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ABSTRACT

DEVELOPMENT OF A HIGH POWER HIGH ENERGY ULTRAFAST LASER

This dissertation describes the development of high energy, high repetition rate laser technol-
ogy based on cryogenically cooled diode-pumped Yb:YAG laser amplifiers. The key challenges
of thermal management, the generation of high energy green pulses at high repetition rate, and
the design of an ultrafast laser amplifier that uses the green pulses as pump are discussed in this
dissertation.

To aid the development of thermal management solutions, an accurate, in situ, noninvasive
optical technique to generate three-dimensional (3-D) temperature maps of cryogenic amplifiers
during operation at high average power was demonstrated. The temperature is determined by an-
alyzing the fluorescence spectra of the laser material (Yb:YAG) with a neural network algorithm.
The accuracy of the technique relies on a calibration that does not depend on simulations. Re-
sults are presented for a cryogenic Yb:YAG active mirror laser amplifier operating at different
pump conditions, which include kW pump power level operation. Based on this temperature mea-
surement technique, an analysis of the thermal behavior of a high-energy kilowatt-average-power
diode-pumped cryogenically cooled Yb:YAG active mirror laser amplifier is presented. Maps of
the temperature distribution in the laser amplifier crystal at pump powers up to 1 kW were obtained
for the first time by spectrally resolving the fluorescence induced by a scanning probe beam. The
cryo-temperature measurement technique is applicable to other solid-state lasers materials. The
wavefront distortions resulting from the front surface deformation and the overall deformation of
the gain medium assembly were measured using a Mach—Zehnder interferometer. The measured
deformations agree well with the results of finite element thermomechanical modeling simulations,
and with the results of focal length shift measurements. The relative contributions to the optical

path difference (OPD) of the mechanical deformations, refractive index changes, and electronic
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contribution are discussed. The pump-induced mechanical deformations of the assembly dominate
the OPD changes in the kilowatt-average-pump-power cryogenically cooled Yb:YAG active mirror
laser investigated.

The generation of green (A = 515 nm) Joule-level pulses at 1 kHz repetition rate was demon-
strated. This was achieved by frequency doubling 1.2J, 2 ns temporally shaped square pulses from
a cryogenically cooled Yb: YAG laser in an LBO crystal. The generation of 0.94 J second-harmonic
pulses at 1 kHz was demonstrated with 78% conversion efficiency. The unconverted light was sent
through a second LBO crystal to generate an additional >100 mJ second-harmonic pulses to reach
a total green average power of 1.04 kW. A higher conversion efficiency of 89% was also achieved
for 0.58J green pulses at 1 kHz. An application of this green laser is the pumping of high average
power ultrafast laser amplifiers. The design of a two-stage water-cooled Ti:Sapphire amplifier sys-
tem to generate 300 mJ pulses pre-compression using this green laser as pump is discussed. The
simulation of the gain and thermal distribution of the Ist and 2nd stage amplifier are presented.
The first experimental results of the operation of the first amplification stage of this laser system

are discussed.
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Chapter 1

Introduction

1.1 A Brief History of Laser Development

Since the first laser by Theodore Maiman crossed the threshold for laser oscillation in 1960 [1],
the development of lasers has revolutionized research and numerous applications in various fields.
In the over 60-year evolution of the laser, the chase for better performance to meet the require-
ments for different applications has driven the development of gain medium materials, pump tech-
nologies, and optical designs. From the initial use of a ruby rod as the gain medium in the first
demonstrated laser, different gain medium laser materials have enabled lasers with different charac-
teristics and enhanced the laser performance, such as for high power operation, high pulse energy,

and different pulse duration operation.

Figure 1.1: (a)Theodore Maiman’s first laser, removed from aluminum cylinder used during operation, and
(b) photo of Maiman behind a larger ruby laser, handed out at the Hughes press conference announcing the
laser. The photographer insisted on posing Maiman with the larger laser, and initially many thought this was
the first laser [2].



In the first decade after Maiman’s demonstration, all types of matter: solids, gases and plasmas,
and liquids (dye lasers) have been used as gain material for laser demonstration. The first gas laser,
the helium-neon (He-Ne) laser, was invented by Ali Javan and William R. Bennett, Jr. in 1960
based on a selectively excited transition in the Ne atom [3]. The first semiconductor diode laser
was demonstrated by Robert Hall in 1962 using GaAs [4]. The first ion laser was demonstrated
by Earl Bell in 1963 in mercury vapor [5]. The CO, molecular laser was invented in 1964 and
reached 200 W continuous wave (CW) in 1965 when nitrogen was added to provide efficient reso-
nance excitation of the laser upper levels [6], and the first dye laser was realized in 1966 by Peter
Sorokin [7]. After 60 years of laser development, new types of laser with increased power, vari-
ous wavelengths, and pulse characteristics, are still being developed for various applications and
purposes. Among all, solid-state lasers are the most widely used type for achieving high average

power, high pulse energy, and high peak power.

1.2 Ultrafast Laser Development

The ultrafast laser, one of the most important branches of the laser family, is typically defined
as a laser that generates laser pulses with less than picosecond (1 ps = 10712 s) level pulse duration.
The nature of ultrafast laser offers a powerful tool for different applications in various area involv-
ing fast processes and/or high peak power. However, it took several years after the birth of the
laser to generate the laser pulses at the ultrafast level. At the beginning of the laser development,
almost all lasers were operating in continuous wave (CW) or long pulse (microsecond-level dura-
tion) mode. In the first significant step, the Q-switching technique, in which the cavity losses are
increased to avoid lasing during pumping to accumulate a large population inversion many times
the threshold inversion and are subsequently rapidly lowered to produce a gigantic laser pulse,
was demonstrated for high intensity nanosecond (1 ns = 1x10~?s) pulse laser generation. After a
few years of development, the shortest laser pulse generated by Q-switching was still limited at
the level of nanoseconds. Scientists started to seek other methods to achieve laser pulses with a

shorter duration. In 1972, with the new technique of mode-locking [8] in an oscillator based on a



broad emission bandwidth dye material (Rhodamine 6G), the pulse duration was suddenly pushed
to the level of picoseconds. The big step on the ultrafast pulse generation makes the mode-locking
technique, in which the phase of the laser cavity longitudinal modes is locked, one of the key tech-
nologies in the development of ultrafast lasers. With the development of new laser materials with
broader emission bandwidth, femtoseconds or even few-cycle ultrafast pulses were achieved by
using the mode-locking technique.

In parallel with chasing shorter pulse duration, scientists also searched for methods to increase
the pulse energy and average power of ultrafast pulses. In general, the maximum energy of laser
pulses from the oscillator is limited by the beam size inside the laser cavity. Therefore, the concept
of laser oscillator-amplifier sequence in which the beam exiting the oscillator is expanded to reduce
the fluence was used to boost pulse energy. However, high energy pulses with a beam intensity
exceeding the level of GW/cm? (1 GW = 10° W) lead to nonlinear effects that distort the beam and
cause severe damages to the laser components. This limited the increase of laser peak power for
nearly 20 years. In the mid-1980s, a technique called Chirped Pulse Amplification (CPA), in which
pulses are stretched, amplified, and finally re-compressed, was presented by Donna Strickland and
Gérard Mourou [9]. The implementation of CPA suddenly broke through the limitation of the peak
power in ultrafast laser amplifiers. Since then, the peak power of ultrafast lasers rapidly increased
and reached the level of petawatt (1 PW = 10> W) peak power and 10?2 W/cm? focused intensity
in recent years [10]. The innovation of CPA technique was recognized by the Royal Swedish
Academy of Sciences that awarded Donna Strickland and Gérard Mourou the 2018 Nobel Prize in
Physics.

Following the fast development of the ultrafast lasers enabled by the demonstration of mode-
locking and CPA techniques discussed in more detail below, the resulted high peak power and
extreme brevity of high energy ultrafast laser pulses also provide the potentialities on a vast area of
fundamental research and industrial applications, which stem from direct laser beam interactions
with matters, or from interactions with matters of the secondary particle and high photon energy

sources they drive. By focusing the high peak power laser pulses into a small area, electrons and



ions are accelerated into different physical regimes that exhibit different nonlinear behaviors in
molecular (10%-10'2 W/cm?), bound atomic electron (10*2-10*® W/cm?), relativistic plasma (108-
10%* W/cm?), ultra-relativistic and even vacuum (>10%* W/cm?) regions. These enabled the study
of high harmonic generation (HHG), THz radiation generation, X-ray and Gamma-ray generation,
electron and ion acceleration, neutron generation, attosecond (1071¥ s) pulses, and filamentations
[11]. There are also a variety of applications that depend on these secondary sources generated by
the high-energy ultrafast laser, such as medical purposes, triggering and/or guiding of energy or
electromagnetic waves, and supercontinuum generation [11].

Below I will discuss in more detail the two key technologies in the development of ultrafast

lasers, which are the mode-locking technique and CPA technique.

Mode-Locking Technique

As mentioned above, the mode-locking technique is one of the key methods employed to gener-
ate ultrafast pulses. The principle of mode-locking technique can be described as follows. In a sim-
ple laser oscillator, each longitudinal mode within the lasing bandwidth oscillates independently
building up from the spontaneous emission, and consequently the phase relationship between dif-
ferent longitudinal modes is random. CW or Q-switching pulsed operation can be achieved under
this random phase condition. However, the shortest pulse duration will be limited at the level of
nanoseconds. The mode-locking technique locks the longitudinal modes with a fixed phase. In
this way, the longitudinal modes of the laser will periodically all constructively interfere with one
another, producing a short intense pulse of light, as shown in Figure 1.2.

The longitudinal mode distance Av is defined by the cavity geometry according to:

Av =¢/2nL (1.1)

where L is the cavity length, ¢/n is the speed of light in the medium with refractive index n. For a
given Av, the more the number of longitudinal modes, the shorter the final output pulse. In another

words, if there are N modes locked in a laser with a mode separation Av, the overall mode-locked



bandwidth is NAv. The relationship between this bandwidth NAv and the theoretical transform-

limited pulse duration At is given by:
k
~ NAv

At (1.2)

where the constant £ is the time-bandwidth product. As shown in Eq.(1.2), the larger this band-
width value NAv is, the shorter the pulse duration from the laser could be potentially obtained.
The time-bandwidth product is determined by the temporal shape of the pulse, for example, 0.441
for a Gaussian shape pulse, and 0.315 for a hyperbolic-secant-squared (sech?) shape pulse that is

often used to fit ultrafast laser pulses.

Longitudinal Cavity Modes

High Reflector Output Coupler
At = 2nL/c
Circulating Ultrafast Pulse Output

Figure 1.2: Ilustration of mode-locking theory. At is the time between two consecutive pulses, 2nL is total
traveled length in the oscillator, c is speed of light.

In general, to realize the mode-locking mechanism in a laser oscillator, either an active element
(an optical modulator) or a passive element (a saturable absorber) needs to be used in the forma-
tion of ultrafast pulses. Based on the type of element used in the mode-locking technique, it can be
described as active or passive mode-locking. In the active mode-locking, the periodic modulation
of the losses or the phase changes is achieved with an acousto-optic or electro-optic modulator.

With the synchronization between the modulation and oscillating round trips, the ultrafast pulse



width can be achieved, typically in picoseconds level. However, the active mode-locking is un-
able to support shorter pulses due to the slow active modulation speed of the modulation device.
On the contrary, the passive mode-locking allows the generation of much shorter (femtosecond)
pulses, as the modulation speed of the saturable absorber is much faster than the speed of active
modulation units. There are different types of saturable absorbers for passive mode locking, in-
cluding semiconductor saturable absorber mirror (SESAM), quantum dots, and artificial saturable
absorbers based on nonlinear effects (e.g., Kerr lens mode locking). For most ultrafast oscillators
based on solid-state material, the Kerr lens mode locking technique is the most widely adopted
method since the stable mode-locking operation is achievable without the requirement of a visible

saturable absorber device.

Kerr Lens Mode-Locking

The Kerr lens mode-locking technique takes advantage of the Kerr lensing effect in the gain
material to lock the phase of longitudinal modes. When a short laser pulse propagates through
a nonlinear medium, the Kerr effect leads to a phase delay that is the largest on the beam axis,
where the intensity is the highest, and smaller off-axis. The phase delay is related to the change of

refractive index according to:

n(l) =n+ An=n+nol (1.3)

where n is the low intensity zero order refractive index of the material, and An is the modified
refractive index. In this expression, n, is the nonlinear index, and [ is the optical intensity. As
a result, due to the uneven intensity distribution across the beam, the Kerr effect is similar to the
behavior of a lens whose focal length is intensity dependent, as shown in Figure 1.3. There are two
different mechanisms of achieving mode locking with the Kerr lensing effect, one is hard aperture
Kerr lens mode-locking where an iris is applied into the oscillator cavity as the hard aperture, and
the other is soft aperture Kerr lens mode locking where the pumped area in the gain material is
acting as the soft aperture. As the beam passes through the aperture, the high-intensity portion

of the pulse will maintain enough gain on each pass through the gain media, but the low-intensity



portion (CW or long pulse) will suffer high losses and finally decay. After the round-trip oscillation
inside the laser cavity, the phases of different longitudinal modes are locked, a stable mode-locked

short laser pulse is produced.
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Figure 1.3: Illustration of (a) equivalent hard aperture and (b) equivalent soft aperture in Kerr lens mode
locking. Black ray represents low intensity portion associated with larger losses; red ray represents high
intensity portion associated with fewer losses.

By using the Kerr lens mode-locking technique with a broad emission bandwidth laser material
such as Ti:Sapphire, the laser oscillator can easily generate sub-100 fs pulses. Compared with the
previous generation mode-locking dye laser, the Ti:Sapphire Kerr lens mode-locking laser can
generate a shorter pulse duration with less complexity for the mode-locking operation. As a result,
the dye laser was quickly replaced by Ti:Sapphire laser, which became the laser of choice for
generating femtosecond pulses until today. In 1995, by using chirped dielectric mirrors, an 8 fs
Ti:Sapphire oscillator was demonstrated [12]. A while later, 5fs pulses were directly generated
with a spectrum wavelength from 600-1200 nm, which set the record for the broadest bandwidth

and shortest pulses directly from a laser oscillator [13].



CPA Technique

In addition to the mode-locking technique, the technique of chirped pulse amplification (CPA)
plays a critical role in the development of ultrafast lasers. For ultrafast laser amplifiers, as the
pulse energy gets boosted to a higher level, the high peak power can become a problem. The ex-
ceeding GW/cm? level beam intensity will cause severe damage to the optical components through

nonlinear processes such as self-focusing, which is quantitatively defined in term of a B-integral:

2
B= Tﬂ nol(2) dz (1.4)

where 75 is the nonlinear index, /(z) is the optical intensity along the beam axis, z is the position in
beam direction. As n,1(z) is the nonlinear change in the refractive index, one can easily recognize
the B-integral to be the total on-axis nonlinear phase shift accumulated in a passage through the
amplifier. If the B-integral becomes larger than 1, for example at the level of 3-5, self-focusing
will occur due to the modified refractive index distribution in the beam wavefront plane. In this
case, the higher optical intensities on the beam axis, as compared with the wings of the spatial
intensity distribution, cause an effectively increased refractive index for the inner part of the beam.
Then, due to the Fermat’s principle, the beam itself acts like a focusing lens. As a result, the
beam diameter of the high B-integral beam is decreased compared with that of a low B-integral
beam. The threshold of self-focusing in terms of the B-integral depends on conditions such as the
wavelength of the beam and the n, of the materials. In some high peak power cases, the beam will
even self-focus as it propagates through air, not only damaging the subsequent optical surfaces but
also forming a plasma or filament propagation, which will degrade the beam qualities and make
it impossible to get the beam amplified in the following amplifier stage(s), or to focus it into a
diffraction-limited spot. For a long period, the ultrafast laser’s pulse energy and peak power were
limited at such relatively low level.

To amplify ultrafast laser pulses to high energy, one of the methods to avoid the damage is

to enlarge the beam size to maintain the beam intensity at a safe level. However, in the case of



ultrashort pulses, the beam size can rapidly scale to impractical sizes which cannot be achieved

because of the cost of the system and availability of large-aperture optics.

