6 mm long line focus on

the target. The beam was incident at an angle of 29◦ to efficiently heat the plasma region for

optimal SXRL amplification. To enable long duration operation, a high shot capacity target was

used as illustrated in the top left of Figure 2.28. On-axis spectra of the generated SXRL radiation

was recorded using a grazing incidence variable space diffraction grating and a back-thinned

CCD sensitive to x-rays. Aluminum filters were placed between the target and diffraction grat-

ing to reject visible and ultraviolet radiation spontaneously emitted from the plasma as well as

scattered pump light.

Using the CPA laser developed as part of this dissertation and a setup similar to the one

shown in Figure 2.28, lasing was obtained at 400 Hz repetition rate. The only difference between
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the setup used for 100 Hz lasing, as shown in Figure 2.28, and the 400 Hz demonstration was

that the rotating, high shot capacity target was exchanged for a lower shot capacity slab target.

The rational for this decision was to ease the complexity and alignment of the system, and as

this was only an initial SXRL demonstration, there was no attempt made to optimize the SXRL

pulse energy or to perform long duration operation at this time.

Figure 2.29: a) Single-shot on-axis SXRL spectrum. b) Run of 4000 consecutive shots at λ = 18.9 nm and
400 Hz repetition rate
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Figure 2.29a shows a single-shot spectra of the λ = 18.9 nm laser with the λ = 1.03 µm laser

running at 400 Hz repetition rate in which strong lasing is observed. Runs of several thousand

shots were also acquired, and one is shown in Figure 2.29b. To acquire this data, the CCD cam-

era was replaced with an x-ray sensitive Si-photodiode and placed at the spectral location of the

laser wavelength shown in Figure 2.29a. In this figure, we initially see the driver laser thermally

stabilizing and coming into focus on the target. This is evidenced by the steady increase in rel-

ative pulse energy in the initial shots. The laser then stabilizes and fires on every shot for four

thousand consecutive shots. Due to the difficulty of acquiring and storing every photodiode

waveform at such a high repetition rate, no attempt was made to record longer runs. The driv-

ing laser and SXRL setup were capable of running for much longer durations and in the future

a faster data acquisition setup will enable demonstrations for longer periods.

2.9 Summary and Future Work

In summary, we have developed a compact, all diode pumped CPA laser based on cryogeni-

cally cooled Yb:YAG. This laser system has demonstrated the capability of stably operating at

kW average powers at a repetition rate of 500 Hz. Data was recorded for run times as long as 30

minutes. As a demonstration of the use of this high power source in an application, a 400 Hz, λ =

18.9 nm laser was generated in Ni-like molybdenum, showing strong lasing. Additionally, initial

results of the CPA laser operating at 1 kHz repetition rate were presented. 1.4 J pulse energies

were obtained at this higher repetition rate, illustrating the viability of this design architecture

for obtaining picosecond pulses with average powers >1 kW. These systems will be necessary

for creating next generation, high gradient particle accelerators [98], high power OPCPAs for

HHG [87] and ultrafast spectroscopy [88], and tabletop SXRLs with high repetition rates and

photon flux [84, 142]. Yet, more work is necessary to ensure long term stable operation with

high beam quality as well as a transform limit pulse duration below 5 ps, as demonstrated at

500 Hz operation.
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In order to reduce the transform limit pulse duration to below 5 ps, it will be necessary to

implement a new design for the regenerative amplifier. Two routes that show promise are a

thin-disk room temperature Yb:YAG amplifier and a cryogenic Yb:KYW amplifier design. The

first option is a well developed technology with commercially available amplifier heads. This

design has had great success in generating lasers with high average powers (>1 kW) with pi-

cosecond duration transform limited pulses. While these systems have not shown the ability to

achieve joule-level pulse energies, the technology appears to be a good choice for a high gain,

low pulse energy amplifier. Various technical issues will need to be addressed if this option is

pursued. One will be the wavelength matching of this amplification stage with the subsequent

cryogenic amplification stages. It is likely that a Fabry-Perot etalon will need to be used as was

done in this laser when operating at 500 Hz. The second will be the need for a more elaborate

pump design. Due to the low absorption of the thin-disk, it will be necessary to implement a

multi-pass pumping scheme which adds considerable complexity as compared to the current

design.

A second option for a high energy, broad bandwidth, kHz repetition rate regenerative am-

plifier could be to use Yb:KYW as the gain material. While this design is not as prevalent as

thin-disk Yb:YAG, it has already been employed as a broad bandwidth preamplifier for seed-

ing narrow band cryogenic Yb:YAG [19], and amplifiers based on this technology which deliver

the millijoule level pulses at kHz repetition rates are commercially available. Work has been

reported on amplifiers with up to 4.7 mJ, sub-ps pulses at 1 kHz repetition rate [38], when oper-

ated at room temperature and pumped at λ = 981 nm. Others have demonstrated performance

up to 5.5 mJ with sub-ps transform limit pulses in cryogenically cooled Yb:KYW with λ = 940 nm

pumping [116]. It is possible that the current regenerative amplifier would only need moderate

changes to simultaneously achieve the desired pulse energy and bandwidth at high repetition

rate operation.
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Chapter 3

Development of a Near-Infrared Optical Parametric

Chirped Pulse Amplification Laser for Laser Induced

Damage Threshold Measurements

3.1 Introduction

The development of “eye safe” lasers, operating at wavelengths between λ = 1.4 µm and 1.8

µm, is of interest for applications requiring the propagation of beams with high pulse energies

in open air over long distances. In this wavelength regime, retinal and corneal eye damage is

minimized due to radiation absorption effects within the eye. [144] Additionally, interest exists

in developing lasers in the near and mid-infrared as a means of extending the cutoff energy

of high harmonics [91–93], which scale as Iλ2, as well as for investigations in ultrafast spec-

troscopy [88–90]. While development of pulsed lasers in the near-infrared (NIR) continues to

advance, no measurements of short pulse optical coating damage have been published. In this

chapter, an optical parametric chirped pulse amplification (OPCPA) laser which is tunable from

λ = 1.5 µm to 2 µm is constructed and used to perform laser induced damage threshold (LIDT)

testing for low OH fused silica as well as various multilayer dielectric optical coatings designed

for operation at λ = 1.6 µm.

The work presented in this chapter was done in collaboration with Drew Schiltz and many

of the results reported are also presented in his master’s thesis. [145] Here, the development

and operation of the OPCPA laser system is discussed in detail. Additionally, the experimen-

tal results of LIDT are re-examined with discrepancies found with those presented in [145].