Low Energy Low Energy Stretched
Short Pulse Long Pulse

Oscillator Stretcher

Amplifier

Compressor
High Energy l
Short Pulse »

Figure 1.4: Illustration of the CPA theory.

High Energy
Long Pulse

In the mid-1980s, a technique called Chirped Pulse Amplification (CPA) was presented by
Donna Strickland and Gérard Mourou [9], which overcame the limitation to the maximum peak
power that could be achieved in laser amplifiers. Instead of only enlarging the beam size of the
high-energy ultrafast pulse to keep the beam intensity in the safe range, the CPA technique is
a strategy that manipulates the temporal profile of the pulse before and after the amplification
process. As shown in Figure 1.4, a low energy zero-chirp short pulse from an oscillator can be
first stretched out in time by chirping the pulse via a stretcher before being introduced into the
amplifier(s). After going through the stretcher, the laser pulse can have a pulse duration that is
a factor of 1000 to 100000 larger than the original pulse. As a result, the amplified beam can
reach higher energy with a high extraction efficiency while maintaining a safe intensity level on all
optical components in the system. The obtained high energy long pulse can be compressed after
amplification by applying the opposite dispersion to that imposed by the stretcher, which results in
high energy short pulse with high peak power.

Compared with the traditional master-oscillator power-amplifier (MOPA) configuration, the

key to the CPA technique is the use of dispersive elements as stretcher and compressor, such as



Figure 1.5: Illustration of the CPA technique in the laser system.

a pair of diffraction gratings, a pair of prisms, optical fibers, and dispersive multi-layer coatings
(chirped mirrors). In a typical CPA system, shown in Figure 1.5, a broadband short pulse from a
mode-locked oscillator normally has zero spectral chirp, which means the high-frequency and the
low-frequency components of the laser pulse travel simultaneously in time. By applying normal
dispersion in the stretcher, the low-frequency component of the zero-chirp pulse travels a shorter
path than the high-frequency component. Therefore, the laser pulse becomes positively chirped,
which means that the high-frequency component lags behind the low-frequency component, re-
sulting in a long duration pulse (typically hundreds of picoseconds to a few nanoseconds in high
intensity lasers). The higher the amount of applied dispersion, the longer the pulse duration can
be achieved. In the amplification process, since the pre-applied dispersion is much higher than the
dispersion in the normal materials, the change of pulse duration is small as the pulse energy in-
creases. Finally, in the compressor, the same amount of negative dispersion is applied to the beam.
The low-frequency component on the leading edge travels a longer path than the high-frequency

component. As a result, the low-frequency component and high-frequency component travel si-
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multaneously in time again. The short zero-chirp pulse is obtained again but with higher peak
power and with higher pulse energy.

The basic principle of stretching or compressing the pulse duration is to manipulate the optical
path difference between the longer wavelength component and the shorter wavelength component
in a laser pulse using dispersive elements such as prisms or diffraction gratings. In the case of the
grating pair, the diffractive angle is a function of the wavelength such that a delay can be generated
between different wavelength components. The relationship between the grating spacing and the
angles of the incident and diffracted beams is known as the grating equation. If the incident angle

of a plane wave is at any arbitrary angle 6;, the grating equation can be presented as:

A
§in 6; — sin B, = —— (1.5)
d
where the integer m is the propagation-order of interest, A is the wavelength of the incident light,
d is the grating spacing, and 6, is the diffracted angle of the light at diffraction order m. Simply

rewrite the Eq.(1.5), the diffracted angle 6,,, can be expressed as:

0,, = arcsin(sin 0; — m7)\) (1.6)

For the zero diffraction order, where m=0, the diffracted angle 6,, is equal to the incident
angle #;. However, for the non-zero diffraction order, for example, m=1, the diffracted angle
0, is related to the wavelength of the beam and the grating spacing for a certain incident angle.
Considering the light with multi-wavelength components with an incident angle of 6;, the short
wavelength component could have a larger diffracted angle 6,,, at the surface of grating, and vice
versa. As a result, this difference in diffracted angle between the longer wavelength component
and shorter wavelength component can be used to generate optical path difference (OPD). By using
another grating with the same groove spacing to combine different wavelength components back
to the same output angle, a positively or negatively chirped laser pulse could be achieved with

a beam quality close to that of the original beam. By using the grating pair in an opposite way,
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the positively or negatively chirped laser pulse could be compressed back into a zero-chirp short
pulse. The longer the distance between the two gratings, the larger the optical path difference
generated between the different wavelengths, which means the grating pair provide a larger group

delay dispersion (GDD), defined as:

GDD = GV D x length (1.7)

where the GVD is the group velocity dispersion, which is defined as the derivative of the inverse

group velocity with respect to frequency:

0 1 0%k
D=—-"(=)=2% 1.
GV 8w(vg) Ow? (1.8)

where w are angular frequency, k is the wave number:

k=— (1.9)

As can be seen from Eq. (1.7), with a certain GVD dispersive material, the distance that the
pulse passing through will determine the amount of GDD applied to the stretching or compressing
process. As for other dispersive elements, for example an optical fiber, the GVD is determined
by the properties of the fiber material. If GVD>0, the fiber is called normal dispersion fiber, and
in contrast when GVD<Q0, the fiber is called anomalous dispersion fiber. As a result, as a zero-
chirp pulse passing through a normal dispersion fiber, normal dispersion will be accumulated in
the pulse, which means the shorter wavelength components will suffer a larger optical path and
the longer wavelength components will experience a shorter optical path. Therefore, a separation
between the longer and shorter wavelength components can be achieved, and results in a stretched
pulse. The length of the fiber determines the amount of GDD applied to the pulse, which can result

in different pulse duration with the management of dispersion.
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In the first demonstration of the CPA system in 1985, a 1.4-km optical fiber was used to provide
the positive dispersion to stretch the about 60 nJ, 1 um pulses generated by a mode-locked Nd: YAG
oscillator [9]. Subsequently, the stretched 300 ps pulse was safely amplified in a regenerative
amplifier to a pulse energy of 2mJ. After amplification, a grating pair with negative dispersion
which was first presented by E. B. Treacy in 1969 [14], was used to compress the high energy
pulse [9]. As a result, a near zero-dispersion pulse was obtained with a pulse duration of 2 ps
and an energy of 1 mJ. A further upgrade to the CPA technique was achieved by using a stretcher
also based on a pair of gratings that can better compensate for the dispersion of the compressor.
This was achieved by introducing a pair of lenses between the gratings, as was first demonstrated
by O. E. Martinez [15]. With the capability of providing variable positive dispersion with a very
compact design, this stretcher geometry quickly became a standard choice for the stretcher in CPA
systems, as shown in Figure 1.5. The Martinez stretcher configuration offers a convenient way
that the stretched ultrafast pulses can be precisely compensated by the grating compressor, which
has largely benefited the CPA ultrafast laser system for the past decades. Looking back at the
development of ultrafast lasers, the birth of the CPA technique revolutionizes the entire field of
ultrafast lasers and many extraordinary discoveries have become possible since then, justifying the

2018 Nobel prize in Physics to Strickland and Mourou [16].

1.3 Current Status of High Energy Ultrafast Laser

The competition to achieve higher pulse energy and higher average power started several
decades ago. However, the repetition rates of the high energy, high peak power, ultrafast laser
facilities are still relatively low, typically only generating one pulse every second, minute, or even
longer. The worldwide status of high power ultrafast lasers is summarized in Figure 1.6. In general,
we can notice two type of lasers: those operating with highest peak power (i.e. PW-class) but low
average power and repetition rate of less than 10 Hz, and those operating at high average power
(i.e. up to kW) and kHz repetition rate but much lower peak power. The first class is dominated

by Ti:Sapphire lasers, and the second by Yb-doped lasers. The highest repetition rate PW lasers
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in the world currently operate at 3.3 Hz, be 0.85 PW laser at Colorado State University (CSU) [17]
and the HALPS laser installed at the Extreme Light Infrastructure (ELI) in Europe, that has been
operated at 0.5 PW and is planned for operation at 1 PW peak power at 10 Hz repetition rate [18].
Even though these low repetition rate high peak power ultrafast lasers allow for pioneering proof
of principle experiments. There are many applications such as high average power high energy

photon and particle sources that require operation at a high repetition rate.
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Figure 1.6: The summary of worldwide high peak power ultrafast lasers. The lasers in the green stars are
from CSU. Data from Ref.[10] and Ref.[82].

The pulse energy of ultrafast lasers is presently limited to tens of millijoules for operating at
1 kHz repetition rate, or to a few hundred millijoules for 100 Hz repetition rate. Table 1.1 shows a
summary of the currently reported laser systems with energy >10 mJ and repetition rate >100 Hz
and femtoseconds pulse duration (<300fs). As indicated in Table 1.1, until now, the average
power of high repetition rate (>100 Hz) high energy (>10 mJ) ultrafast lasers is still limited under

tens of Watts. The highest pulse energy, which is 220 mJ, was achieved by R. Clady et al. from
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Aix-Marseille University in 2018 [19]. This 100 Hz repetition rate, 9.5 TW peak power result
was reached with four multi-pass Ti:Sapphire amplifier stages, and the last cryogenically cooled
amplifier required ten individual 100 mJ pulse energy 100 Hz repetition rate frequency-doubled
(A=532nm) Nd:YAG lasers as the pump source. In another result listed in Table 1.1, a 1kHz
repetition rate Optical Parametric Chirped Pulse Amplification (OPCPA) laser system achieving
compressed sub-9 fs pulses of 53 mJ energy was reported by R. Budriiinas et al. in 2017 [20].
The seed laser was amplified by four consecutive OPCPA stages with total green pump energy
of 336 mJ at 1 kHz, which was frequency-doubled from the output of a system with ten Nd:YAG
amplifiers. The same group reported 34 mJ pulses with a shorter pulse duration in 2019 [21].
Significant efforts to develop even higher energy and higher average power ultrafast lasers are
underway worldwide. One aspect of the effort is the development of the final amplifier stage and
gain materials. The other is the implementation of pump sources with sufficient energy at a high

repetition rate.

Table 1.1: Summary of the high repetition rate (>100 Hz) high energy (>10 mJ) ultrafast lasers [19-25].

Y. Nabekawa, R. Clady, A. Golinelli, | R. Budrianas, | T. Stanislauskas, | Tiago de Faria | R.Antipenkov,
et al. [19] et al. [20] et al. [21] et al. [22] et al. [23] Pinto, et al. [24] et al. [25]
Year 2010 2018 2019 2017 2019 2019 2019
Achieved > 20
Compressed 5 mJ
Palse Bnergy 40 mJ 220 mJ 16 mJ 53 mJ 34 mJ 10.5 mJ Designed > 100
mJ
Refff;::"“ 100 Hz 100 Hz 1 kHz 1 kHz 1 kHz 100 Hz 1 kHz
Achieved > 20
e 4W 2W 16 W S53W 34W 1W ol
Power Designed > 100
w
Gompressed 12 s 23 fs 17.8 s sub-9 fs 6.3 fs 220 fs Designed < 20 fs
Pulse Duration
Peak Power 33TW 9.5TW 0.9TW 5.5TW 54TW 0.05TW _
Final Stage Multi-Pass | Multi-Pass | Multi-Pass
Technique Ti:Sa Ti:Sa Ti:Sa el Qi S S
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1.3.1 The Generation of High Power High Energy Ultrafast Pulses

In general, there are two types of final amplifier stage(s) generating high energy (>10 mJ) high
repetition rate (>100Hz) ultrashort pulse duration (<300fs). The first one is to implement the
broadband gain media in multi-pass amplifiers in the CPA system, such as Ti:Sapphire, where the
seed pulses extract the stored energy on the upper laser level via passing through the gain media.
The second way is to use the OPCPA system, where the energy of the pump gets converted to the

seed pulse through the nonlinear effect within nonlinear materials.

CPA System with Broadband Gain Materials

The first method has been widely used because of the natural advantages of Ti:Sapphire mate-
rial. Ti:Sapphire is one of the most important laser materials in modern ultrafast laser. It consists of
Ti*>" ion dopant in a sapphire host [26]. Both the properties of Ti*" ion and the sapphire host offer
great advantages for high power ultrafast lasers. The Ti*" ion has a very broad emission band-
width, ranging from 660 to 1180 nm, as shown in Figure 1.7, which could support laser pulses to
achieve the duration of a few femtoseconds. Ti** ion’s absorption band is also wide, ranging from
450 to 550 nm, which would bring flexibility to the pump source selection. Additionally, the ex-
cellent thermal and mechanical properties of the sapphire host are another reason for Ti:Sapphire’s
success. The thermal conductivity of sapphire is around 40 W/(m-K) at room temperature, which
is higher than most of the laser material hosts. Besides, its thermal conductivity dramatically in-
creases as the temperature decreases and reaches about 1000 W/(m:-K) at 77 K [27]. The trend is
not affected much by the doping concentration of Ti** ions. The high thermal conductivity of the
sapphire host provides the necessary advantage that a high-power laser requires, and it has been
proven to widely benefit the development of power scaling of the ultrafast laser.

Ti:Sapphire has some disadvantages as ultrafast laser gain material. One of the drawbacks is
the short upper laser level lifetime, about 3.2 us. The upper laser level lifetime and peak power of
the pump source determine the maximum stored energy that could be extracted by seed pulses. As
aresult, high-energy short-pulse-width pump sources are required in generating high-energy pulses

from Ti:Sapphire-based laser. Another drawback is its high quantum defect, which leads to a high

16



' ®

)\l

Emission (x10"° cm?)

Absorption (x10%° cm?)

400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 1.7: Absorption and emission cross-sections of Ti:Sapphire [28].

amount of thermal power during the lasing process. This would result in serious thermal effects
at high average power operations. However, benefiting from sapphire’s high thermal conductivity,
the thermal power could be extracted through the effective heat dissipation design to mitigate the
thermal effects.

The typical design of Ti:Sapphire CPA amplifier system uses a Ti:Sapphire front-end laser
with broad-spectrum bandwidth to provide enough seeding energy before the amplifier stage(s).
Then the Ti:Sapphire multi-pass amplifier(s) is applied to boost the energy to the desired level.
The advantages of the Ti:Sapphire multi-pass amplifier(s) are the high optical-to-optical efficiency
and the freedom of time synchronization between the pump and seed beam. The disadvantages,
however, are the gain narrowing effect and high quantum defect that lead to the relatively long pulse
duration (on the level of 25 fs) and the unavoidable thermal effects in the amplifier, respectively.

Alternatively, some Yb-doped materials with broad emission bandwidth could also be con-
sidered for the broadband gain media in a multi-pass amplifier, such as Yb:CaF,, Yb:CALGO,
and Yb:KYW/Yb:KGW. Even though the broadband Yb-doped materials such as Yb:CALGO and
Yb:CaF, have shown the ability to generate sub-100 fs pulse [29, 30], the highest reported en-
ergy results of Yb-doped femtosecond lasers are still limited to a few millijoules with kHz level

repetition rates [31]. As for other mature Yb-doped materials such as Yb:KYW and Yb:KGW,
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the emission bandwidth is not as broad as Yb:CALGO. The shortest pulse duration reported with
millijoule-level pulse at kHz repetition rates is on the level of 300 fs [32]. If further amplifying the
pulse energy with Yb:KYW or Yb:KGW, the supported shortest pulse duration would be increased
to the 500-fs level due to the gain narrowing effect [33, 34], which requires much higher energy
to reach the same peak power than with pulses with tens of femtoseconds duration. Furthermore,
the low gain factor and thermal conductivities will suppress the power scaling with broadband Yb-
doped materials. To reach a shorter pulse duration, a nonlinear-effect-based spectrum broadening
process is needed to broaden the spectrum of pulse after the final amplification. However, this
process loses a substantial portion of energy in the beam coupling and brings problems such as
system complexity, repeatability, and cost. In summary, the main reason for not widely applying
the Yb-doped material as the last amplifier stage for ultrafast lasers is because of the restriction on
pulse duration, along with the disadvantage of low thermal conductivities of gain materials and the

system complexity in the spectrum broadening process.

OPCPA System with Nonlinear Materials

For the second method, the OPCPA amplifier system is combined with CPA technology and
the nonlinear process to convert the pump energy into the seed (Optical Parametric Amplification,
OPA) rather than the classical stimulated emission amplifier. In the OPA process, the signal pulse
propagates through the nonlinear crystal together with the pump pulse in shorter wavelengths. Un-
der the phase matching conditions, the energy of the pump is converted into the signal pulse and
a so-called idler pulse as the pulses propagate through the nonlinear crystal simultaneously. This
nonlinear-effect-based amplification offers a wide selection of seed wavelengths. Therefore, the
gain narrowing effect during amplification is negligible. As a result, compared with the typical
pulse duration (25 fs) from Ti:Sapphire amplifier system, the OPCPA system could reach less than
10 fs, which helps to increase the peak power with the limited pulse energy [10]. Apart from
the advantage in spectrum bandwidth, the thermal effect in OPCPA system is much weaker than
Ti:Sapphire amplifier since only a small amount of heat is generated due to weak parasitic ab-

sorption. Even with these advantages, the challenge of the OPCPA system is still complicated.
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Because of the nature of the phase-matching process, the energy conversion only happens during
the time of the pump. The requirement on pulse duration of the seed and pump is therefore rigid,
as well as on their temporal synchronization. As a result, the high energy pump pulse with a short
duration is also a restrictive requirement for high energy ultrafast pulse generation with OPCPA
system. Besides, the requirement on the beam quality of pump beam profile is high for the nonlin-
ear process compared with traditional amplifiers. Other than the above-mentioned challenges, the
phase-matching issues in each case also need to be considered.

In summary, these two methods have distinct advantages and disadvantages as the final ampli-
fier stage of high energy high average power ultrafast laser, and both have been demonstrated in
high peak power ultrafast laser generation. The critical limitation for scaling up average power and
pulse energy of the ultrafast laser is not the amplification methods. As indicated by previous work,
the availability of high repetition rate high energy pump sources poses a critical limit to all kinds of
high peak power ultrafast lasers to reach a higher repetition rate and to benefit more applications.
In the next section, the limitation of the traditional ultrafast laser on increasing the repetition rate
will be discussed, and the potential solution for a high repetition rate high energy ultrafast laser

will be proposed.

1.4 Limitations of the High Energy Ultrafast Laser on

Increasing Repetition Rates and Potential Solutions

The leading approach to generate high-energy green pulses to pump Ti:Sapphire and OPCPA
ultrashort pulse lasers is by frequency doubling the A = 1 um wavelength solid-state lasers in a non-
linear optical crystal. As the most widely used high energy A = 1 um laser, the flashlamp-pumped
Nd:glass and Nd: YAG laser have been the first choice because of their high pulse energy and their
mature geometry. However, the high repetition rate is a challenge for the high-energy operation
of flashlamp-pumped Nd-doped lasers. The first reason is that the electrical charging time of the
capacitors that drive the flashlamps is inversely proportional to the charging supply power. The

second is the mismatch between the flashlamp (typically Xe) spectrum and the absorption of Nd
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ions in the gain medium. In addition, in the case of glass, the poor thermal conductivity leads to a
high thermal gradient that degrades the beam quality that ultimately can cause failure.

The development of high-power diode lasers has made it possible to solve the spectrum mis-
match problem, contributing to greatly decrease the heating problem. Selecting diode lasers emit-
ting at a wavelength that matches one of the laser material’s absorption bands can largely increase
the optical-to-optical efficiency compared to the flashlamp-pumping. Another advantage of diode
lasers is their compact size. After assembling several diode bars into a stack, as shown in Fig-
ure 1.8, extremely high average powers can be achieved. With a stack of diode laser bars and
a well-designed beam-shaping system, the peak power delivered onto the solid-state laser gain

material can reach several kilowatts or higher [35].

Figure 1.8: A 60-bar diode laser assembly that can generate 6 kW peak power.

With the development of high-power diode lasers, high gain Nd-doped materials logically be-
came the choice for the first generation of diode-pump solid-state laser (DPSSL). However, laser

sources providing Joule-level pulse energies at kilohertz repetition rate were still not available.
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This is mainly because of the short upper laser level lifetime of the Nd-dope material (e.g., about
230 ps for Nd:YAG [36]). For example, storing 1J energy on the upper laser level with a lifetime
of 200 us requires at least a peak power of 5kW pump laser, without considering any loss. The
currently available 100 Hz level Nd-doped lasers can provide 250 mJ level output energy [37, 38].
However, it has not been possible to increase their repetition rate to the next level while main-
taining the pulse energy, which is normally limited at the level of 100 mJ at a repetition rate of
1 kHz [39]. Furthermore, the above specifications only consider the pulse energy generated at A
= 1 um whereas another 20-40% loss in energy would be introduced by the subsequent second
harmonic generation (SHG) process for green pulse generation.

Regarding the possibility of directly pumping high energy ultrafast laser systems using the
green diode lasers, the peak power of the currently available diode laser is still several orders of
magnitude away from those required. As discussed above, all the currently available pump sources
are unable to provide sufficient pump energy for the high energy (i.e., >250 mJ) ultrafast laser
working at 1 kHz repetition rate. In the next section, we will present a promising scalable solution

to this problem.

1.4.1 Yb:YAG Lasers

An efficient, scalable solution for the generation of high-energy green pulses at high repetition
rates is the frequency-doubling of A\ = 1 um lasers based on Yb-doped materials. Several of these
gain materials have good optical, thermal, and mechanical properties. The advantages of Yb-
doped materials are indicated in Figure 1.9, where the energy level diagrams of Nd** and Yb3+
ion are compared. In both materials, lasing occurs at wavelengths around 1 um, in transitions
between the “Fj/, and “I;;/> manifolds in Nd**, and between the ?F; /> and *F7/, manifolds in
Yb3*. The main difference is that the Yb-doped materials have a lower quantum defect, resulting
in less heating power under the same amount of absorbed pump power [40]. For example, the Yb-
doped YAG material (Yb:YAG) absorbs at wavelengths around 940 nm and 970 nm and lases at
1030 nm. Therefore, the quantum defect of Yb:YAG is only 8.7% for 940 nm and 6% for 970 nm,
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much lower than the 24% quantum defect of Nd:YAG. With the same amount of pump energy
absorbed, the Yb-doped lasers have about three times lower heating power compared to Nd-doped
lasers, which can be used to dramatically increase the laser average power. In addition, as shown
in Figure 1.9, the simplified energy level in Yb®>" benefits the Yb-doped laser to avoid parasitic
effects such as up-conversion, excited-state absorption, and cross-relaxation, which occur in Nd-
doped media because of the existence of higher energy levels [40]. The main de-excitation paths
from the high levels in Nd®* are predominately non-radiative and contribute to thermal loading.
These parasitic effects also contribute to depopulate the laser upper level, reducing the population
inversion and gain. With an upper laser level lifetime of about 1 ms, Yb-doped materials can be
efficiently pumped with commercially available high-power diode lasers. Compared to the about
230 us upper-level lifetime in Nd: YAG, the peak power required from the diode laser to produce a
certain population inversion is five times lower.

As for the host material, there are numerous selections for Yb®* ion other than YAG, such as
KYW, KGW, YLF and CaF,, which provides various choices for different laser output parameters,
and that have pump requirements [33,40-44]. Table 1.2 is a summary of the main properties of
several selected Yb-doped gain materials. Among all these, Yb:YAG stands out for high power
laser generation, not only because of Yb:YAG’s overall good optical properties but also YAG’s
good mechanical and thermo-optical properties, especially at cryogenic temperature.

Although the thermo-optical and mechanical properties of YAG are good compared with other
host materials at room temperature, these properties are further improved at cryogenic tempera-
ture (at 77 K, the boiling temperature of liquid nitrogen (LN2) at 1 atm) [41,45-47]. As listed
in Table 1.3, the thermal conductivity of Yb:YAG at room temperature is 8.6 W/(m-K). As the
temperature decreases, the thermal conductivity increases dramatically to around 60 W/(m-K) at
cryogenic temperature, which leads to a better heat dissipation under high-power operation. This
improvement is reduced as the Yb-doping concentration increases, but the increase in thermal con-
ductivity is still significant at the concentrations typically used (i.e., 1-10%). The thermo-optic

coefficient and expansion coefficient also become more favorable as the temperature decreases to
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Table 1.2: Spectroscopic of various Yb-doped materials at room temperature [33,40-44]. ). for emission
center wavelength; \.;s for absorption center wavelength; A\, for emission FWHM bandwidth; o, for

emission cross-section coefficient; 7. for upper laser level lifetime; x for thermal conductivity.

Yb-doped e (nm) Aaps (Mm) | AN, (nm) | 0. (10720 | 7. (ms) | k (W/m-K)
Materials cm?) (undoped)
Yb:YAG 1030 941 11 2.1 0.95 8.6
Yb:KYW 1025 981 16 3 0.6 33
Yb:KGW 1023 981 20 2.8 0.6 33
Yb:YLF 1017 959 >30 0.75 2.08 5.2
Yb:CaF, 1049 980 70 0.17 2.4 9.7

77 K. The thermo-optic coefficient decreases by about eight times at 77 K, which mitigates the ther-
mal effects as well. The gain-related properties also get improved at cryogenic temperature. The
energy level diagram of Yb:YAG changes from the quasi-three-level system to a four-level system.
In the case of the quasi-three-level system, because the lower laser level is very close to the ground
state, the population inversion can only happen as more than half of the ions are pumped into the
upper laser level, which results in a smaller emission cross-section coefficient. On the contrary,
for cryogenic temperature Yb:YAG, the lower laser level of the four-level system is well above
the ground state and is quickly depopulated, which leads to an increase in emission cross-section
compared to that at room temperature. As a result, the saturation fluence drops by more than five
times at 77 K, from 9.2 J/cm? to 1.7 J/cm?. This decrease in saturation fluence allows for efficient
energy extraction without optical damage to the coatings and bulk materials. The associated in-
crease in gain also allows for efficient energy extraction in a small number of passes through the
gain media, which helps to avoid high nonlinear phase accumulation and thermal effects. Besides,
the bandwidth narrowing effect at 77 K benefits the reduction of reabsorption at 1030 nm.
Nevertheless, while cooling to 77 K significantly improves most properties of Yb:YAG, there

are also some disadvantages. The most apparent drawback is bandwidth narrowing. The full width
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Table 1.3: Optical and mechanical properties of Yb:YAG at room temperature and at liquid nitrogen tem-
perature. The column on the right quantifies the change. Values according to Refs [41,45-47].

Yb:YAG properties at room and | At 300 K At77K Factor
cryogenic temperature

Thermal Conductivity (W/m-K) 8.6 60 X7
Thermal-optic coefficient (10~%/K) | 7.8 09 x1/8
Expansion coefficient (10-%/K) 6.14 1.95 x1/3
Saturation fluence (J/cm?) 9.2 1.7 x1/5

half maximum (FWHM) emission bandwidth of Yb:YAG at room temperature is about 5 nm at the
center of the 1030 nm line [40], which can support several hundred femtoseconds pulse duration.
At 77K, the FWHM emission bandwidth is narrower than 1 nm, which in practice only supports
pulses of a few picoseconds in duration. However, this is not a problem when the laser is used as

the pump source of ultrafast lasers.

1.4.2 Status of Yb:YAG High Average Power Lasers

The current state-of-the-art diode-pumped Yb-doped lasers at A = 1.03 um with >10mJ pulse
energy and repetition rate >10 Hz are summarized in Figure 1.10 [34,48-70]. In this figure, the
horizontal axis represents the repetition rate from 10 Hz to 10 kHz, and the vertical axis indicates
the pulse energy. As the product of pulse energy and repetition rate, the diagonal lines indicate
increased average power from 1 W to over 10kW. Different gain medium geometries have been
used to manage the thermal load under the high average power pumping, including slabs, thin
disks, and thick disks operating at cryogenic temperatures. Most of the kilowatt level average
power Yb:YAG lasers operate at a high repetition rate with relatively low pulse energy. These
include the thin disk laser operating at 300 kHz repetition rate with an energy of 4.7 mJ [71], the
InnoSlab laser generating 54 mJ pulse energy at 10 kHz repetition rate [63], and a 5 kHz repetition

rate thin-disk laser demonstrated to generate picosecond pulses with 200 mJ energy [60]. In 2016,
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our group has previously demonstrated a cryogenically cooled Yb:YAG active mirror laser that
produced 11J pulses at 500 Hz, an average power of 500 W [67]. More recently, L.E.Zapata et al.
reported a cryogenically cooled Yb:YAG amplifier that can generate 1 J pulses of 20 ns duration at
500 Hz repetition in 2019 [69]. A Yb:YAG laser system based on thin disks was reported to deliver
pulses with 720 mJ energy at 1 kHz repetition rate by C. Herkommer et al. in 2020 [64]. At higher
energy but lower repetition rate, an Yb:YAG laser has been demonstrated to generate 10 ns pulses

of up to 1007J at 10 Hz repetition rate by the group in the Central Laser Facility (CLF) in 2018 [72].

1.4.3 Pump Laser of High Power High Energy Ultrafast Lasers

Second harmonic generation (SHG) based on the A = 1 um Yb-doped laser also provides a path
for the development of high energy, high repetition rate pulse lasers that are critical for developing
ultrafast lasers. The generation of high-energy green pulses with high average power by frequency-
doubled A\ = 1 um lasers has been successfully demonstrated in recent years. The general selection
of nonlinear optical material for the SHG process of A = 1 um pulses is mostly limited to LiB3O5
(LBO), #-BaB,0,4 (BBO), yttrium calcium oxyborate (YCOB), and KH,PO,(KDP). Among all,
LBO has proven to yield the highest optical conversion efficiency into the second harmonic for
high energy A = 1 um lasers [73-77]. However, most of the reported progress achieved in the
development of high average power green lasers based on Yb-doped material has been limited to
the level of pJ to mJ pulses at repetition rates ranging from hundreds of kHz to megahertz (MHz), as
shown in Table 1.4. For example, 370 W average power at A = 515 nm was achieved by generating
7 W pulses at 50 MHz repetition rate [75]. An average power of 1.4 kW was achieved at the same
wavelength with 4.8 mJ pulses at 300 kHz repetition rate [76]. In comparison, the repetition rate
and average power of lasers generating joule-level green pulses have remained considerably low.
SHG in the cryogenically cooled Yb:YAG laser has produced 5.6 J pulses at 10 Hz repetition rate,
with an average power of 56 W [77]. Recently, the same group demonstrated an upgraded version
of their system to reach a A = 515 nm pulse energy of 59.7J at 10 Hz repetition rate [78]. However,

there are still no reports of joule-level green pulse laser operation at kHz repetition rates. Future
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progress in the development of high pulse energy, high repetition rate green lasers will make it
possible to construct a kHz level ultrafast laser system with hundreds of millijoule pulse energy
using either multi-pass Ti:Sapphire amplifier or OPCPA system pumped at kHz level repetition
rate.

Table 1.4: Summary of the state-of-the-art high power green laser based on based on Yb-doped A = 1 um
lasers [71,75-82].

Wavelength | Energy Rep. Rate Average Power | Pulse Duration | NLO material References

515 nm 2.7m) 300 kHz 820 W 8 ps LBO Jan-Philipp Negel, 2015 [71]
515 nm 4.7 m] 300 kHz 1.4 kW 6.8 ps LBO Christoph Rocker, 2020 [76]
520 nm 60 10 MHz 600 W 285 ps LBO Koji Tsubakimoto, 2017 [79]
520 nm 26.4 1) 5 MHz 135W 406 fs LBO Jan Rothhardt, 2010 [80]
515 nm 221 20 MHz 445 W 733 fs LBO Bastian Gronloh, 2014 [75]
523 nm 3177 10 Hz 317W 15 ns YCOB MERCURY, 2008 [81]
515 nm 561 10 Hz 56 W 10 ns LBO DiPOLE100, 2016 [77]
515 nm 59.7 10 Hz 597 W 10 ns LBO DiPOLE100, 2020 [78]

1.5 Main Content of the Dissertation

The work in this dissertation is motivated by the goal of developing a high repetition rate
(500Hz - 1kHz level) ultrafast Ti:Sapphire laser with the pulse energy of a few hundred milli-
joules. The proposed laser scheme, diagrammatically illustrated in Figure 1.11, is based on a 1 kHz
repetition rate cryogenically cooled diode-pumped Yb:YAG laser as the primary pump source to
pump a sequence of two Ti:Sapphire amplifiers. The 1030 nm output beam from this laser can be
frequency-doubled to 515 nm to pump the Ti:Sapphire amplifiers.