Schiltz determined that the measured LIDT of the sample targets deviated from commonly

used models for evaluating LIDT, while the analysis performed here suggest good agreement

with predicted scaling laws for LIDT suggested by Gamaly et al. [146]. Furthermore, the results
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are in agreement with the wavelength dependence observed in ultrafast LIDT at shorter wave-

lengths [147–149].

3.2 Theory: Optical Parametric Amplification

The work in this chapter centers on the three-wave mixing process called optical parametric

amplification (OPA) and by extension difference frequency generation (DFG). In a suitable non-

linear medium, an energetic beam called the pump, of freqency ωp , and a second low energy

beam called the signal, of frequency ωs , are incident on a nonlinear crystal. The pump beam

amplifies the signal beam and, in the process, generates an additional beam called the idler, at

frequency ωi . This process is parametric which means the initial and final quantum states are

identical. Energy can be transferred to a virtual state for a period dictated by the uncertainty

principle ~/δE where δE is the energy difference between the virtual level and the closest real

level. This fact has the important consequence that no net transfer of energy or momentum

can be made from the optical field to the material. Therefore, energy must be conserved in the

process

~ωp = ~ωs +~ωi (3.1)

For efficient energy transfer from the pump to both signal and idler wavelengths, momentum

should be conserved. This is also referred to as the phase matching condition.

~kp = ~ks +~ki (3.2)

To better understand the nature of OPA, we will derive the coupled amplitude equations

which govern the process to see how the nonlinear polarization of the material enables para-

metric amplification. 1 We begin by first considering the polarization of a material in response

to an applied electric field. For the case of nonlinear optics, the induced polarization, P(t ), can

be expressed as a power series expansion of the electric field, E(t ).

1this derivation closely follows the mathematical treatment presented in [150]
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P(t ) = ǫ0
(

χ(1)E(t )+χ(2)E2(t )+χ(3)E3(t )+·· ·
)

(3.3)

The quantities χ(n), where n = 1,2,3. . . , are known as the susceptibility tensors. In equation (3.3),

χ(1) is the linear susceptibility while all higher terms are known as the nonlinear susceptibility.

Specifically, χ(2) is called the second-order non-linear susceptibility, χ(3) is called the third-order

nonlinear susceptibility and so on. We can further express the induced polarization in equation

(3.3) as

P(t ) = P(1)(t )+P(2)(t )+P(3)(t )+·· ·

= P(1)(t )+P(N L)(t )
(3.4)

In OPA, we are interested in the second-order nonlinear polarization, P(2)(t ) = ǫ0χ
(2)E2(t ),

for the case in which two waves, at frequencies ω1 and ω2, interact in a loseless nonlinear

medium. The complex electric field can be expressed as

E(t ) = E1e−iω1t +E2e−iω2t + c.c. (3.5)

This yields the following expression for the second-order nonlinear polarization

P(2)(t ) =
∑

n

P (ωn)e−iωn t

P (2ω1) = ǫ0χ
(2)E 2

1

P (2ω2) = ǫ0χ
(2)E 2

2

P (ω1 +ω2) = 2ǫ0χ
(2)E1E2

P (ω1 −ω2) = 2ǫ0χ
(2)E1E∗

2

P (0) = 2ǫ0χ
(2)(E1E∗

1 +E2E∗
2 )

(3.6)

Each term in the above expression refers to a different nonlinear effect and have corre-

sponding complex conjugates. P (2ω1) and P (2ω2) correspond to second harmonic generation
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(SHG), P (ω1+ω2) is sum frequency generation (SFG), P (ω1−ω2) is difference frequency genera-

tion (DFG) and OPA, and P (0) is a static electric field across the medium known as optical recti-

fication. For the case of OPA, ω1 and ω2 can be replaced by the pump frequency, ωp , and signal

frequency, ωs , respectively, to give the following second-order nonlinear polarization term for

OPA.

P (ωp −ωs) = 2ǫ0χ
(2)Ep E∗

s (3.7)

Now, we consider the form of an electromagnetic wave propagating through a dispersion-

less, lossless nonlinear medium, which can be described by Maxwell’s equations. We will be

concerned with nonmagnetic materials in which there are no free charges, i.e. ρ = 0, and no

free currents, i.e. J = 0. This allows the following relations,

B =µ0H (3.8)

D = ǫ0E+P (3.9)

Here, P has the form given in equation (3.4), and Maxwell’s equations then take the following

form

∇·D = 0 (3.10)

∇·B = 0 (3.11)

∇×E =−
∂B

∂t
(3.12)

∇×H =
∂D

∂t
(3.13)

By applying the curl operator to equation (3.12), using the relations given in equations (3.8)

and (3.13), and allowing the interchange of the time derivative with the curl operator, we obtain

the following relation

∇(∇·E)−∇2E =−µ0
∂2D

∂t 2
(3.14)
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By use of equation (3.9), equation (3.14) takes the form

∇(∇·E)−∇2E+µ0ǫ0
∂2E

∂t 2
=−µ0

∂2P

∂t 2
(3.15)

In linear optics with isotropic source free media, equation (3.10) implies ∇ · E = 0, yet in

nonlinear optics, this is not necessarily the case due to the more general relation between the

electric displacement field and electric field shown in equation (3.9). If we assume that the so-

lution to the wave equation takes the form of a transverse, infinite plane wave (which to a good

approximation is true), then ∇ ·E = 0, and the first term of equation (3.15) can be eliminated.

Equation (3.15) can also be further simplified by noting that 1
µ0ǫ0

= c2 to yield the following

∇2E−
1

c2

∂2E

∂t 2
=µ0

∂2P

∂t 2
(3.16)

The polarization can be decomposed into its linear and nonlinear terms as in equation (3.4),

and noting that for an isotropic medium, P(1) = ε0χ
(1)E, we have

∇2E−
1

c2

∂2E

∂t 2
=µ0

∂2

∂t 2

(

P(1) +P(N L)
)

∇2E−
1

c2

(

1+χ(1)
)∂2E

∂t 2
=µ0

∂2P(N L)

∂t 2

∇2E−
ǫ(1)

c2

∂2E

∂t 2
=µ0

∂2P(N L)

∂t 2

(3.17)

where ǫ(1) = 1+χ(1). From equation (3.17), we have an inhomogeneous wave equation with the

induced nonlinear polarization as the source term. When considering a dispersive medium, we

must analyze each frequency component individually. The electric and polarization fields are

then a summation of the various spectral components. The fields for each frequency compo-

nent are expressed as
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En(r, t ) = En(r)e−iωn t + c.c.