The work in this thesis consisted of developing key components for this laser system. Several
key challenges were addressed towards achieving the goal. The first consisted in the upgrade of
a 500 Hz joule-level Yb:YAG system previously developed at CSU [67] to 1 kHz repetition rate

operation. Secondly, the output of this A = 1030 nm laser had to be efficiently frequency doubled
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Figure 1.11: Schematic diagram of high repletion rate ultrafast Ti:Sapphire laser pumped by frequency
doubled cryogenically cooled Yb:YAG amplifiers.

to kilowatt average power in green that is needed to pump the Ti:Sapphire amplifier stages. Lastly,
the Ti:Sapphire amplifiers need to be designed to manage the thermal load. To separately address
these key problems, the structure of this dissertation is divided into three main parts that will
address the problem key, the corresponding methods, and results obtained.

In Chapter 2 and Chapter 3, a real-time three-dimensional (3-D) temperature mapping tech-
nique for cryogenically cooled Yb:YAG is introduced and applied to the previously developed
500 Hz joule-level Yb:YAG laser system. As mentioned above, thermal management in high-
power laser systems is the fundamental solution to mitigate the thermal effects. Chapter 2 in-
troduces the basic concept and the demonstration of this real-time three-dimensional (3-D) tem-
perature measurement technique, which is based on fluorescence analysis by a neural network
algorithm. In Chapter 3, the results of applying this technique to the final amplification stage of
the kilowatt average power cryogenically cooled Yb:YAG amplifier will be discussed along with
deformation simulations and measurements. By scanning the probe area of the entire laser mate-
rial, the temperature distributions under different pump powers up to kilowatts were measured. In

addition, interferometry measurement was conducted to measure the mechanical deformation of
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the gain medium under different pump conditions. These investigations aided the scaling of the
existing 500 Hz, >1J amplifier [67] to 1 kHz repetition rate.

In Chapter 4, the 1 kHz operation of the Joule-level Yb:YAG system is described along with
the generation of the kW level average power A = 515 nm green pulses at 1 kHz repetition rate.
In the first part, the modifications applied to the cryogenically cooled Yb:YAG laser system to
achieve 1 kHz repetition rate operation are described, including the modifications in the regener-
ative amplifier, the pre-amplifier, and the main amplifier. In the second part of this chapter, the
frequency-doubled generation of Joule-level 515 nm wavelength laser pulses at 1kHz repetition
rate is presented. The generation of temporal rectangular shape nanoseconds pulses with an ar-
bitrary pulse shape seed laser, and the uses of two LBO crystals in sequence to maximize SHG
is described, resulting in the generation of 1.04 kW average power A = 515nm beam at 1kHz
repetition rate.

Chapter 5 focuses on the design of room-temperature kHz-repetition-rate Ti:Sapphire amplifier
system and the first results achieved with this design. The Ti:Sapphire CPA system was designed
with a home-built front end laser and two subsequent multi-pass amplifiers pumped by the green
laser demonstrated in Chapter 4 to produce more than 300 mJ at 1 kHz repetition rate before pulse
compression. A new Ti:Sapphire crystal geometry named cross-thin slab (XTS) geometry was
proposed to achieve good heat dissipation for high energy high repetition rates operation. This
XTS geometry provides the large cooling area while maintaining energy extraction efficiency. The
water cooled crystal mounts for each multi-pass amplifier were designed to achieve the efficient
heat dissipation. The gain calculation and thermal distribution simulation results show that the
300 mJ pulse duration at 1 kHz repetition rate is feasible with this design. A pair of gold gratings
was used for compressing the pulses from the front end laser passing through the entire system,
which shows that less than 55 fs pulses can be achieved with the current design. Shorter than
30 fs pulses could be achieved with additional spectrum compensation device added to the system,
which will result in 10 TW level peak power pulses.

Chapter 6 presents a summary of the dissertation, with a short discussion of the future plan.
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Chapter 2
In situ 3-D Temperature Mapping of High Energy,
High Average Power Cryogenic Amplifiers

Progress in a variety of important laser applications including compact particle accelerators [1],
coherent and incoherent sources of ultra-short wavelength radiation [2-5], laser processing of ma-
terials [6], extreme ultraviolet lithography [7], and the future prospect of practical inertial confine-
ment fusion power generation [8], generates a demand for lasers with simultaneously high pulse en-
ergy and high average power. Despite significant progress in high average power pulsed solid-state
laser technology [9-14], the development of high energy, multi-kW average power lasers has been
elusive. Recently, the first demonstrations of lasers producing >1 Joule pulses with kilowatt-level
average power have been realized by taking advantage of the improved thermal parameters [15,16]
and the gain characteristics [17-19] of diode-pumped Yb:YAG at cryogenic temperature. These
include the recent demonstration of a chirped pulse amplification (CPA) laser based on cryogenic
Yb:YAG active mirror amplifiers that produced 1.57J stretched pulses at 0.5 kHz repetition rate
(0.75kW average power) which were subsequently compressed to about 5 ps duration [20], and
the generation of 100]J pulses at 10 Hz repetition rate with nanosecond pulse duration using cryo-
genic gas-cooled Yb:YAG amplifiers [21].

As discussed in Chapter 1, one of the key challenges in the development of higher average
power laser amplifiers is the thermal management of the gain medium. A solution is to use cryo-
genic cooling. As a result, developing a temperature technique that can noninvasively measure the
temperature of the laser material in real time during full power operation is important. However,
current temperature measurement tools such as the thermal camera cannot be used at cryogenic
temperature. A new technique capable of mapping the Yb-doped material at cryogenic tempera-

ture needs to be developed.
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This chapter presents the demonstration of a three-dimensional (3-D) temperature measurement
technique for Yb:YAG laser system at the cryogenic temperature. The method can provide a 3-D
map of the temperature of the laser amplifier gain medium as it is operating at full power (kilowatt-
level average power) in real-time and noninvasively. The temperature is determined by analyzing
the amplifier’s fluorescence spectra with a neural network algorithm. The accuracy of the technique
relies on a calibration that does not depend on simulations. Results are presented for a cryogenic
Yb:YAG active mirror laser amplifier operating at different pump conditions. The technique is also

applicable to other solid-state laser materials.

2.1 Introduction

Heat generation in solid-state laser amplifiers is a key obstacle to scaling high-energy solid-
state lasers to higher average power. Thermal gradients within the amplifier active material lead
to the power-limiting effects of thermal lensing, depolarization, and, ultimately, catastrophic stress
fracture of the material. The ability to make spatially resolved measurements of the temperature
within the cryogenically cooled gain material is very useful for understanding heat generation
and distribution processes, and benchmarking simulations of heat flow to aid in the design of
optimized geometries and superior cooling techniques. To our knowledge, no two-dimensional
(2-D) or 3-D technique has been developed to measure the temperature of laser materials at cryo-
genic temperature during operation. A few methods for determining the temperature of solid-state
laser materials have been previously demonstrated. Wavefront and depolarization measurements
have been made to determine thermal effects present in solid-state lasers [22,23]. However, these
methods do not directly measure the temperature and require assumptions to be made about the
thermo-optic coefficient and expansion coefficient of the material, as well as being sensitive to a
number of parameters. More direct methods to determine the operating temperature of laser gain
media have been demonstrated for lasers operating near room temperature, including using the
luminescence (fluorescence) of the dopant ion [24-26] and the use of infrared thermal camera to

acquire thermal maps [27]. However, thermal cameras cannot be used at cryogenic temperature or
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through most window materials. The luminescence of transition metals and rare earth elements,
including Yb?* [28], has been extensively studied for the development of temperature sensors
for a broad range of applications, as discussed in several review papers [29-31]. Most of these
studies focused on temperatures near or above room temperature, but some include work on ther-
mographic phosphors in a cryogenic environment. The latter include the use of the luminescence
from Mg,FGeOg4:Mn, a laser-induce fluorescence phosphor, for 2-D temperature measurements in
the 110-300 K range [32].

A technique to determine the temperature of a cryogenic Yb:YAG laser was reported that uses
the intensity ratio of two points in the Yb:YAG fluorescence spectrum [33]. This method was
demonstrated in a continuous wave (CW) diode-pumped laser. However, as discussed below, we
have observed that this intensity ratio is insufficient to accurately determine the temperature of a
pulsed Yb:YAG cryo-cooled amplifier with strong gain where stimulated emission significantly
alters the fluorescence spectrum. In this Chapter, we present a technique that overcomes the limi-
tations of this optical technique using the entire information in a selected range of the fluorescence
spectrum to accurately measure the temperature of Yb-doped gain media operating at cryogenic
temperature. We also show that this technique can be employed to generate 2-D and 3-D maps of
the temperature distribution in cryo-cooled laser amplifiers based on spatially resolved measure-
ments of the emission fluorescence. This technique can be implemented in situ, under high power
laser operating conditions. We demonstrate the utility of this new technique by recording ther-
mal maps of a cryo-cooled Yb:YAG active mirror amplifier under different pumping intensities
and heat removal conditions. While an active mirror Yb:YAG amplifier was used for the mea-
surements presented here, the technique is general and can be used on other cryogenic Yb:YAG
oscillator or amplifier geometries and is expected to be useful on other solid-state laser materials

as well.
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2.2 Laser Amplifier Thermal Measurements at Cryogenic

Temperatures

The fluorescence spectrum emitted by Yb:YAG is dependent on temperature. Figure 2.1 shows
emission spectra from a 2 mm thick 3-at.% Yb:YAG crystal at different temperatures between
40K and 280 K. The temperature was varied with the aid of a closed-cycle He cryorefrigerator.
The temperature was determined with a silicon diode attached to the heat spreading plate to which
the crystal is soldered. To ensure that this temperature is the same as that of the crystal, individual
pump pulses were used to obtain the spectra, eliminating any local heating that could create a
temperature difference with respect to the heat sink where the temperature sensor is located. As
can be seen from these spectra for the 1015 nm-1029 nm wavelength region, as the temperature
of the crystal is increased, the peaks at 1022 nm and 1025 nm decrease in amplitude, broaden,
and shift to longer wavelength. In Ref. [33], the ratio of the fluorescence intensities at 1022 nm
and 1027 nm was used to estimate the local temperature of the active region. However, as can
be seen from the normalized spectra in Figure 2.1(b) and Figure 2.1(c), in this high gain medium
the spectra are also dependent on the pump power. This indicates that it is affected by stimulated
emission. The effect is more clearly demonstrated in the plot of Figure 2.1(d), which shows this
intensity ratio as a function of the crystal temperature for pump pulses of three different energies.
These measurements show that the intensity ratio method is influenced by gain effects, leading to
discrepancies between the inferred temperature and the measured temperature by as large as 20 K
in the temperature range from 60 K to 140 K. Therefore, the method previously reported cannot be
used to accurately measure temperature profiles in high gain cryogenically cooled amplifiers.

In the following sections, we describe a variation of the fluorescence measurement approach
that allows for accurate measurements in the range of temperatures of interest for high power
cryo-cooled amplifiers with a resolution of less than 1 K. Instead of using the ratio of the fluores-
cence intensity at two wavelengths, we make use of the entire fluorescence spectrum in a selected

wavelength region as input for a neural network based fitting function [34-36].
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Figure 2.1: (a) Measured Yb:YAG fluorescence spectra from 1015 nm to 1029 nm at different temperatures.
(b) Fluorescence spectra at 60 K excited with different pump energies (single shot), normalized at 1022 nm.
(c) The enlarged fluorescence spectra near 1027.0 nm. (d) The fitted temperature results only using 1022 nm/
1027 nm intensity ratio from 60 K to 140 K at different pump energies.

45



2.3 Temperature Mapping Technique

The experimental setups used to measure the 2-D and 3-D temperature distribution in a cryo-
genically cooled Yb:YAG active mirror amplifier are shown in Figure 2.2(a) and Figure 2.3, re-
spectively. The active mirror was soldered to a copper heat sink that operates in vacuum cooled by
a closed-cycle He cryo-refrigerator. The temperature of the heat sink was monitored by a calibrated

Si diode detector. A heater was used to tune the temperature of the gain material for calibration.

2-D Temperature Mapping Technique

Figure 2.2(a) shows the experimental setup for 2-D temperature mapping. To determine the
temperature in the active area (gain region), it is sufficient to collect the fluorescence generated by
the 940 nm pump laser. However, since it is also of interest to determine the temperature in the
region surrounding the active area where there is no fluorescence, a A = 940 nm fiber coupled laser
diode module is used to produce a small diameter “localized probe pulse” that can be displaced
to excite the fluorescence at any crystal location of interest. A localized probe pulse duration of
1.5ms was used to generate fluorescence at a very low repetition rate (single shot) to avoid in-
fluencing the thermal profile. These localized probe pulses are delivered through a 600 um core
diameter probe fiber which is imaged onto the laser crystal using a single achromatic lens. The
magnification of this image system is 5x. The probe fiber is mounted in close proximity to a sec-
ond fiber that collects the fluorescence signal. This 50 um core diameter, NA = 0.22 signal fiber
delivers the fluorescence to a 0.66 m focal length Czerny-Turner spectrometer. The end face of the
signal fiber is placed at the crystal’s image plane. The tips of both fibers are mounted on an XYZ
stage. The depth-of-field of the image system is about 6 mm and the transverse resolution was
measured to be better than 0.5 mm. 2-D maps of the temperature in the active mirror Yb:YAG am-
plifier were obtained by raster scanning the tip of the probe and signal fibers through the plane of
the fluorescence. A cooled scientific CMOS camera mounted on the spectrometer imaged the fluo-
rescence spectra. The spectral window used for these measurements was 1015 nm-1029 nm with a

resolution of about 0.03 nm. Note that this spectral region does not include the dominant emission
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peak of Yb:YAG at A = 1030 nm, but includes the bright emission occurring between 1020 nm and
1029 nm. The exposure time of the camera was selected to be 1 ms, and the acquisition time win-
dow was triggered at the beginning of the localized probe pulse. As shown below, this technique

allows measurements of the transverse profile of the axial-averaged temperature distribution.
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Figure 2.2: a) Conceptual diagram of the experimental setup for 2-D temperature mapping in solid-state
laser amplifiers operating at cryogenic temperatures. b) Crystal cryo-cooling configuration.
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For many cases, this 2-D temperature distribution is sufficient to understand thermal problems
and is helpful to design efficient cooling techniques and monitor their performance. To obtain
full, 3-D temperature distributions we constructed an alternative system based on the widely used

confocal laser scanning microscopy (CLSM) technique [37], described below.

3-D Temperature Mapping Technique

He Cryorefrigerator

u Copper

Heat Sink

J/ 940 nm, 400 W
Pump Laser

940 nm Probe Laser

Figure 2.3: Conceptual diagram of the experimental setup for 3-D temperature mapping in solid-state laser
amplifiers operating at cryogenic temperatures. L1 is an f = 25 mm achromatic lens, L2 is an f = 30 mm
achromatic lens. DM is dichroic mirror.

To obtain full, 3-D temperature maps with depth resolution, we constructed the confocal mi-
croscope setup shown in Figure 2.3. In this setup, Lens 2, the pump fiber and the signal fiber in
Figure 2.2(a) are replaced by the confocal setup, which consists of two f = 30 mm lenses (L2), a
1000 nm cut-off wavelength long-pass filter, and a long working distance 10X microscope objec-
tive. A single mode fiber and a single emitter laser used as the localized probe laser perform a

similar function to the pinhole used in most CLSM. The localized probe laser is a 50 mW single
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emitter 940 nm single mode laser diode that is collimated by lens L2. The collimated laser beam
is reflected by the dichroic mirror and focused by the 10x objective into the crystal to trigger the
fluorescence. The triggered fluorescence is collected by the 10x objective, passes thought the
dichroic mirror and finally is focused by the second lens L2 into a 6 um core diameter single mode
fiber, which delivers it into the spectrometer. The confocal microscope achieves a depth resolution
of about 100 um defined by the distance over which the intensity of the fluorescence changes from
10% to 90% when the translation stage is scanned through the front surface of the crystal. The
transverse resolution was measured to be better than 0.2 mm. An XYZ stage was employed to
move the entire confocal setup to achieve the 3-D temperature measurements. The spectrometer
signal was collected by the cooled scientific camera mounted in the image plane of the spectrom-
eter, selecting an exposure time of 0.1s. In the pumping area, the fluorescence resulting from
the pump laser is subtracted so that only the fluorescence from the confocal setup is used in the

analysis.

Neural Network Based Fitting Function

To achieve accurate local temperature measurements with high resolution over a broad range
of pump powers and temperatures, the entire fluorescence spectrum from 1015 nm to 1029 nm was
used as the input to a neural-network-based fitting function [34-36]. The neural network is a con-
cept widely used in machine learning, which involves computers learning from provided data so
that the computer can carry out certain tasks, for example, objects recognition, data mining, and
outcomes prediction [38,39]. The key ability of machine learning is to perform accurately on new,
unseen data, examples, or tasks after having experienced a learning data set [40]. The training ex-
amples come from some generally unknown probability distributions (considered representative of
the space of occurrences), and the learner (e.g., a computer/program) has to build a specific model
(e.g., a neural network algorithm) about this space that enables it to produce sufficiently accurate
predictions in new cases [41]. For the spectroscopy analysis at different temperatures, the variation
in the spectra intensity at different wavelengths and the temperature value is linked through an un-

known and complex relationship. If the computer/program was trained by a sufficient number of
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spectra data at known temperatures, an algorithm would be generated to produce the accurate pre-
diction of temperature with any unknown spectra data. The algorithm normally used for machine
learning is the neural network fitting function, which is based on a collection of connected units
or nodes called artificial neurons that loosely model the neurons in a biological brain [35, 36], as

shown in Figure 2.4.
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Figure 2.4: The concept of a neural network algorithm.

Each connection, or artificial neuron, can process the input signal and then transmit the signal
to other neurons connected to it. The signal at each connection/neuron is a real number that is
derived from the original data, and the output of each neuron is computed by a certain nonlinear
function of the sum of its inputs. Typically, neurons are aggregated into layers. Each layer can gen-
erate different outputs based on their nonlinear functions, which are adjusted as learning proceeds.
All these neurons, layers, and nonlinear functions combine as a neural network. For a general
learning process from the initial neural network with a certain defined structure to an established
neural network, the output of the neural network will be firstly compared with the original input
training data. If the difference between the output and input is larger than a certain error range,
an adjustment in the neural network will be initiated under a certain method toward the reduction

of this difference. Then, the training data will be sent to the new neural network again to check
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whether the new input-output difference is within the desired criterion. After a number of iterations
of this process, the neural network will find out the best algorithm that fits the training data with
the smallest error. In addition, depending on different design rules, some of the data will be used
as the testing set and validation set which are not used in the training process to test the algorithm
as the blind test sets. Once a certain neural network algorithm passes the desired criterion in the
blind test, this neural network can be used to predict the output as the trusted result with a certain
error range from the unknown data set as the input. This method has been widely used in variety
of areas including spectroscopy analysis [42—44].

The neural network used here is based on the MATLAB Neural Network Toolbox [34]. The
fitting function is a two-layer feed-forward neural network with sigmoid hidden neurons and linear
output neurons. The network can fit arbitrary, multi-dimensional mapping problems well, given
consistent data and enough neurons in its hidden layer [34]. To build the fitting algorithm, we
recorded fluorescence spectra at known temperatures ranging from 50 K to 140 K with an interval
of 5 K. At each temperature, spectra were recorded for 24 different localized probe pulse energies.
In both the 2-D and 3-D measurements, the localized probe pulse is limited to very low energy
and low average power which do not contribute to any significant heating of the material. The
characteristics of the local pump pulses were kept the same during both the training of the neural
network and the measurements presented below. These spectra recorded at known temperatures
were used to train a 10-hidden-neuron fitting function [44]. For this purpose, the Yb:YAG crystal
was mounted on the cold finger of closed-cycle He cryo-refrigerator using the geometry illustrated
in Figure 2.2(b). The Levenberg-Marquardt back-propagation algorithm [44] was selected to train
the network. 70% of the data was chosen randomly to train the network, 15% of the data was
used as the validation sample, and the rest of the data was used for testing the performance of the
network [34]. The acquisition and fitting of all the calibration spectra can be done in less than one
hour. The temperature predicted by the fitting function closely matches the temperature measured

by the sensor in the heat spreading plate when negligible power impinged on the crystal. Using a
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test input of spectra recorded, but not used in the fitting algorithm, we obtained an RMS deviation

of 0.24 K from the temperature measured by the temperature sensor.
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Figure 2.5: Results of the calibration of the fitting function with different pump energies resulting in tem-
perature between 50 K and 140 K. The horizontal axis is the temperature measured by the semiconductor
sensor in the heat sink and the vertical axis shows the temperature deduced by fitting the measured spectra.
The overall RMS error is 0.24 K.

Figure 2.5 shows the results of this fitting function including all the training data, testing data
and validation data. These measurements, obtained using a broad spread of pump energies and gain
profiles, demonstrate the accuracy of this method for measuring the temperature of the Yb-doped

laser media at cryogenic temperatures under varied pumping and energy extraction conditions.

2.4 Results and Discussion
Below we discuss the 2-D and 3-D temperature distributions obtained using this technique for

different pumping intensities and heat removal conditions. The measurements presented here were
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made on a cryogenic Yb:YAG active mirror multi-pass amplifier capable of producing 100 mJ-level
pulses at 100 Hz repetition rate that is similar to that presented in Ref. [45]. The laser amplifier
consists of a 2mm thick, 3-at.% Yb:YAG active mirror pumped with up to 400 W peak power,
1.5 ms duration pump pulses in a 4 mm spot produced by a fiber-coupled laser diode module. Heat

removal is accomplished using a closed-cycle He cryo-refrigerator.

2-D Temperature Maps

Figure 2.6 shows two different measured temperature maps corresponding to two different
pump powers. These temperature maps were acquired by raster scanning the probe and the signal
fibers over an area of 12 mmx 15 mm on the plane of the Yb:YAG active mirror with a step size
0.5 mm at a rate of about 1 pixel per second. The pulse from the localized probe laser was delayed
with respect to the main pump pulse by 2 ms to avoid a temporal overlap of the fluorescence signals.
The peak temperatures measured for the 113 W and 141 W pump power cases are 113 K and 138 K,
respectively. The minimum-recorded temperatures outside the pump region are 95K and 116 K,
respectively. It should be noticed that as the fluorescence is collected from the entire thickness
of the active mirror, the temperatures correspond to average values along the locally irradiated
volume. These values, averaged along the crystal length, are useful for estimating thermal focusing
and can be directly compared with simulations. As can be seen from these maps, the temperature
profiles are convex and symmetric, as expected for the cooling geometry used in this experiment.

Figure 2.7 shows one-dimensional cuts of the temperature profiles corresponding to different
average pump powers. The pump pulse energy and duration are kept constant, while the repetition
rate was adjusted from 100 Hz to 250 Hz. It can be seen that, as the pump power is increased,
the temperature difference between the axial and periphery of the pump spot increases due to a
larger radial-cooling component. The increase in the “base” temperature apparent in these plots is
mostly due to the increase of the heat sink temperature as the thermal load is increased. While the
local heat generation due to the thermal defect of Yb:YAG within the active region is limited to
about 15 W, the stored energy is not extracted by a laser seed and results in a large amount of the

spontaneous emission that is absorbed by the heat sink and contributes to the total thermal load.
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Figure 2.6: 2-D Temperature maps measured for different average pump powers. (a) Temperature maps
for 113 W and 141 W average pump powers plotted using the same temperature scale; (b) 2-D temperature
map for the 113 W pump power case. The temperature color scale ranges from 95K to 113K; (c) 2-D
temperature map for the 141 W pump power case. The temperature color scale ranges from 116 K to 138 K.

The temperature is also strongly influenced by the quality of the thermal contact between the
Yb:YAG active mirror and the heat sink. Figure 2.8 shows the results for the same (56 W) pump
power for two different solder interface conditions. Figure 2.8(b) shows the temperature profile
obtained with a poor thermal interface. Figure 2.8(c) shows that obtained with a significantly

better thermal interface. The difference is striking, and emphasizes the well-known importance of
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Figure 2.7: One-dimensional cuts of the 2-D temperature maps obtained for average pump powers ranging
from 56 W to 141 W.

a good thermal interface in active mirror lasers. These results illustrate the utility of this technique
for evaluating the thermal performance of high power cryogenic Yb-doped lasers. For situations
where the temperature distribution over the entire amplifier medium volume is required, we have

developed the high resolution confocal setup shown in Figure 2.3.

3-D Temperature Mapping

Full 3-D temperature maps were acquired using the confocal microscope setup shown in Fig-
ure 2.3. The 3-D temperature maps were obtained by scanning the entire confocal setup over the
desired volume with a step size corresponding to 0.36 mm in depth and 0.64 mm transversely. The
axial position Z = 2.0mm 1s defined to coincide with the front surface of the crystal. A volume
of 6.4mm x 3.2mm X 1.8 mm was scanned. With motorized stages such measurement can be
acquired in less than 10 minutes. Figure 2.9 shows the measured 3-D temperature distribution

for two different pump powers. Figure 2.9(a) and Figure 2.9(b) show the measured temperature
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Figure 2.8: 2-D temperature mapping comparison of the different heat transfer conditions at same pump
condition. (b) Poor heat transfer interface. (c) Good heat transfer interface. Different temperature scales are
used for (b) and (c¢).

distribution on the crystal surface and the temperature distribution vs. depth from the front surface
(AR coated surface) to the back surface (HR coated surface) of the active mirror. At the center
of the pump area, the temperature difference between Z = 0.1 mm and Z = 1.9 mm was measured

to be about 6 K for 113 W average pump power and about 3 K for 56 W. Figure 2.9(c) and Fig-
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ure 2.9(d) show the temperature profile vs. depth measured at the center of pump spot, for these

pump powers, respectively.
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Figure 2.9: 3-D Temperature mapping comparison of the different pump powers. Z = 2.0 mm corresponds
to the front surface of the crystal. (a) 3-D temperature profile of 56 W average pump power. (b) 3-D temper-
ature profile obtained with 113 W average pump power. (c) and (d) Plots of the temperature distributions at
the center of pump spots for these two average pump powers. The red dashed lines represent the temperature
values from 2-D temperature mapping system, and the blue dashed lines represent the average temperature
along Z from the 3-D scan.

The dashed lines in Figure 2.9(c) and Figure 2.9(d) show that the average temperature along Z
in the 3-D scans is found to be in good agreement with the corresponding measured temperatures

in the 2-D scans of Figure 2.6 at the center of the pump spot. Additionally, when the mathematical

57



sum of the spectra corresponding to different known temperatures are input to the fitting function,
the temperature that is obtained is the average temperature. This is evidence that the temperature
measured in the 2-D scan is an average of the temperature along orthogonal direction, making the

2-D scans useful on their own in many cases.

Insight from Comparison with Simulations

In principle, the temperature maps can be obtained from thermal model simulations. However,
this is hindered by several unknowns. First, are the crystal thermal properties of Yb:YAG that
have not been measured over the entire range of interest. Another uncertainty is created by the
role of spontaneous emission and amplified spontaneous emission (ASE) and their absorption,
which can alter the pump energy distribution. More importantly, as illustrated in Figure 2.8, the
unknown value of the thermal impedance of the interface between the crystal and the heat sink
can significantly alter the results. Consequently, the temperature maps cannot be obtained from
a simple heat transfer model. This emphasizes the value of being able to directly measure the

temperature distribution with a method which does not rely on simulations.
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Figure 2.10: (a) Simulated 3-D temperature map and, (b) comparison of the simulated temperature distri-
bution (yellow line) along the axis of the pumped volume with the experimentally measured values (blue
circles). The average pump power is 113 W. The pixel size is chosen to be similar with experiments.

58



Nevertheless, as illustrated in the example below, comparison of the measured values with
thermal model simulations can provide additional information on the gain medium. Figure 2.10(a)
shows a temperature map resulting from a 3-D finite element simulation of the heat distribution for
the case in which the temperatures are in the vicinity to 113 K for which the gain medium thermal
parameters are available from the literature without the need for extrapolation [conditions corre-
sponding to Figure 2.9(b) and Figure 2.9(d)]. In this model, the only heat source is assumed to be
the thermal defect portion of the pump light. Temperature dependent thermal conductivity values
were derived from [16]. The results were obtained neglecting the effects of spontaneous emis-
sion and ASE, and leaving as adjustable parameter the thermal impedance to heat transfer through
the soldered interface between the crystal and the heat sink. Figure 2.10(b) shows an acceptable
agreement between the simulated and measured axial temperature distributions is obtained when
the interface thermal conductance is chosen to be 8600 W-m~2-K~!. Best fits for other pump pow-
ers differ in quality, but all of them require similar values of the interface thermal conductance.
This example illustrates the temperature mapping technique can be combined with simulations to
obtain information about the gain medium beyond the temperature distribution. In case of a gain

medium with better known parameters the measurement technique can serve to validate models.

2.5 Conclusions

In conclusion, we have developed a new, in situ method to map the 3-D temperature distri-
bution in the gain medium of high average power cryogenic Yb lasers. The usefulness of this
technique was demonstrated measuring the temperature distribution in a 100 mJ, 100 Hz Yb:YAG
active mirror amplifier under different pump powers and cooling interface conditions. 2-D trans-
verse temperature maps are shown to give temperature values that correspond to the average tem-
perature in depth. The next chapter presents results of its use for mapping the temperature of kW
average power Yb:YAG active mirror amplifiers. The technique should also be applicable to other
solid-state lasers materials. This technique, combined with thermal modeling, can be expected to

aid in the design of high average power solid-state lasers.
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Chapter 3
Thermal Behavior Characterization of a
Kilowatt-Power-Level Cryogenically Cooled Yb:YAG

Active Mirror Laser Amplifier

The demonstration of a new 3-D temperature mapping technique that can be used to noninva-
sively acquire real-time temperature information of the Yb:YAG at cryogenic temperature range
was described in Chapter 2. Based on this temperature mapping technique, Chapter 3 presents
the measurement and analysis of the thermal behavior of a high energy kilowatt average power
diode-pumped cryogenically-cooled Yb:YAG active mirror laser amplifier. Temperature distribu-
tion maps of the laser material at pump powers up to 1 kW were obtained for the first time by
spatially and spectrally resolving the fluorescence induced by a scanning laser probe beam. The
wavefront distortion resulting from the front surface deformation and the overall deformation of the
gain medium assembly were measured using a Mach-Zehnder interferometer. The measured defor-
mations agree well with the results of thermo-mechanical modeling using finite element method
(FEM) simulations and with the results of focal length shift measurements. The relative con-
tributions to the optical path difference (OPD) of the mechanical deformations, refractive index
changes, and electronic contribution are discussed. It is shown that the Cr**:YAG cladding plays
a significant role in both the temperature distribution and the overall OPD changes. The pump-
induced mechanical deformations of the assembly dominate the OPD changes in this kilowatt
average pump power cryogenically-cooled Yb:YAG active mirror laser. Apart from the tempera-
ture measurement results at unseeded condition, the measured maximum temperature of the laser
material with >500 W extracted energy while pumped with >1750 W pump power is presented and

discussed. It provides the evidence that, with improved cooling system and beam divergency con-
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trol system, the main amplifier stage of a previously demonstrated 500 Hz, 1.4 J amplifier system

could be scaled to 1 kHz repetition rate.