P(N L)
n (r, t ) = P(N L)

n (r)e−iωn t + c.c.
(3.18)

and equation (3.17) can be written as follows for each frequency component, with the evalua-

tion of the second time derivatives yielding a factor of −ω2
n

∇2En(r, t )+
ω2

nǫ
(1)(ωn)

c2
En(r, t ) =−µ0ω

2
nP(N L)

n (r, t ) (3.19)

We will now apply the above nonlinear wave equation to the case of OPA/DFG. If we con-

sider the spectral component at the idler frequency, ωi = ωp −ωs , and assume a monochro-

matic, plane wave propagating in the +z direction, then the field can be expressed as

Ei (z, t ) = Ai (z)e i (ki z−ωi t ) + c.c. (3.20)

where ki = niωi

c
and n2

i
= ǫ(1)(ωi ). The nonlinear source term in equation (3.19) has the form

given in equation (3.18)

P (2)
i

(z, t ) = P (2)
i

(z)e−iωi t + c.c. (3.21)

From equation (3.7), we know that for incident waves of frequency ωp and ωs , the term for

OPA/DFG has the form P (2)
i

(z) = 2ǫ0χ
(2)Ep E∗

s , and the applied fields have the following form

En(z, t ) = An(z)e i (kn z−ωn t ) + c.c. (3.22)

where n = p, s, then equation (3.21) has the form

P (2)
i

(z, t ) = 2ǫ0χ
(2) Ap (z)A∗

s (z)e i (kp−ks )ze−iωi t + c.c. (3.23)

By inserting equations (3.20), (3.22), and (3.23) into (3.19) and noting that k2
i
= ǫ(1)ω2

i

c2 we obtain

the following equation
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(

∂2 Ai

∂z2
+2i ki

∂Ai

∂z

)

e i ki z =
−2ω2

i
χ(2)

c2
Ap A∗

s e i (kp−ks )z (3.24)

where the amplitudes’ spatial dependence and complex conjugates have been suppressed. This

equation can be further simplified by assuming the slow varying amplitude approximation,

which implies that the wave’s amplitude varies much more slowly than its wavelength.

∣

∣

∣

∣

∂2 AI

∂z2

∣

∣

∣

∣

≪
∣

∣

∣

∣

ki
∂Ai

∂z

∣

∣

∣

∣

(3.25)

which reduces equation (3.24) to

∂Ai

∂z
=

2i de f f ω
2
i

ki c2
Ap A∗

s e i∆kz (3.26)

where the term ∆k = kp − ks − ki is the wavevector mismatch, and 2de f f = χ(2) relates the

second-order susceptibly to the nonlinear optical coefficient. [150] By a similar method, the

coupled amplitude equations for the pump and signal beams can be derived to obtain

∂As

∂z
=

2i de f f ω
2
s

ksc2
Ap A∗

i e i∆kz (3.27)

∂Ap

∂z
=

2i de f f ω
2
p

kp c2
Ai Ase−i∆kz (3.28)

These coupled amplitude equations illustrate how the variation in amplitude of one wave

depends on the other two waves in the process. These equations can be solved analytically if we

assume that the pump wave is sufficiently strong such that its amplitude remains constant for

the interaction length. Thus, we may let
∂Ap

∂z
= 0. The resulting derivatives of equations (3.26)

and (3.27) are then

∂2 Ai

∂z2
=αi Ap

[

∂A∗
s

∂z
e i∆kz + i∆k A∗

s e i∆kz

]

(3.29)

∂2 As

∂z2
=αs Ap

[

∂A∗
i

∂z
e i∆kz + i∆k A∗

i e i∆kz

]

(3.30)
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αn =
i de f f ω

2
n

knc2
,n = i , s

By substitution of equations (3.26), (3.27), and their associated complex conjugates into equa-

tions (3.29) and (3.30), we obtain the following homogeneous linear second order differential

equations.

∂2 Ai

∂z2
− i∆k

∂Ai

∂z
−γ2 Ai = 0 (3.31)

∂2 As

∂z2
− i∆k

∂As

∂z
−γ2 Ai = 0 (3.32)

γ2 =
d 2

e f f
ω2

i
ω2

s

ki ksc4

∣

∣Ap

∣

∣

2

With the boundary conditions that Ai (0) and As(0) must be distinct constants, we obtain the

following solution for the signal and idler beams.

Ai = e
i∆kz

2

[

Ai (0)cosh(g z)+
(

αi Ap A∗
s (0)

g
−

i∆k Ai (0)

2g

)

sinh(g z)

]

(3.33)

As = e
i∆kz

2

[

As(0)cosh(g z)+
(

αs Ap A∗
i

(0)

g
−

i∆k As(0)

2g

)

sinh(g z)

]

(3.34)

g 2 = γ2 −
(

∆k

2

)2

From these solutions, we notice that both signal and idler increase monotonically with crys-

tal length, and the amplitudes are maximized when ∆k = 0, i.e. perfect phase matching. It

should be noted that these solutions were found for signal, idler, and pump beams all propagat-

ing collinearly. In general, this does not have to be the case and the beams can propagate non-

collinearly. Next, we will focus on techniques to minimize phase mismatch for non-collinear

beam propagation, thus improving energy transfer efficiency.

Minimizing phase mismatch for co-propagating beams with differing frequencies is nec-

essary for efficient energy transfer in nonlinear processes. The issue stems from the fact that

in materials with dispersion, the index of refraction generally increases with increasing fre-

quency. This results in temporal walk off of the beams due to their velocity difference within
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the medium. Various techniques can be used to minimize phase mismatch during nonlinear

processes, including angle tuning, temperature tuning, and quasi-phase-matching. Here, we

will be concerned with the optimization of the phase matching angle of the crystal as well as

the non-collinear angle, which we will define as the angle between the incident pump and sig-

nal beams. The theory for achieving optimal phase matching via this method is based on the

work of [151].

In general, phase matching can be achieved in birefringent crystals by precisely controlling

the orientation of the crystal and the polarization of the incoming beams. In this way, the var-

ious interacting beams will experience different indices of refraction and propagate such that

the phase mismatch is minimized. As a reminder, the phase matching condition for the three

coupled waves in OPA/DFG is given by

∆~k = ~kp − ~ks −~ki (3.35)

For non-collinear phase matching, these vectors may propagate along different directions

so long as the condition in equation (3.35) is satisfied. Figure 3.1 illustrates the geometry of

Figure 3.1: Geometry for non-collinear phase matching

non-collinear OPA/DFG where the signal beam, ~ks , propagates at an angle α with respect to the

pump beam, ~kp , while the generated idler beam, ~ki , makes the angle β with respect to ~kp to
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satisfy the condition given in equation (3.35). This shows that the projections of ~ki and ~ks along

p must equal ~kp . With the condition that ωp > ωs ≥ ωi , the following general phase matching

condition can be obtained

np (λp )

λp
=

ns(λs)

λs
cosα+

ni (λi )

λi
cosβ (3.36)

β= sin−1
[

ns(λs)λi

ni (λi )λs
sinα

]

(3.37)

As was mentioned before, phase matching can be performed in birefringent crystals which

come in two types, uniaxial and biaxial. Uniaxial crystals have two principal refractive indices

referred to as ordinary, no , and extraordinary, ne . Crystals are considered negative uniaxial

if ne < no and positive if ne > no . Light polarized normal to the plane of beam propagation

and the optical axis of the crystal, or c-axis, experiences a fixed, ordinary refractive index, no .

Light polarized in the plane of beam propagation and the c-axis experiences an extraordinary

refractive index, ne (θ). This index depends upon the angle between the c-axis and the direction

of beam propagation and can be described by the following equation

1

n2
e (θ)

=
cos2θ

n2
o

+
sin2θ

n2
e

(3.38)

For the case of biaxial crystals, there exist three principal refractive indices, nx < ny < nz ,

corresponding to the crystallographic axes X, Y, and Z. In the reference frame shown in Fig-

ure 3.2, the propagation of a wave in a biaxial crystal is described by the following refractive

index relation

sin2θcos2φ

(n−2 −n−2
x )

+
sin2θ sin2φ

(n−2 −n−2
y )

+
cos2θ

(n−2 −n−2
z )

= 0 (3.39)

Figure 3.2 schematically shows the relation between the axes X, Y, and Z and angles θ and φ.

The angle θ is defined as the angle between the optical path and the Z axis, while φ defines the

angle of the X axis in the X-Y plane from the phase matching plane.
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Figure 3.2: A schematic showing the relation between the axes of the optical reference frame and angles
θ and φ

There are two types of three-wave interactions to achieve phase matching in birefringent

crystals. In type I phase matching, the two lower frequency beams have the same polarization

which is orthogonal to that of the highest frequency beam. For type II, the two lower frequency

beams are orthogonally polarized with one of the lower frequency beams polarized in the same

direction as the highest frequency beam.

Of particular interest for the laser system described in this chapter is type I DFG in beta

barium borate (BBO) and type II OPA in potassium titanyl phosphate (KTP). Liu et al. derived

the phase matching angle, θP M , for non-collinear beam propagation in uniaxial and biaxial

crystals. [151] The following convention is used to simplify equations

n j (λk ) ≡
n j (λk )

λk

(3.40)

where k = i , s, p for idler, signal, and pump, respectively, j = o,e for uniaxial crystals and j =

x, y, z for biaxial crystals.
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For type I DFG in BBO, we are concerned with phase matching in a negative uniaxial crystal

which from [151] gives the following relations.

ne (λp ) = no(λs)+no(λi ) (3.41)

β= sin−1
[

no(λs)

no(λi )
sinα

]

(3.42)

sinθP M =
ne (λp )

no(λs)cosα+no(λi )cosβ

√

√

√

√

n2
o(λp )− (no(λs)cosα+no(λi )cosβ)2

n2
o(λp )−n2

e (λp )
(3.43)

For efficient amplification of NIR pulses across wavelengths ranging from λ = 1.5 − 2µm

type II OPA is employed in KTP following the work of [152]. To determine the appropriate phase

matching and non-collinear angles, the following equations from [151] were used

ny (λp ) = nz(λs)cosα+ny (λi )cosβ (3.44)

β= sin−1
[

ny (λp )

ny (λi )
sinα

]

−α (3.45)

sinθP M =
nz(λs)

ny (λp )cosα+ny (λi )cos(α+β)

√

n2
x(λs)− (ny (λp )cosα−ny (λi )cos(α+β))2

n2
x(λs)−n2

z(λs)
(3.46)

Figure 3.3a shows the resulting phase matching angle for signal wavelengths ranging from

λ= 600−900nm when pumped at λ= 515nm for various pump-signal non-collinear angles in

type I BBO. We see that good phase matching is achieved across a large number of wavelengths

for θP M ≈ 24◦ a non-collinear angle α≈ 2◦. These parameters are important for efficiently gen-

erating tunable idler pulses in the NIR. Figure 3.3b shows the resulting phase matching angle

for type II OPA in KTP for signal wavelengths ranging from λ = 1.2 − 2µm when pumped at

λ = 1.03µm for non-collinear angles of 1− 5◦. We see that by adjustment of both the phase

matching and non-collinear angles good phase matching can be achieved for the wavelengths

of interest.
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Figure 3.3: a) A plot of the wavelength and phase matching angle for non-collinear type I OPA in BBO
with 515 nm pumping. The plot is made for various non-collinear angles ranging from 0-3 degrees be-
tween pump and signal. b) A plot of the wavelength and phase matching angle for non-collinear type II
OPA in the X-Z plane of KTP for various non-collinear angles.
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3.3 NIR OPCPA System Design and Construction Overview

Figure 3.4 shows a block diagram of the OPCPA laser system constructed as part of this work.

Short pulses are generated in the mode-locked Yb:KYW oscillator described in Section 2.2, are

separated into two pulses via a beam splitter, and used to seed two separate amplification

chains. The first amplifier chain is a tunable NIR OPCPA laser which is described in detail in this

chapter. The other is a λ = 1µm, 100 Hz CPA laser described in [34] which serves as the pump

source for the final stages of the OPCPA. This common seed source provides passive temporal

synchronization of the pump and seed pulses in the OPCPA.

Figure 3.4: A block diagram of the amplification stages for generating a NIR, millijoule level OPCPA at
100 Hz repetition rate.

The λ = 1µm laser system is composed of a room temperature Yb:YAG regenerative ampli-

fier followed by a cryogenic Yb:YAG amplifier capable of producing up to 140 mJ of uncom-

pressed pulse energy at 100 Hz repetition rate. These pulses are then compressed to ∼5 ps in a

dielectric grating compressor, as described in Section 2.6, and used as the pump source for the

final stages of OPA.

The OPCPA laser is comprised of a Yb:KYW regenerative amplifier, a DFG and pre-OPA front

end, and multiple stages of OPA which are pumped by the λ= 1µm laser. The regenerative am-

plifier produces ∼100 µJ, sub picosecond pulses which are then used in a type I DFG in BBO

to produce an idler pulse whose wavelength is tunable from λ = 1.5− 2µm. A type II optical

parametric preamplifier is seeded with these NIR pulses and increases their energy to the mi-
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crojoule level. The NIR pulses are then temporally stretched and are amplified in three stages

of type II OPA in KTP.