3.1 Introduction

Diode-pumped solid-state lasers with simultaneously high energy and high average power have
advanced rapidly due to the demand from various applications including compact particle accel-
erators [1], extreme ultraviolet lithography [2], laser processing of materials [3] and the future
prospect of practical inertial confinement fusion power generation [4]. By taking advantage of the
good thermal properties [5, 6] and gain characteristics [7, 8] of Yb:YAG at cryogenic temperature,
several high average power chirped pulse amplification (CPA) lasers with high pulse energies have
recently been developed [9—-11]. These include the demonstration of a cryogenic Yb:YAG active
mirror CPA laser that produced 1.4 ] stretched pulses at 0.5 kHz repetition rate (0.75 kW average
power) compressed to about 5 ps [9], the recent first demonstration of 1J pulses at 1 kHz repetition
rate [10], and the operation of a cryogenic gas-cooled Yb:YAG laser that can generate 100J pulses
at 10 Hz repetition rate with nanosecond pulse duration [11].

With kW-level pump power incident on the active material in these systems, thermal gradients
can lead to thermal lensing, depolarization and, ultimately, catastrophic stress fracture of the mate-
rial. To evaluate and help minimize these thermal effects in such a high average power amplifier, a
thermal analysis of the laser material under high pump power is necessary. This evaluation can ben-
efit from the use of a technique that can map the temperature distribution at cryogenic conditions.
Several research groups have theoretically and experimentally investigated the thermal effects and
the pump-induced optical path difference (OPD) in end-pumped Yb:YAG laser amplifiers at room
temperature with relatively low average pump powers [12—15]. Chénais et al. reported on a study
of thermal effects in several Yb-doped materials in which the contribution to the OPD due to me-
chanical and optical effects was determined and methods of measuring the thermal lens power in
solid-state lasers were comprehensively reviewed [12]. Albach et al. discussed the deformation

of a room temperature active mirror amplifier as a free standing disk relying on experimental data
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from the Lucia laser project [13]. Recently, Tamer et al. discussed the thermal contribution to
the pump-induced wavefront aberrations and determined the electronic contributions caused by
changes in the population inversion upon pumping [14]. However, at cryogenic temperature, the
properties of Yb:YAG and other Yb-doped materials dramatically change. Several papers have
presented simulated analyses of high average power cryogenic-cooled Yb-doped lasers [16—-18].
Nevertheless, to our knowledge there are no publications presenting experimental results from a
complete thermal behavior analysis including measured temperature distributions, wavefront dis-
tortions, and their relationship at cryogenic temperature under kW-level average power pump.
This chapter presents a complete analysis of the thermal behavior of a kW-power level cryo-
genically cooled active mirror Yb: YAG amplifier. We present what is, to the best of our knowledge,
the first temperature map of a cryogenically-cooled kW class laser amplifier. Two-dimensional
(2-D) temperature distribution maps of the active material were measured with the spectroscopic
temperature measurement technique described in Chapter 2 and Ref. [19]. A Mach—Zehnder in-
terferometer was used to simultaneously measure the front surface deformation and the overall
wavefront deformation of the Yb:YAG assembly under different pump powers. A set of thermal
lens focus shift data was also measured to compare with the thermal lens powers deduced from
the interferograms. These results show good agreement with each other and also with those ob-
tained from a simulation that uses a finite element method to determine the thermal profile and
deformation. Finally, we find the major source of wavefront deformation by comparing the rela-
tive contributions of the thermal change in refractive index, the electronically-induced change, and
the thermal deformation of the cryogenically-cooled Yb:YAG laser amplifier. It is found that, for
the case of high average power cryogenically-cooled Yb:YAG with relatively thin gain media, the
mechanical deformation dominates the overall OPD changes and wavefront aberrations. The con-
tribution of the thermal refractive index change is second in importance, while the electronically-
induced OPD can be ignored at these conditions. This investigation provides helpful information
for the design of high power active mirror amplifiers and for benchmarking models that can be

used to scale these laser amplifiers to higher average power.
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3.2 Experimental Setup

The measurements were conducted on the final amplification stage of the 1.4J, 0.5 kHz rep-
etition rate picosecond laser system described in Ref. [9]. The active material (shown in Fig-
ure 3.1) used in the experiment is a 2 mm thick, 30 mm x 30 mm area, 3%-at doped Yb:YAG slab,
which is surrounded by a 10 mm wide Cr**:YAG cladding optically bonded along the perimeter
for amplified spontaneous emission (ASE) and parasitic lasing suppression. The front face of the
Yb3+/Cr**: YAG assembly is optically bonded to a 3 mm thick undoped YAG cap which provides
structural integrity and ASE mitigation. The entire assembly is mounted on a cryogenically-cooled
head and cooled by flowing liquid nitrogen at 77 K. The amplifier was pumped by a 940 nm wave-
length, 6 kW, 60 bar laser diode array. The duration of the pump pulse was 300 us with a repetition
rate of 1 kHz. The pump diode output beam was conformed by beam profile shaping optics to form
a nearly flat-top hexagonal pump spot on the crystal with a circumscribed diameter of 16 mm, and
the unabsorbed pump light after the first pass was relay imaged back onto the active region by a
spherical mirror, allowing for a pump absorption of greater than 90%. The average pump powers
were varied up to 1 kW while keeping the pump pulse repetition rate at a constant 1 kHz.

To investigate the thermal behavior of this kW-level active mirror amplifier, several diagnostics
were used. The temperature distribution in the cryogenically-cooled lasing media was measured
with a recently developed temperature mapping technique described in Ref. [19]. A Mach-Zehnder
interferometer was employed to monitor wavefront changes of a beam reflected from the front
surface of the active mirror and a beam reflected from the back surface and double passing the
bulk of the crystal. Additionally, the pump-induced shift in the waist position of a focusing beam
was measured to determine the thermal lens power under different pump powers and compare with
the results from the interferograms. The setup used for each of these measurements is described

below.
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Figure 3.1: Schematic of the experiment setup (a) and the Yb3T/Cr**:YAG and YAG cap assembly (b).
In the Mach-Zehnder interferometer measurement, a 660 nm collimated semiconductor laser probe beam
is used for both front surface and overall wavefront measurements. BS1 and BS2 are beamsplitters. M1
to M6 are silver mirrors. A FL=300 mm lens is used to image the fringes onto a camera. For focus shift
measurements, the collimated probe beam is changed to a 1030 nm laser and the lens is replaced by a
FL=750 mm lens. The camera is scanned to determine the location of the focus.

3.2.1 Temperature Mapping Measurement

The temperature mapping setup is shown in Figure 3.1(a). As described in a recent publication
[19], the fluorescence spectrum of Yb:YAG from 1015 nm to 1029 nm can be used to calculate
the temperature with a neural network based algorithm that is calibrated by measuring spectra at
known temperatures and fluorescence intensities. The 2-D temperature maps were obtained by
raster scanning the tips of the localized probe and signal fiber over an area of 20 mm x 20 mm
of the active mirror Yb:YAG assembly, which contains the entire pump area. The step size was
selected to be 0.5mm. As discussed in Ref. [19], the 2-D temperature maps obtained by this
method provides the depth-averaged temperature of the Yb:YAG slab. In addition, to obtain the
temperature profile in depth we conducted a one dimensional (1-D) scan from the front surface to
the back surface of the Yb:YAG crystal at the center of the pump spot using a confocal geometry

also described in Ref. [19].

70



3.2.2 Mach-Zehnder Interferometer

To measure the wavefront distortion, a Mach-Zehnder interferometer was built as shown in
Figure 3.1(a). To acquire the pump-induced OPD from both the front surface and the overall
crystal assembly, a collimated 660 nm continuous wave (CW) diode laser was used as a probe beam
to produce separate reflections from the two surfaces. As shown in Figure 3.1(a), a 50:50 non-
polarizing beamsplitter is used to separate the 660 nm laser into two beams. One beam probes the
crystal assembly and the other one goes into a delay line. The 660 nm diode laser is used because
the spectral bandwidth is about 1 nm, corresponding to a coherence length of 0.2 mm, which allows
us to avoid unwanted interference fringes arising from simultaneous reflections from the various
surfaces of the gain medium assembly and the cryostat chamber window. A second 50:50 non-
polarizing beamsplitter is used to recombine the beams. By changing the length of the delay line,
the fringes originating from the front and back surface reflections can be clearly differentiated. A
300 mm focal length lens is used to image the surface under study onto a camera. The effective
pixel size is 15 um x 15 um, which was obtained by imaging a calibrated test pattern. The pump

and cooling conditions were the same as those during the temperature mapping measurement.

3.2.3 Focal Length Shift Measurement

The focal length shift measurement set up shares part of the Mach-Zehnder interferometer
layout. A collimated 1030 nm probe beam from a separate laser was utilized for this measurement
to take advantage of the HR coating on the back surface of the Yb:YAG crystal. The imaging
lens was replaced by a 750 mm focal length lens for greater sensitivity of the thermal lens focal
length measurement. The camera was put on a linear translation stage to analyze the beam focus
over a 50 mm range. By performing measurements of the beam diameter at different locations to
determine the precise position of the focus at various pump powers [20], the shift of the focus

location was determined and the thermal lens power was calculated.
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3.3 Simulations

In order to simulate the thermal distribution of the Yb:YAG assembly and the wavefront dis-
tortion that it induces, we used a finite element method and the same pump conditions as the mea-
surements. By using the calculated temperature distribution, we determined the thermal expansion
and stress distribution within the assembly, from which the deformation of the assembly can be
obtained. By using these data, the OPD and thermal lens power can be calculated and compared

with the experimental results.

3.3.1 Thermal Distribution Simulation

In the finite element method simulations, the distribution of the pump power absorbed by the
Yb:YAG has a flat-top profile with the same shape as the pump beam employed in the experiment.
The absorption of the Yb:YAG crystal is over 90%. The heat power applied in the model is pri-
marily calculated from the geometry of the gain medium and the quantum defect of the materials.
Under the non-extraction condition, most of the pump energy is dissipated radiatively as the form
of ASE and the rest of the energy stored in the upper level decays non-radiatively in the form of
heat according to the quantum defect of the active material [12,21]. To account for ASE emission
and absorption we created a 3-D Monte Carlo ray-trace program to simulate the generation, prop-
agation, and absorption of the ASE. This was done by generating many rays corresponding to the
spontaneous emission and tracking each ray as it is amplified, absorbed, reflected or transmitted
through the crystal until it eventually leaves the medium or is completely absorbed in the cladding.
This simulation uses the experimentally measured transmission of the multilayer-coated front face
as a function of angle and assigns a fixed refractive index to calculate Fresnel reflections or total
internal reflection at the remaining crystal interfaces and edges. The internal gain is computed by
solving the population equations self consistently with the local amplified emission intensity to
account for losses due to stimulated emission. We compute that about 60% of the ASE is trapped
in the assembly and is absorbed by the Cr**:YAG cladding [22]. Of this fraction, about 65%

is transformed into thermal power that heats the Cr**:YAG cladding [23]. The rest of absorbed
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energy is re-emitted as broadband 1400 nm wavelength radiation that is assumed to exit the assem-
bly [24]. The heat density in the Cr**:YAG can be calculated with the total thermal power and the
absorption coefficient of the Cr**:YAG cladding, which we measured to be 8.4cm™!. The back
surface of assembly is cooled by flowing liquid nitrogen at a temperature of 77 K. An interface co-
efficient of 6700 W/m?K is used, that gives good agreement with the measured temperature maps.
The temperature maps are used to simulate the stress distribution using a finite element method, as

discussed below.

3.3.2 Pump-induced OPD

The overall pump-induced OPD in the active mirror amplifier can be calculated by Eq.(3.1)

[14,25]:

d(z,y) =2(ng — 1) - FS(x,y) — 2ng - BS(z,y)

dn
+t2 o (T(z,y) — To)L (3.1
2
ar (”0_”)2 - Aa - AN(z,y)l
o 3

The first two terms are the front surface induced OPD and the back surface induced OPD.
ny is the refractive index. FS(x,y) and BS(x,y) are the front surface deformation and back
surface deformation, respectively. These can be determined by using a finite element method to
simulate the stress distribution from the simulated temperature distributions, which agree with the
measured temperature distributions. The third term gives the integrated OPD related to dn/dT
from a round trip of the beam through the assembly. (T'(x,y) — Tp) is the mean of the temperature
difference along the material thickness L [14,25]. In the fourth term, AN(x,y) is the spatial
profile of the inverted population within the pumped region averaged over the length and A«
is the change in polarizability due to the inversion [26]. [ is the thickness of active material.
The contribution of the photoelastic effect [12, 14] is calculated to be negligible in our case. The
overall OPD described in Eq.(3.1) can be considered as two separate parts, thermally-induced OPD

and electronically-induced OPD. The summation of the first three terms constitutes the thermal
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contribution because they are all related to the thermal distribution in the assembly. The pump-
induced thermal distribution not only leads to refractive index changes, but also induces mechanical
deformations which are related to the thermal expansion and photoelastic effect over the entire gain
medium assembly. The fourth term is the electronic contribution originating from the excited laser-
active ions, which leads to a refractive index change in the pumped active material. The inverted
population can be calculated from the small signal gain and the stimulated emission cross-section
of the laser material at cryogenic temperature. The electronically-induced OPD is typically non-
negligible in the room temperature case [14,25]. By using the polarizability of Yb:YAG measured
in Ref. [25] of 1.95 x 10726 cm?® and an approximate maximum population inversion of AN = 1.5
x 10'?, a maximum OPD due to the polarizability change of the material of only 12.6 nm (about
A100) is obtained at cryogenic temperature. Based on this calculation and in agreement with the
measurements below, the electronically-induced OPD is much smaller than that due to the thermo-
optic effect and thermal deformation and can be safely ignored. Note that this is contrary to the
conclusions of Ref. [14], however this can be explained by the lower population inversion densities
required to achieve significant gain when using Yb:YAG at cryogenic temperature compared to the

room temperature measurements of Ref. [14].

3.4 Results and Discussions

Figure 3.2(a) and Figure 3.2(d) show the measured 2-D temperature distribution of the Yb:YAG
slab at 444 W and 1010 W average pump power respectively. Figure 3.2(b) and Figure 3.2(e) are
the corresponding simulated depth-averaged temperature distributions from finite element method
simulations of the same area. The peak-to-valley temperature difference at 444 W and 1010 W
average pump power is 4.6 K and 13.5 K, respectively. As can be seen in both conditions, the
measured results agree well with the simulated results in both the shape and the temperature dif-
ferences. The hexagonal shape is due to the spatial profile of the pump. There is an asymmetry
on the right side of the measured temperature map caused by the off-center pump location, closer

to the Cr**:YAG cladding. Figure 3.2(c) and Figure 3.2(f) show vertical lineouts of the simulated
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Figure 3.2: (a) Measured and (b) simulated 2-D temperature distribution in the Yb: YAG slab under 444 W
pump power, (c) Vertical cut through the center of the pump area under 444 W pump power. (d) Measured
and (e) simulated 2-D temperature distribution of the Yb:YAG slab under 1010 W pump power. The tem-
perature scale in (d) and (e) is offset respect to that in (a) and (b) while keeping the same temperature span,
to more clearly show the temperature variations. (f) Vertical cut through the center of the pump area under
1010 W pump power. In (c) and (f), the blue dashed line is the simulation result and the red solid line is the
measurement result. The direction of cooling flow is from top to bottom for all figures.

and measured temperature results across the entire width of the Yb:YAG from cladding to cladding
through the center of the pump for 444 W and 1010 W average pump power, respectively. The large
amount of absorbed ASE in the Cr**:YAG cladding heats the side of the Yb:YAG and creates the
“W” shaped temperature distribution. The temperature at the very edge of the Yb:YAG is higher
than that at the center of the pump spot. The cooling liquid runs from top to bottom along the
assembly’s back surface. The temperature difference in depth between the front and back surfaces
was measured using the confocal microscope setup described in Ref. [19]. At the center of the
pump spot, temperature differences were determined to be 2 K, 3K and 4.7 K for pump powers
of 444W, 761 W and 1010 W respectively, which are consistent with the simulated temperature

distributions at these pump powers.
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Figure 3.3: Interferometry measurement results for different average pump powers. (a) and (c) are raw
data from the front and back surface reflections at 288 W, respectively. (b) and (d) are the corresponding
front surface and overall wavefront deformation, respectively. (e) and (g) are the fringes raw data from front
surface reflection and back surface reflection at 1010 W, respectively. (f) and (h) are the corresponding front
surface and overall wavefront deformation, respectively.