3.4 Yb:KYW Regenerative Amplifier

Prior to amplification, pulses from the oscillator are temporally stretched in a Martinez style

stretcher similar to the one detailed in Section 2.3.1. Here, a 1200 mm−1 grating and a f = 12”

spherical concave mirror are used. The grating and spherical mirror are separated by ∼180 mm

and a flat mirror was placed at the focal plane of the mirror to fold the system. The stretcher has

an effective path length of -0.5 m which corresponds to a temporal pulse duration of 15 ps for

3.3 nm of bandwidth. Due to the low pulse energies from the regenerative amplifier, this stretch

factor was sufficient for amplification and avoid non-linear effects, that were not observed.

Figure 3.5: a) A schematic of the Yb:KYW regenerative amplifier. b) shows the mode size throughout the
cavity with the yellow cursors indicating the position of the crystal where there is good spatial overlap of
the cavity mode and the 200 µm pump spot.
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Figure 3.6: a) Yb:KYW regenerative amplifier spectrum showing a FWHM bandwidth of 3.3 nm. b) An
intensity SHG autocorrelation of the compressed Yb:KYW regenerative amplifier. The sech2 fit to the
acquired data shows the pulses have a FWHM pulse duration of 850 fs.

The cavity design for the amplifier, shown in Figure 3.5a, is similar to the one used in the

Yb:KYW oscillator. All curved mirrors are identical, producing the same mode size throughout

the cavity but the chirped mirror, output coupler, and semiconductor absorber mirror (SESAM)

were all replaced by flat high reflecting dielectric mirrors. The mode size throughout the cavity

is shown in Figure 3.5b with the yellow cursors indicating the position of the crystal in the cavity.
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A 5x5x3 mm Yb:KYW crystal was used as the gain medium. This was pumped by a 30 W, λ=981

nm, 200 µm core, fiber coupled laser diode. The fiber tip was 1-to-1 imaged onto the crystal

using an f = 2” spherical mirror, for good mode matching between the pump and cavity mode.

The spherical mirror had a small hole in the middle which allowed the cavity beam to pass

through it. Necessarily, a quarter waveplate, Pockels cell and thin film polarizer (TFP) were

included in the cavity to electro-optically seed and eject pulses from the cavity.

During typical operation, seed pulses make ∼25 cavity round trips before exiting the ampli-

fier with pulse energies of ∼200 µJ when pumped with 7 W peak pump power at a repetition rate

of 100 Hz. The typical spectrum from the amplifier, shown in Figure 3.6a, has a bandwidth of

3.3 nm FWHM, corresponding to a transform limit pulse duration of 335 fs. Pulse compression

is performed with a Treacy style compressor [104]. It is composed of two parallel 1200 mm−1

separated by 25 cm and the pulses are diffracted twice from each grating. The overall compres-

sor efficiency is 46 % yielding ∼100 µJ pulses. Figure 3.6b shows a SHG intensity autocorrelation

of the compressed pulses after amplification and here the FWHM duration is 850 fs but pulse

durations of 600 fs were achieved. These pulses were short enough to induce non-linear effects

required in the OPCPA front end.

3.5 NIR OPCPA

The front end of the NIR OPCPA is shown schematically in Figure 3.7. It consists of two parts.

An initial DFG stage and an OPA preamplifier. While DFG and OPA are analogous properties,

as detailed in Section 3.2, the names are fitting because the primary purpose of each stage is

evidenced by the name. In the DFG stage, the purpose is the generation of the tunable idler

pulse by selectively amplifying a portion of a broadband signal beam. The idler from the initial

stage then becomes the signal for the OPA preamplifier, boosting its energy before temporal

stretching. It should be noted that an idler pulse is also generated in the mid-IR during this and

subsequent OPA stages, but these wavelengths are not of interest in our application. Therefore,

we disregard them.
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Figure 3.7: A schematic showing the beam path for the generation and pre-amplification of the λ = 1.5-2
µm pulses.

3.5.1 Theory: Super Continuum Generation

Before discussing the design and operation of the OPCPA front end, it is necessary to discuss

another nonlinear process, besides DFG/OPA, employed for the generation of the desired idler

wavelength. Because the goal of the DFG is to create wavelengths from λ=1.5 to 2 µm, it is

necessary to have a signal beam with continuous broad bandwidth at shorter wavelengths. If

the frequency doubled output of the Yb:KYW regenerative amplifier is to be used as a pump

source for DFG, then it would be necessary to have a signal beam with a bandwidth which

continuously spans λ = 700 – 800 nm. By using the appropriate phase matching condition, the

desired idler wavelengths can be obtained.

One means of producing a signal beam with the desired spectral characteristics is through

super continuum generation (SCG). This process is a complex interplay of both linear and non-

linear spatiotemporal effects, such as diffraction, group velocity dispersion, self-focusing, self-

steepening, multi-photon absorption, etc. Therefore, a comprehensive description will not be

attempted here. More detailed analysis of SCG in bulk materials can be found in [153,154]. SCG

is actually quite a simple effect to elicit and can be done by loosely focusing a sub-picosecond

pulse into an appropriate material. With enough intensity, the pulse begins to self-focus. This

process can be understood by first considering the intensity dependent refractive index.

n = n0 +n2I (3.47)
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where n0 is the weak-field or linear refractive index, n2 is the second-order or nonlinear re-

fractive index, and I is the field intensity. This relation is also known as the Kerr effect and

demonstrates the intensity dependence of the refractive index. If we consider a cylindrically

symmetric Gaussian beam with enough intensity, the highest index will be along the optical

axis for positive n2 and decrease radially, effectively creating a lens and causing the beam to

focus in the material. The self-focusing threshold for a beam with this spatial profile is [155]

Pcr =
1.8962λ2

4πn0n2
(3.48)

whereλ is the laser wavelength. This is called the critical power for self-focusing and is the point

at which the effects of self-focusing and diffraction exactly cancel. Above this threshold value,

the beam will focus in the material, and a change in the phase of the pulse is also associated

with the nonlinear refractive index.

φN L =−
n2ω0

c
I (t )z (3.49)

where ω0 is the carrier frequency and z is the propagation length. The result of this time vary-

ing phase is a broadening of the pulse spectrum called self-phase modulation (SPM) and is

described by the following equations

δω(t ) =
∂φN L(t )

∂t
(3.50)

ω(t ) =ω0 +δω(t ) (3.51)

Under the assumption that n2 is positive, a temporally Gaussian pulse will see that its lead-

ing edge will be red shifted, while the trailing edge will be blue shifted. In materials with normal

group velocity dispersion (GVD), i.e. k
′′
0 > 0 where k

′′
0 = ∂2k/∂ω2|ω0 and k =ω0n0/c, pulse split-

ting at the nonlinear focus produces two sub-pulses. The leading pulse being red shifted with

respect to the original pulse frequency and the trailing pulse being blue shifted. It is at this
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point that the pulse experiences self-steepening effects [156] which pushes the highest inten-

sity to the rear of the trailing pulse due to the nonlinear index. This causes the trailing edge of

the pulse to steepen to the point where the intensity falls as quickly as dispersion allows. This

rapidly varying intensity on the blue edge of the pulse creates a large phase jump and results in

a pulse with a broad blue shifted spectrum.