The interferometry results are shown in Figure 3.3. Figure 3.3(a) is the raw interferogram
collected from the front surface of the Yb:YAG crystal for 288 W pump power. An interferogram
of the crystal was obtained with the pump diode off to use as a reference. Figure 3.3(b) shows the
wavefront deformation determined by subtracting this no pump reference from the 288 W result.
Figure 3.3(e) and Figure 3.3(f) show the raw interferogram and wavefront for the 1010 W case after
reference subtraction, respectively. Again, for an easier comparison, the scale in Figure 3.3(b) and
Figure 3.3(f) is kept the same. The changes in wavefront induced by the front surface for these two
pump powers are significant. With 288 W pump power, the deformation from the edge to the center
is about 0.2 um with a relatively flat profile. However, under 1010 W pump power, the deformation
from the edge to the center is about 1.1 um.

Figure 3.3(c) and Figure 3.3(d) show the interferogram and the overall wavefront deformation
of the beam passing throughout the entire assembly for 288 W pump power (entering through the

front face, reflected from the back surface, and exciting through the front surface). The same
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set of data under 1010 W pump power is presented in Figure 3.3(g) and Figure 3.3(h). As can
be observed from these figures, at high pump powers the overall wavefront deformation has a
“donut” shape, which is related to the effect of spontaneous emission and ASE absorption in the
Cr**:YAG cladding. In both cases, the chamber window limits the accessible angle on the left side
of Figure 3.3(f) and on the right side of Figure 3.3(h). Nevertheless, the detected area covers the

entire pump area and it is enough to observe the entire change in the wavefront.
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Figure 3.4: (a) Simulated front surface induced wavefront deformation, and (c) simulated overall wavefront
deformation. (b) and (d) show vertical lineouts of the front surface and overall wavefront deformations,
respectively, and their radii of curvature. The red line is the fitting of the parabolic curve.

Simulation results of the OPD corresponding to the 1010 W pump power condition can be seen
in Figure 3.4. Figure 3.4(a) and Figure 3.4(c) show the calculated wavefront change induced by the
front surface and the overall wavefront change based on the temperature distributions, respectively.

As can be seen from Figure 3.3 and Figure 3.4, the simulated wavefront deformations share the
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same shape as the measurement results for both front surface deformation and overall wavefront
change. Within the measured area, the simulated wavefront change is in good agreement with the

measurements.
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Figure 3.5: Comparison of the thermal lens power from the simulation and measurements due to (a) overall
wavefront changes and focus shifts, and (b) front surface deformation wavefront changes.

The thermal lens power determined by measuring a focal length shift was compared with the
thermal lens power values deduced from the wavefront measurement results and with the simula-
tions. The results are shown in Figure 3.5(a). As can be seen in Figure 3.5(a), a good agreement
between the two different measurement methods and the simulation is observed for all pump pow-
ers. Figure 3.5(b) compares the results for the radius of curvature of the front surface within the
pump area from the interferograms and the simulated front surface deformations. These wavefront
results are slightly more favorable than those reported in Ref. [10], primarily due to changes in the
cryo-cooling conditions, which illustrates the importance of making in situ measurements. The
overall OPD is dominated by the mechanical deformation, and the contribution due to the varia-
tion of the refractive index with temperature is secondary. In other words, the crystal expansion
caused by the temperature gradient is the most important factor in this high power diode-pumped

cryogenically-cooled Yb:YAG active mirror amplifier.
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The temperature distribution for the seeded condition differs from the unseeded case. The
biggest difference is the reduced power deposited in the Cr**:YAG cladding in the seeded case.
Table 3.1 shows an estimate of the fraction of the pump power that is transferred to heat in the
different parts of the Yb3T/Cr**:YAG assembly, under the assumption that 36% of the deposited
pump power is extracted by the seed. In both cases the power deposited in the Yb:YAG due to the
thermal defect is the same, about 8.7%. The energy which is not extracted by the amplified seed

decays in the form of ASE, the majority of which is absorbed by the Cr**:YAG cladding.

Table 3.1: Heat power comparison between seeded and non-extraction in different parts of the assembly.

Fraction of Power Seeded Condition Non-extraction Condition
Total Absorbed Power 100% 100%

16 mm Yb:YAG 8.7% 8.7%

1030 nm Power 100% x (1-8.7%) x36% = 32.9% 0

ASE Power 100% x (1-8.7%) x (1-36%) = 58.4% 100% x (1-8.7%)=91.3%
Cr**:YAG Absorbed Power 58.4% x60%= 35.0% 91.3% x60%= 54.8%
Cr**:YAG Heating Power 35.0% x 65%= 22.8% 54.8% x65%= 42.3%

While the heat power deposited in the Yb:YAG is the same for both cases, the power on the
Cr**:YAG cladding is reduced to almost half in the seeded condition, which means the temperature
in the Cr*":YAG will be relatively lower in seeded condition. Due to the high thermal conductivity
of the YAG material, it will result in a lower temperature in the Yb:YAG as well.

A temperature measurement under seeded condition was conducted at a different of pump
powers. The temperature of Yb:YAG at the center of the pump area was measured. As can be
seen in Figure 3.6, the temperature at the center of crystal in the unseeded condition is always
higher than the temperature in the seeded condition. At the highest pump power of 1.75 kW, the
temperature of the Yb:YAG under the seeded condition remains below 130 K. At this pump power,

the temperature difference between seeding and non-extraction condition is about 8 K.
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Figure 3.6: Measured temperature of one Yb:YAG active mirror in the final amplifier at the center of the
pump with and without seeding vs. pump power.

3.5 Conclusion

In summary, we have characterized the thermal behavior of a cryogenically-cooled Yb:YAG
active mirror laser amplifier pumped at kilowatt average power. The measurements provide maps
of the temperature distribution in the gain medium at these high pump power levels for the first
time. Radial temperature differences of 4.6 K and 13.5 K were measured at 444 W and 1010 W
average pump power, respectively. The wavefront changes induced by the deformation of the front
surface and the overall assembly were quantified by a Mach-Zehnder interferometer. The interfer-
ogram results show that the front surface induced wavefront deformation has a convex shape, while
the overall wavefront deformation presents a concave shape in the pump area and a “donut” shape
over the entire area. The latter is indicative of the increasing temperature in the periphery, caused
by ASE absorption in the Cr**:YAG cladding. The interferometrically measured wavefront defor-
mations at different pump powers show good agreement with both the finite element simulations
and the focus shifts measurements. The thermal lens power corresponds to 0.007 m~! for a full

round-trip path through the gain medium at 1010 W average pump power. Furthermore, the OPD
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is found to be dominated by the mechanical deformation of the assembly. Moreover, the thermal
dynamic difference between extraction and non-extraction situation was discussed, indicating a
lower maximum temperature should be observed under the seeding condition, which was proved
by the temperature measurement results under a pump power up to 1.75 kW. The measurement of
the temperature under 1 kHz 1.2J give an value of 128 K, which is acceptable for both the thermal
mechanical and gain requirement. This investigation of the thermal behaviors of a cryogenically-
cooled Yb:YAG laser amplifier and the demonstrated ability to generate temperature maps of cryo-
cooled Yb-doped gain media pumped by kilowatt average power beam will benefit the design of

high-energy, high average power laser active mirror amplifiers and their further power scaling.
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Chapter 4
Demonstration of a Kilowatt Average Power, 1 J,

Green Laser

In this chapter, the demonstration of a kilowatt average power, 1 kHz repetition rate, ns pulse
width green laser is presented. Despite the fact that the results from Chapter 3 indicate that the
main amplifier system in the 500 Hz Yb:YAG laser system could provide sufficient gain for gen-
erating pulses with >11J energy at 1 kHz and within an acceptable temperature range, there are
several challenges that must be met to achieve this goal as well as for high average power, high
pulse energy, green laser generation. This includes modifications in the implementation in the
seed laser, the regenerative amplifier, and the pre-amplifier stage. In section 4.2, the redesigned
configurations of each subsystem of the >1J, 1 kHz A=1030 nm laser are described in detail along
with their output performance. In addition, the demonstration of an average power up to 1.26 kW
from the cryogenically cooled main amplifier stage is presented. Section 4.3 focuses on the sec-
ond harmonic generation (SHG) process, where a A=515 nm laser generating Joule-level pulses at
1 kHz repetition rate was achieved by frequency doubling the 1.2 J, 2 ns temporally shaped square
pulses from a cryogenically cooled Yb:YAG laser in LBO crystals. A doubling efficiency of 78
percent resulted in 0.94J second harmonic pulses at 1 kHz. The unconverted fundamental beam
interacted with a second LBO crystal to generate >100 mJ second harmonic pulses to reach a total
green average power of 1.04 kW. A conversion efficiency of 89 percent was also demonstrated for
0.58J green pulses generation at 1 kHz with a different parameter LBO crystal. These results open

the possibility to pump high energy femtosecond lasers at kHz repetition rates.

4.1 Introduction

High power green lasers play an important role in material processing [1], in optical pump-

ing of ultrashort pulse lasers [2, 3], and in dense plasma generation [4]. The leading approach
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to the generation of high energy green laser pulses is frequency doubling of 1 um wavelength
solid state lasers in a nonlinear optical crystal. However, the traditional high energy (Joule-level
and beyond) A=1 um solid state lasers, which include Nd:glass, Nd:YAG and Nd:YLF lasers, are
typically limited to relatively low repetition rate (<50 Hz) and low average power [5—7]. Future
advances in new applications such as the development of compact high energy particle accelerators
based on laser wakefield acceleration [8] and the scaling to high repetition rates of ultra-intense
laser-matter interaction experiments for the generation of high average flux energetic photon and
particle sources [9—14] require the generation of femtosecond pulses of multi-Joule energy at kHz
repetition rates [3, 15-17]. However, the scaling of some of the leading technologies for the gener-
ation of ultra-intense pulses, including Ti:Sapphire and OPCPA lasers, is limited by the availability
of the necessary high average power laser drivers.

An efficient scalable solution to the generation of high energy green pulses at high repetition
rates is the frequency doubling of lasers based on Yb:YAG, a gain material with good optical and
thermal properties [18-21]. With an upper laser level lifetime of ~1 ms, Yb:YAG can be efficiently
pumped with commercially available high average power semiconductor lasers. Diode-pumped
Yb-doped lasers at A=1.03 um have been demonstrated to generate high energy pulses at high
repetition rate [22-27] with cryogenically cooled Yb:YAG laser amplifiers producing 1J pulses at
repetition rates of up to 1kHz [22-24]. Meanwhile, nonlinear optical materials such as LiB3Os5
(LBO) have been demonstrated to yield high optical conversion efficiency into second harmonic for
A=1 um lasers [28-32]. However, most of the progress achieved in the development of high average
power green lasers based on Yb:YAG has been limited to the generation of pJ to mJ-level pulses at
repetition rates ranging from hundreds of kHz to MHz [30,31]. For example, 370 W average power
at A=515 nm was achieved by the generation of 7 uJ pulses at 50 MHz repetition rate [30]. 1.4 kW
average power at the same wavelength was achieved with 4.8 mJ pulses at 300 kHz repetition rate
[31]. In comparison, the repetition rate and average power of lasers generating Joule-level green
pulses has remained considerably lower. Second harmonic generation (SHG) in the DiPOLE laser

based on a cryogenically cooled Yb:YAG laser has produced 5.6J pulses at 10 Hz repetition rate,
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an average power of 56 W [32]. However, there are no reports of Joule-level green pulse laser
operation at kHz repetition rate. This chapter discusses the generation of Joule-level A=515nm
nanosecond laser pulses at 1 kHz repetition rate. Frequency doubling of 1.2 ] laser pulses from a
1 kHz repetition rate cryogenically cooled Yb:YAG laser in a Type-I phase matching LBO crystal
generated 0.94J, A=515nm pulses with a conversion efficiency of 78 percent. The unconverted
light interacted with a second LBO crystal to generate an additional >100 mJ pulses of A=515nm

to reach a total green average power of 1.04 kW.

4.2 Generation of 1.2 J, 1030 nm, 2 ns square pulses at 1 kHz

The kilowatt average power, 1kHz repetition rate, A=515nm laser system is schematically
illustrated in Figure 4.1. The system can be separated to two main parts, an infrared (IR) laser
system that produces pulses (A=1.03 um) of 1.2 J energy at 1 kHz repetition rate which is illustrated

in the upper part of Figure 4.1., and the frequency doubling module in the lower part of Figure 4.1.

4.2.1 Arbitrary Shape Laser Pulse Generation

The temporal and spatial profiles of the seed pulse play an important role in the SHG conversion
efficiency. Temporally square pulses were generated to uniformly maintain the intensity impinging
into the doubling crystals at the optimum value for frequency doubling. Because the temporal
profile of the pulses injected into the amplifier chain is re-shaped by gain saturation as pulses are
amplified to the Joule level, the seed pulses are generated by an arbitrary-waveform laser which
can be programmed to generate a constant amplitude square pulse shape at the end of the amplifier
chain.

A schematic of the setup used to generate seed pulses of arbitrary shape is shown in the upper
part of Figure 4.1. Figure 4.2 shows the actual seed laser setup corresponding to the schematic.
It comprises a 2W peak power A=1030nm diode laser, an electro-optic modulator (EOM), an
arbitrary waveform generator (AWG), and a processing unit. The seed laser is temperature tuned to

operate at the wavelength corresponding to high gain in the following chain of Yb:YAG cryogenic
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Figure 4.1: Schematic diagram of the high power A=515nm laser system. It includes a seed pulse laser
front-end to generate pulses of arbitrary shape, a chain of diode pumped Yb:YAG cryogenic amplifiers, and
two LBO second harmonic generation units. DM: dichroic mirror; BD: beam dumper; PD: photodiode.

Figure 4.2: Seed laser for the generation of arbitrary shape pulses.
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amplifiers. The diode laser generates rectangular pulses of 100 ns duration at a repetition rate of
300kHz. A 10 GHz RF bandwidth EOM controlled by the 2.5 GHz AWG is subsequently used
to shape the pulses into a 2 ns wide profile. The 2ns pulse width was selected as a compromise
between doubling efficiency and safe long term operation of the optics in the system, and to avoid
pulse overlapping in the amplifier stages. Because the half wave voltage of the EOM is about 5 V
and the AWG can only generate a maximum output voltage of 350 mV, a 10 GHz RF amplifier is
employed to boost the pulse shape signal. The shaped pulses have a risetime of 200 ps, which could
be made shorter if a higher RF bandwidth AWG is used. A 5 GHz photodiode is set up at the output
of the Yb: YAG amplifier chain to monitor the final pulse shape and provide the feedback necessary
to adjust the input signal of the program-controlled AWG. The adjusted signal is then again applied
to the EOM. This feedback process keeps looping until the desired pulse shape is achieved at
the output of the amplifier chain. Figure 4.3(a) shows the measured amplified 1.2J square pulse
shape, along with the temporal profile of the corresponding shaped seed pulse measured before
the cryogenically cooled regenerative amplifier (Figure 4.3(b)). While only the square pulse shape
relevant to SHG is presented here, more complicated pulse shapes can be generated with the same

setup for other applications.