The scheme for generating NIR pulses is shown in Figure 3.7 and is based on the work

by [157]. To create the pump and signal beams, the ∼100 µJ sub picosecond pulses from the

regenerative amplifier are first split via a half waveplate/ TFP combination. Approximately 30

% of the pulse energy is transmitted through the TFP while the other 70 % is reflected. The

transmitted beam is then focused by an f = 10 cm lens into a 1 cm long undoped YAG rod. This

creates enough intensity within the material to induce SCG, producing light from the visible

through the IR and acts as a broadband signal for the subsequent DFG. The 1 µm light reflected

from the TFP is then focused into a BBO crystal (θ=23.4◦,φ=90◦) where SHG produces light at

∼515 nm. Approximately 25 % conversion efficiency is achieved in this process giving ∼20 µJ

of green light. Following this SHG, the beam is incident on a mirror optimized to reflect green

light. This directs the 515 nm light to pump the DFG while the unconverted 1 µm light is trans-

mitted and will be used as the pump in the following OPA pre-amplifier. The broad bandwidth

signal beam and 515 nm pump beam are then focused into a BBO crystal similar to the one used

for SHG with a small, i.e. 1-2 degrees, non-collinear angle.

Figure 3.8a shows a spectrum of the DFG signal beam. The red line shows the unampli-

fied spectrum from the SCG while the blue is the spectrum after amplification. The presence

of amplification in the signal also indicates the generation of an idler beam at a wavelength

equal to the energy difference of the pump at amplified signal wavelength. By adjustment of

the phase matching angle of the BBO crystal and the pump-signal non-collinear angle, it was

possible to select the signal wavelength which was amplified. Selection and amplification of the

signal pulse energy allowed us to simultaneously generate and optimize the idler wavelength

for future amplification. Figure 3.8b shows the various idler wavelengths attained for different
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Figure 3.8: a) shows a spectrum of the DFG seed beam. The red line shows the unamplified spectrum
while the blue is the spectrum after amplification. The spectral intensity is normalized to the same scale
to illustrate amplification of the ∼750 nm signal beam. Unconverted 1 µm light from the SCG can be seen
here as well. b) Spectra from the first NIR OPA stage with the DFG idler optimized for center wavelengths
ranging from less than 1.5 µm to just under 2 µm.
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Figure 3.9: shows the SHG intensity autocorrelation of the NIR pulses after amplification in the type II
KTP OPA pre-amplifier before and after temporal pulse stretching in a dielectric grating stretcher. The
unstretched pulse duration, shown in a), was measured to have a sech2 FWHM of 200 fs, while the dura-
tion after stretching, shown in b), was determined to be 2.9 ps. For these measurements the OPCPA was
tuned to a wavelength of λ = 1.55 µm.
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phase matching conditions in the DFG stage. These spectra were measured with a scanning

monochromator and an InGaAs photodiode sensitive to the NIR. It can be seen that by adjust-

ment of the non-collinear angle and phase matching angle in the DFG, wavelengths ranging 1.5

µm to nearly 2 µm were achieved.

After DFG, idler pulses then become the sinal for type II OPA in KTP (5x5x2 mm, θ=45.5◦,

φ=0◦). This pre-amplifier is pumped using the ∼60 µJ of unconverted 1 µm light from the SHG

and boosts the NIR pulse energy to the microjoule level before temporal pulse stretching. The

pulse duration after this stage, shown by the SHG intensity autocorrelation in Figure 3.9a, has a

sech2 FWHM of 200 fs. To avoid detrimental non-linear effects and ensure good temporal over-

lap between the signal and pump pulses in the following amplification stages, the NIR pulses

are stretched to ∼3 ps in a Martinez style temporal pulse stretcher. Figure 3.9b shows the inten-

sity autocorrelation of the pulses, optimized for 1.6 µm, after the stretcher.

3.6 Multi-Stage OPA

Figure 3.10: A schematic of the IR grating pulse stretcher and subsequent type II OPA stages. The mi-
crojoule level pulses from the system front end are amplified by λ = 1µm, ∼50 mJ, 5 ps pulses from the
cryogenic Yb:YAG laser to a pulse energy of nearly 5 mJ after the final OPA stage.

Following the DFG/OPA front end, the microjoule level NIR pulses are amplified to the mil-

lijoule level in a multi-stage type II OPA chain. This system is pumped by ∼50 mJ, 5 ps pulses
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from the 100 Hz cryogenic Yb:YAG laser. [34] The configuration for the amplifier is shown in

Figure 3.10. The pump beam is split by two 90/10 beam splitters to provide 1 mJ, 9 mJ, and

40 mJ to amplifiers one through three respectively. The first two OPAs use 6 mm thick KTP

(θ=45.5◦,φ=0◦) crystals while the final amplifier uses a 10 mm thick KTP (θ=45.5◦,φ=0◦) crystal.

The phase matching and non-collinear angles were optimized in each stage depending on the

signal wavelength. Figure 3.11 shows the output energy at 1.6 µm from the final KTP crystal as

a function of total 1 µm pump energy into all three KTP amplification stages. We see that pulse

energies of nearly 5 mJ were achieved, which is more than sufficient for the subsequent damage

threshold measurements. Due to the unknown damage threshold of the compressor gratings,

no attempt was made to compress the amplified pulses. Based on the bandwidths of the spec-

trum shown in Figure 3.8b, a transform limited pulse duration of 60-160 fs could be expected

depending on the amplified wavelength.

Figure 3.11: The output energy from the final KTP OPA stage as a function of 1 µm pulse energy into the
final three OPA stages. Here, a maximum pulse energy of 4.85 mJ was obtained at a center wavelength of
1.6 µm.
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3.7 Laser Induced Damage Testing

Damage testing of high reflectance (HR) or high transmittance anti-reflection (AR) coatings

was performed by focusing the NIR pulses onto the front surface of the target of interest. Fig-

ure 3.12a shows the setup for these tests. Each damage site was irradiated with 100 pulses at

100 Hz repetition rate and ten sites were damaged for a given pulse energy. The combination

of a half waveplate and polarizing beam cube were used to precisely control the pulse energy

on target and this pulse energy was recorded for each waveplate position before damage test-

ing. Damage was identified in situ by observing the scatter of a HeNe laser which was aligned

to the same spot on the substrate as the NIR damaging pulses. These damage sites were later

confirmed using a Nomarski microscope.

Due to the prohibitively high cost of cameras sensitive to the wavelengths of interest, the

laser’s spot size at the surface of the substrate was determined using a knife edge measurement

technique. A razor blade was attached to a linear translation stage and the pulse intensity was

recorded on NIR sensitive InGaAs photodiode (PD) as the razor blade was scanned transversely

across the beam. This was performed in both the x and y axes of the beam and the resulting

curves were fit to the following function to determine the x and y waist values.

P (x) =
P1

2

[

1+er f

(

p
2(x −P2)

P3

)]

+P4 (3.52)

where P (x) is the measured PD intensity at position x, x is the position of the translation stage

in mm, P1 is the functions amplitude, P2 is an offset in x, P3 = 1/e2 radius of a Gaussian, and

P4 is the background offset.

From this analysis, the beam was found to regularly have a FWHM of ∼110 µm along each

axis. Figure 3.12b shows the reconstructed beam profile based on this analysis with waist values

of 106 µm and 114 µm along the x and y axes respectively and demonstrates the highly symmet-

ric Gaussian shape of the beam used for LIDT.
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Figure 3.12: a) A schematic of the LIDT setup. λ/2: half waveplate, BS: beam splitter, BB: beam block, C:
camera, TS: linear translation stage. b) A reconstruction of the amplified 1.6 µm beam profile from the
fitted knife edge data. The beam has a waist radius of 106 µm along its x-axis and 114 µm along its y-axis.
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3.8 LIDT Results and Discussion

The results of damage threshold measurements for various optical coating designs and low

OH fused silica are reported in Table 3.1. Also present in this table are the band gaps for the

high index material used in the coating as well as the band gap for bulk fused silica. The optical

coatings were fabricated by Dinesh Patel at Colorado State University using ion beam sputter-

ing deposition. Drew Schiltz designed the coatings, optimizing for either reflectance (HR) or

high transmittance (AR) at 1.6 µm while maintaining a high damage threshold suitable for high

power laser operation. The coatings are designed as quarter-wave “stacks”, in which the layer

thickness of the deposited material is approximately one quarter wavelength of the light of in-

terest. By varying the material of each layer, and thereby the index of refraction, light reflected

at the interfaces of differing materials can be made to constructively or destructively interfere,

providing either exceptionally high reflectance or transmittance over a wavelength range of in-

terest. For more information on the design of the optical coatings, refer to [145]. To the authors

knowledge, these are the first reported results of threshold damage fluence at 1.6 µm with pi-

coseconds duration pulses.

Table 3.1 reports the damage thresholds of various Ta2O5/SiO2 HR, Y2O3/SiO2 HR , and

HfO2/SiO2 HR optical coating designs, and a HfO2/SiO2 AR coating. As a reference, the damage

threshold of low OH IR fused silica (IRFS) was also measured. These values correspond to the

highest fluence at which no damage was observed.

Table 3.1: Measured damage threshold of for HR: high reflection and AR: anti-reflection optical coatings
at λ=1.6 µm.

Substrate Material Band Gap (eV) Damage Threshold (J/cm2)

IRFS 9 5.86 ± 1.61
Ta2O5/SiO2 HR 3.5 4.88 ± 1.40
Y2O3/SiO2 HR 5.1 8.47 ± 2.42
HfO2/SiO2 HR 5.1 8.67 ± 2.42
HfO2/SiO2 AR 5.1 7.79 ± 2.21
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To understand the damage mechanism of materials, the following rate equation is typically

used to model the density of conduction band electrons [158]

∂ne

∂t
=WPI

(

I (t )
)

+WAV

(

I (t ),ne (t )
)

−WR

(

ne (t ), t
)

(3.53)

In the above equation, the term WPI is referred to as the photoionization rate, WAV is the

avalanche ionization rate, and WR is the relaxation rate of electrons out of the conduction band.

This last term is typically defined as

WR =
ne (t )

τR
(3.54)

where τR is the relaxation time for all processes which support decay of electrons from the

conduction band and is determined from experimental data. [158] Damage occurs when the

density of free electrons reaches the critical plasma density which is the point when the plasma

frequency corresponds to the incident laser frequency.

The accepted model for photoionization was described by Keldysh. [159] Based on this

work, photoionization can be caused by either tunnel ionization or multi-photon ionization,

and the dominate ionization mechanism can be characterized by the Keldysh parameter γ.

γ=
ω

e

√

me cnε0Eg

I0
(3.55)

where ω is the laser frequency, e is the electron charge, me is the electron reduced mass, c is

the speed of light, n is the material index of refraction, ε0 is the permittivity of free space, Eg

is the material band gap, and I0 is the peak laser intensity. For cases when γ<1.5, tunnel ion-

ization is the dominate process, when γ>1.5 multi-photon dominates, and when γ is near 1.5

both processes contribute. Briefly, tunnel ionization occurs when a strong electric field sup-

presses the potential barrier of an atom enough to allow a valence electron to tunnel through

the reduced potential barrier into the conduction band. Multi-photon ionization occurs when
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multiple photons with energy below the ionization potential are simultaneously incident on an

atom, causing it to ionize.

Avalanche ionization is the other key effect which promotes electrons to the conduction

band. This process occurs when an electron in the conduction band absorbs radiation up to

the point when it has a kinetic energy equal to the band gap. This energetic electron then colli-

sionally ionizes a valence electron, and the process repeats, now with an additional conduction

band electron. From equation (3.53), It can be seen that the rate of avalanche ionization is de-

pendent upon the number of conduction band electrons, ne (t ). Therefore, in pulse durations

on the order of a few picoseconds, photoionization acts as a seed for avalanche ionization. An

accurate description for this process is still a source of research. [160–162] Many of the proposed

models are phenomenological and therefore trying to discern an accurate understanding of the

physics of this process across many wavelengths and pulse durations is difficult.

The results in Table 3.1 illustrate two features which are important for understanding the

damage mechanisms of optical coatings and bulk material. The first is that the damage thresh-

old of the samples is observed to scale with the band gap of the material, with the obvious

exception that the bulk fused silica did not have the highest damage threshold. The unexpected

lower damaged threshold of fused silica will need to be corroborated in the future. This band

gap dependent relation appears to be consistent with other shorter wavelength LIDT measure-

ments of materials with differing band gaps [148, 163, 164].

The second feature these results demonstrate is that the damage threshold for dielectric

materials increases as the laser wavelength increases. The results reported here at λ = 1.6 µm

are higher than those reported for lower wavelengths with similar pulse duration [147, 163],

following the wavelength dependent scaling reported for shorter wavelengths. [148,149,164] At

a pulse duration of ∼3 ps, Stuart et al. found the LIDT of fused silica to be ∼1.5 J/cm2 at 526 nm

and ∼3 J/cm2 at 1.053 µm. Our results follow closely with this wavelength dependent scaling

and demonstrate one of the first results in a new wavelength regime for LIDT. Yet other studies

have reported that this trend shows an opposite behavior at longer wavelengths, in the mid-
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IR. [149] The measurement reported here provides an important benchmark for understanding

the wavelength dependence of optical damage.

While typically a complex model is necessary for an accurate assessment of LIDT, Gamaly et

al. derived a relatively simple relation to describe LIDT of dielectric materials in the ultrafast (<

1 ps), high intensity (∼1014 W/cm2) regime. [146] In this regime, the laser-matter interaction is

characterized by the condition that the pulse duration is significantly shorter than the electron-

ion energy transfer time and the heat conduction time. In this way the ions remain cold during

the interaction process and all absorbed laser energy is transferred to electron thermal energy.

With sufficient pulse intensity, electron energies can exceed the Fermi energy, and electrons are

liberated from the target. This creates a charge separation that pulls ions from the target leading

to ablation of the material. From the analysis in [146], the following equations were derived to

characterize the damage fluence of a dielectric material in this ultrafast, high intensity regime.

F d
th =

3

4

(

ǫb + Ji

) lsne

A
(3.56)

A

ls
≈

2ω

c

(

1+
1

n
+

1

2n2

)−1

(3.57)

Here, ǫb is the binding energy of ions to the lattice, Ji is the ionization potential, ne is the elec-

tron number density, A/ls is the ratio of the absorption to skin depth, ω is the laser frequency,

and n is the index of refraction.

This model is notable in that it predicts the damage threshold within this intensity and pulse

duration regime is only dependent on radiation wavelength and material properties, i.e. band

gap and index of refraction. While the laser conditions used to derive equation (3.56) do not

precisely match the laser conditions used to obtain the above results, it still serves as a good

guide for assessing damage fluence and follows closely with the trends seen in these results. If

we employ equation (3.56) to predict the damage fluence of fused silica at 1.6 µm, we find that

the model predicts a LIDT of 4.8 J/cm2. While this value is lower than the measured value shown

in Table 3.1, it is important to remember that this model was based on approximations using
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higher intensities and shorter pulses than those used in this experiment. Furthermore, if one

looks at Gamaly et al’s own assessment of the model’s predictions, which uses data from [160]

for 526 nm and 1.053 µm, and [3] for 825 nm, we see good agreement for pulse durations below

1 ps and above 10 ps (a separate long pulse duration approximation was also made in [146]

but isn’t shown here). Notably, the model is least accurate in the 1-10 ps regime and under

predicts LIDT at longer wavelengths. Therefore, we would expect to measure a higher value

than equation (3.56) predicts.

3.9 Summary

A NIR OPCPA laser system was developed which is tunable from λ = 1.5 - 2 µm and capable

of producing pulse energies up to 5 mJ at 100 Hz repetition rate with an uncompressed pulse

duration of ∼2.5 ps. This laser was used to perform LIDT testing on bulk fused silica and various

high damage threshold optical coatings designed for operation at λ = 1.6 µm. These results

indicate a relation between laser wavelength, material band gap, and LIDT and are the first

reported results that the author knows of at this wavelength and pulse duration. These findings

help to inform the mechanisms of LID and will provide important information for future optical

coating designs for eye safe lasers.
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Chapter 4

Summary

The development of high energy ultrafast lasers at ever higher repetitions rates is a key tech-

nology for enabling numerous scientific, medical and industrial applications. Techniques for

producing the energetic x-rays, gamma rays, isotopes, and neutrons necessary for these appli-

cations have been demonstrated by current high energy, low repetition rate ultrashort pulse

laser systems. The increased repetition rate and high pulse energy of new high average power

ultrafast lasers, such as the one described in this dissertation, will provide a higher flux of pho-

tons and energetic particles. This will make materials processing, x-ray imaging procedures,

and medical therapies time and cost efficient, and will ease experimental stability requirements

by decreasing data acquisition times. Besides enabling specific applications, high repetition

rates open new opportunities for the incorporation of machine learning to provide feedback in

experiments with high energy lasers. These feedback controls may be used not only to main-

tain the long-term stability of a laser system or experiment but also provide the potential to

efficiently optimize experiments over large parameter spaces.

This dissertation demonstrated the first CPA laser capable of producing >1 J of pulse energy

with a pulse duration below 5 ps at a repetition rate of 500 Hz. This laser system was further ex-

panded to obtain an initial, short runtime demonstration of joule-level energies at 1 kHz. The

approach for achieving >1 J, picosecond pulses at kHz-level repetition rates utilized a diode-

pumped cryogenically-cooled, thick-disk Yb:YAG active mirror multi-pass amplifier. This de-

sign takes advantage of the enhanced material and spectroscopic properties of Yb:YAG when

cooled to cryogenic temperature while maintaining the efficient heat removal characteristic of

thin-disk amplifiers.

This CPA laser was used to demonstrate soft x-ray lasing in Ni-like molybdenum at a record

repetition rate of 400 Hz. 1 J pulses exiting the compressor were focused to a high aspect ratio

line onto a polished molybdenum target at a grazing incidence angle of 29 degrees. Strong
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lasing was observed at 18.9 nm and runs of 4000 consecutive shots were recorded. The 400

Hz results demonstrated here constitute the highest repetition rate, tabletop SXRL to date, and

provides a potential source for laboratory scale SXRL experiments.

Additionally, a 100 Hz picosecond cryogenic Yb:YAG version of this laser was used as the

pump source for a near-infrared (NIR) OPCPA laser which was tunable between 1.5 and 2 µm.

This laser was used to perform laser induced damage testing (LIDT) of optical coatings at 1.6

µm. This system consisted of a ∼100 µJ, sub-ps Yb:KYW regenerative amplifier which was used

to generate NIR pulses in an initial DFG stage. The generated NIR pulses were subsequently

amplified in three OPA stages to obtain a maximum pulse energy of 5 mJ. The three stages of

OPA were pumped by λ = 1.03 µm, 50 mJ, ∼5 ps pulses from a cryogenically cooled Yb:YAG

CPA laser. Both the NIR OPCPA laser and 1.03 µm CPA pump laser were seeded by a common

Yb:KYW oscillator allowing for passive temporal synchronization of pump and signal pulses. λ =

1.6 µm, ∼2.5 ps pulses were used to conduct LIDT measurements on a number of high damage

threshold optical coatings designed for operation near this wavelength. These constitute the

first reported results of short pulse LIDT of optical coatings at this wavelength, providing an

important benchmark for understanding LIDT mechanisms in this wavelength regime.
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