4.2.2 Cryogenically Cooled Regenerative Amplifier

The shaped seed pulses are first amplified to the mJ-level by a cryogenically cooled Yb:YAG
thin disk regenerative amplifier at 1 kHz repetition rate. The advantages of using a cryogenic
regenerative amplifier include more efficient heat dissipation due to the increase of the thermal
conductivity of Yb:YAG at cryogenic temperature which helps to mitigate thermal effects and at
the same time it results in a higher gain factor. In addition, besides matching the wavelength of
the subsequent cryogenically cooled power amplifier, it lowers the saturation intensity allowing
for more efficient energy extraction. Figure 4.4 shows the diagram of the cryogenic regenerative
amplifier, which uses a 0.5 mm thick, 7% doped Yb:YAG active mirror. The front side of crystal is

coated with a 940-1030 nm anti-reflective (AR) coating, while the back is coated with a 1030 nm
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Figure 4.3: Temporal profile of (a) output pulse from the final amplifier and (b) the seed pulse measured
before the regenerative amplifier.

high reflective coating. The crystal was soldered to a copper tungsten (CuW) heatsink mounted
on a cold finger, which is in contact with liquid nitrogen (LN2). The assembly is mounted in a
vacuum chamber to avoid water condensation. The plano-concave cavity is designed to achieve a
stable operation and to allow for 2 passes through the gain medium per round trip. A fiber-coupled
200 W maximum CW power 940 nm wavelength diode laser was used as the pump. The output
from a 400-um core diameter fiber was imaged with a telescope onto the gain crystal to form a
I mm diameter beam. The pump pulse duration is optimized to 450 us at 1 kHz repetition rate.
After 30 round trips in the cavity, a 3 mJ pulse is achieved and kicked out of the cavity by an
inner cavity quarter voltage Pockels cell. Another Pockels cell and a pair of crossed polarizers is
placed at the exit of the regenerative amplifier cavity to improve the pulse contrast before further

amplification.
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Figure 4.4: Schematic of cryogenically cooled regenerative amplifier. TFP: thin film polarizer; PC: Pockels
Cell; FR: Faraday rotator

4.2.3 Cryogenically Cooled Pre-Amplifier Stage

After exiting the laser front-end, the millijoule-level pulses are injected into a cryogenically
cooled Yb:YAG pre-amplifier where they are amplified to about 100 mJ. An schematic of the pre-
amplifier is shown in Figure 4.5. It comprises two active mirrors based on 5 mm thick 2%-at
Yb:YAG crystals. The number of active mirrors in this pre-amp was increased to two with respect
to a previous 500 Hz design [22] to manage the dissipation of the thermal load. A total of 7
passes achieves the desired amplification to 100 mJ pulse energy at 1 kHz repetition rate which is
necessary for efficient energy extraction from the subsequent main amplifier stage. Both crystals
are mounted into a single evacuated chamber where their back surfaces are directly cooled by
flowing liquid nitrogen. The first active mirror is pumped by imaging the output of a 400 W,
A=940 nm wavelength fiber coupled diode laser into a 4 mm diameter spot with an achromatic
lens. The pump pulses are 450 ps in duration. The laser pulses are amplified in five passes through
the first crystal (where one pass is defined as the laser pulse traversing the gain medium twice
after reflecting from the HR coating), and are subsequently further amplified in two passes through
the second active mirror. The second Yb:YAG active mirror is pumped into a similar spot by two

400 W, 940 nm fiber coupled laser diodes. The pump pulse duration is set at 450 us as well. The
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100 mJ pulses are passed through an 8 mm diameter serrated aperture (SA) to achieve a nearly
flat-top beam profile. A Faraday rotator and a pair of polarizers are used to mitigate feedback from

the subsequent main amplifier.

L Cryo Cooling

A\ A

SA

Output

Figure 4.5: Schematic of cryogenically cooled pre-amplifier. FCLD: fiber coupled laser diode; SA: serrated
aperture.

4.2.4 Cryogenically Cooled Main Amplifier

The pulses from the pre-amplification stage are used to seed the final power amplifier, which
consists of a compact evacuated chamber containing two active mirror Yb:YAG slabs cooled by
flowing liquid nitrogen with an automated system. The active mirror slab is composed of a 2 mm
thick 30x30 mm?, 3%-at Yb:YAG slab, surrounded by a 10mm wide Cr**:YAG cladding for
mitigating amplified spontaneous emission (ASE) and parasitic lasing. A 3 mm thick undoped
YAG cap is bonded on the front surface of this Yb/Cr**:YAG assembly to reduce ASE, assist in
dissipating heat, and increase structural integrity. The front and back surfaces are coated with
a broadband 940-1030 nm anti-reflection (AR) and a high reflection (HR) coating, respectively.
Each slab is pumped by a A=940 nm, 6 kW peak power, 60 bar laser diode array. The pump diodes

generate 380 us duration pulses at 1 kHz that are shaped to form nearly flat-top 16 mm diameter
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Figure 4.6: Schematic of cryogenically cooled main power amplifier. TFP: thin film polarizer.

pump spots onto each slab. A spherical mirror is used to image back the unabsorbed pump laser
onto the active region, which results in more than 90% absorption of the total pump power, while
avoiding an increased doping concentration that would reduce the thermal conductivity of Yb:YAG
at cryogenic temperatures [19]. This final amplifier is seeded with 70 mJ pulses from the pre-
amplifier stage that are injected through a thin film polarizer (TFP). After the seed pulses pass
twice through the each of the active mirrors, a periscope is used to spatially rotate the beam 90
degrees and change its height. The beam is sent back to the two active mirrors for a third and
fourth pass. After the first four passes a quarter waveplate combined with a 0-degree HR mirror
rotates the polarization 90 degrees, sending the beam back through the same path to the TFP to
exit the amplifier.

Figure 4.7 shows the measured output pulse energy at 1 kHz repetition rate as a function of the
final amplifier total pump energy. A maximum 1.26J pulse energy (1.26 kW average power) was
obtained with a total pump pulse energy of 3.5] incident on the Yb:YAG slabs. The optical-to-
optical conversion efficiency is about 36%. The 1.2 kW average power output beam has a uniform
flat-top beam profile. The beam is characterized by a measured M?=1.32 and 1.39 on the horizontal

and vertical directions, respectively (Figure 4.8).
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Figure 4.7: Laser pulse energy measured at the exit of the final amplifier as a function of total pump energy
at 1 kHz repetition rate. A maximum energy of 1.26 J was obtained with a total pump energy of 3.5 J.
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Figure 4.8: M? measurement of the beam quality of the 1.2 J pulses at 1 kHz repetition rate. The inset image
shows the far field beam profile at focus.
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4.3 Demonstration of a kilowatt average power, 1 J, green laser

4.3.1 SHG Experimental Setup

The SHG setup is placed at the output of the final amplification stage. Type-I phase matching
in LBO crystals cut at #=90° and ¢p=13.6° were used to upconvert the A=1030 nm pulses into
A=515nm light. To make the most efficient use of the fundamental beam, two LBO crystals were
set up in series as shown in Figure 4.1. The absorption coefficient of the material is lower than
10 ppm/cm. Anti-reflection (AR) coatings at A=515nm and A=1030 nm were deposited on both
crystal surfaces, and the crystals were mounted on temperature controlled copper holders, with
the temperature set to 300 K. A Keplerian telescope was used to image the output of the final
stage of the Yb:YAG amplifier chain with selected demagnification onto the first 30 mm diameter,
13 mm thick, LBO crystal. The energy of the impinging IR pulse is measured using the calibrated
leak from a mirror placed before the crystal. The second harmonic light is separated from the
fundamental by a sequence of two dichroic mirrors. An imaging camera system is setup after
the second dichroic mirror to monitor the beam profile at the output surface of the LBO crystal.
The beam reflected from an AR coated wedge is used to measure the energy of A=515 nm pulses.
The unconverted A=1030 nm beam is imaged into the second LBO crystal (10x 10x 14 mm?®) by
a Keplerian telescope placed after the first dichroic mirror. The rest of the components after the

second LBO crystal are similar to those after the first SHG stage.

4.3.2 SHG Experimental Results

Figure 4.9 shows the A=515 nm laser pulse energy and SHG conversion efficiency as a function
of IR pulse energy obtained with the 13 mm thick LBO crystal for a 14 mm diameter beam with a
fluence of up to 0.78 J/cm?. The pulse energy reaches 0.94J, corresponding to an average power
of 940 W and a conversion efficiency 78 percent. At the highest fluence the conversion efficiency
curve shows signs of saturation. Figure 4.10 shows the shot-to-shot energy variation for 125,000
consecutive shots at 1 kHz repetition rate. The standard deviation of the A=1030 nm pulse and

A=515 nm pulse energy is 1.4% and 2.4%, respectively. Runs over 10-30 minutes of uninterrupted
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Figure 4.9: SHG efficiency (blue) and SHG output energy (red) vs. fundamental pulse energy obtained with
a 13 mm thick LBO crystal at 1 kHz repetition rate.

operation at total green pulse energies up to 0.85J at 1 kHz repetition rate show energy standard
deviations within 2.9%. A further decrease on standard deviation of both fundamental and SHG
energy could be achieved by upgrading the seed diode laser to a single or few frequency mode(s)
diode laser with a spectrum bandwidth lower than the gain bandwidth of cryogenically cooled
Yb:YAG.

The unconverted fundamental beam was upconverted in the second LBO crystal. A 7mm
diameter beam of >200 mJ pulse energy was used to achieve a fundamental fluence of ~0.5 J/cm?
on the crystal, resulting in ~50% conversion efficiency and in the generation of an additional
>100 mJ pulses at A=515 nm. The resulting total A=515 nm average power reached 1.04 kW (1.04J
pulses at 1kHz repetition rate). The A=515nm beam quality depends mainly on the quality of
the fundamental beam. The measurements show that a uniform fundamental beam profile [24]
leads to a second harmonic beam with good intensity uniformity and similar M. Figure 4.11(a)

and Figure 4.11(b) show that both the A=515nm, 0.94] and the secondary 100 mJ beams display
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Figure 4.10: Measured shot-to-shot energy variation of the fundamental (red) and second harmonic (blue)
pulses for 125,000 consecutive shots at 1 kHz repetition rate.

relatively flat-top profiles with good uniformity. The second harmonic beam is characterized by a

measured M2=1.40 and 1.32 on the horizontal and vertical directions respectively (Figure 4.11(c)).
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Figure 4.11: Beam profile of the A=515nm (a) 0.94 J, pulse beam and (b) the secondary 100 mJ SHG beam
at 1 kHz repetition rate; (c) M? measurement of the A=515nm primary beam with (d) the beam profile at
focal spot.

To further investigate the optimal parameters for efficient doubling of high energy pulses at
1 kHz repetition rate, a 10 mm thick LBO crystal was also tested. Because of the shorter crystal
length, a higher fluence was applied for which 0.65J fundamental wavelength pulses were down
sized to about 10 mm diameter, corresponding to a fluence of 0.83 J/cm?. As shown in Figure 4.12,
this resulted in the generation of 0.58 J pulses at A=515 nm at 1 kHz repetition rate, corresponding
to a doubling efficiency of 89%. The doubling efficiency showed signs of saturation when the

fundamental fluence was further increased. To use a larger fraction of the A=1030 nm pulse energy
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available at 1 kHz, the beam diameter was increased to 12 mm. SHG pulses of 0.74 ] energy were
generate at an average power of 740 W with a conversion efficiency of ~74%, which is lower than

the value achieved with the 13 mm thick crystal.

100 T T T 0.8
. JPTTY |
o 80 i ““‘ “‘.
2 — PR TR
> . >
C 60 .‘ﬁ o E)
Q0 K Q- c
= o~ R 10.4 W
E 3‘-’ »"" E
(D 40 [ .’!‘" ¢"’ L(C)
L " o e
7 ) 102
20 B . “‘."
.“"‘
0 .‘.‘ 1 1 1 0
0 0.2 0.4 0.6 0.8

1030 nm Energy, J

Figure 4.12: SHG efficiency (blue) and SHG output energy (red) vs. fundamental energy obtained with a
10 mm thick LBO crystal at 1 kHz repetition rate.

4.4 Conclusion

In this chapter, we have demonstrated the generation of >1.2J, A=1030 nm laser pulse with a
square pulse shape operating at 1 kHz repetition rate by a cryogenically cooled Yb:YAG laser, and
the generation of Joule-level A=515nm laser pulses of nanosecond duration at 1 kHz repetition
rate by frequency doubling the output from the above laser in LBO with 78 percent conversion
efficiency. The measured 1.04 kW average power is to our knowledge the highest average power
reported for Joule-level green lasers. A higher SHG conversion efficiency of 89 percent was also
achieved for 0.65 J fundamental pulses using a shorter crystal. These results will enable the gener-

ation of high energy laser pulses of femtosecond duration at 1 kHz repetition rate. In addition, the
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generation of Joule-level nanosecond pulses of arbitrary shape from the kilowatt average power
Yb:YAG laser system has the potential to benefit other applications such as the generation of tai-

lored plasmas for extreme ultraviolet generation.
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Chapter 5
The Design of High Power High Energy Ultrafast

Laser System

5.1 Introduction

In previous chapters, I presented the results of the generation of high energy A = 1.03 um pulses
at 1kHz repetition rate and the subsequent second harmonic generation (SHG) based on LBO
crystals which achieved the joule-level nanosecond green pulses at up to 1 kHz repetition rate. The
results provide the capability of pumping ultrafast laser amplifiers to generate pulses with hundreds
of millijoule energy at 1 kHz repetition rate. However, there are still several crucial challenges in
the design of high repetition rate high energy Ti:Sapphire amplifiers. The main challenge is to
manage the thermal loads generated in the amplification process due to the high quantum defect of
Ti:Sapphire.

In this chapter, the design of the high energy Ti:Sapphire laser system for high repetition rates
is presented. A chirped pulse amplification (CPA) system with two-stage room-temperature multi-
pass Ti:Sapphire amplifier sequence is proposed. Uncompressed A = 800 nm pulses with 300 mJ
pulse energy at the output of the amplifier system were designed to be generated at up to 1kHz
repetition rate. With a measured overall 70% transmission efficiency gold grating pair compressor,
the system has the potential of delivering 210 mJ compressed pulses with 50 fs duration. With
additional spectral compensation components, the <30 fs pulse duration could be obtained, which
corresponds to a peak power of 10 TW level. In Section 5.2, the concept and the design of the cross-
thin slab (XTS) Ti:Sapphire geometry are proposed for managing the thermal effects during the
amplification process in a sequence of two room-temperature amplifiers. Section 5.3 discusses the
gain factors in both amplifiers with different seeding energies and resulted output energies based

on the design of the amplifiers. It is shown that 300 mJ output pulse energy could be achieved with
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100 mJ and 700 mJ pump energy in green for the two amplifiers, respectively. Section 5.4 describes
the design of water-cooled crystal mounts and the thermal distribution of Ti:Sapphire crystals
at 1 kHz repetition rate in both amplifier stages. The finite element method (FEM) simulations
show that the temperature distributions inside the Ti:Sapphire crystals are within the acceptable
range. The calculation of the thermal lens focal lengths in both the 1st and 2nd amplifier stages
is also presented, which shows that although the small temperature gradients are achieved in the
Ti:Sapphire crystals, It is necessary to design thermal lensing compensation for both amplifiers. In
Section 5.5, the schematic diagram of the whole high power high energy ultrafast laser system is

described and discussed with the first results of the system performance.

5.2 Design of the Cross-Thin Slab Geometry for Ti:Sapphire

Amplifier

The traditional design of Ti:Sapphire crystal for high energy low repetition rate ultrafast CPA
laser uses the geometry of a thick disk or rod [1], which offers a sufficient amplification path
length with a relatively simple multi-pass seed-pump geometry but is non-optimal for thermal load
dissipation. Since the saturation fluence does not vary with the repetition rate, the heat density in
the laser crystal increases proportionally with the increased repetition rate. As a result, the thermal
load in the case of high energy amplifier is more severe at high repetition rate. Without sufficient
heat dissipation, several consequences follow. First of all, the crystal temperature will be high. This
leads to the reduction of gain factors in the amplification process that is caused by the decreased
emission cross-section coefficient as well as the rise of thermo-mechanical problems [2]. Secondly,
the thermal gradient inside the laser crystal will be large, which could result in severe thermal lens
in a multi-pass amplification geometry. Consequently, the design of Ti:Sapphire crystal geometry
for the high average power generation has to take both the gain and thermal factors into account.

Here, we describe a high energy high repetition rate Ti:Sapphire amplifier, utilizing a recently
proposed crystal design with cross-thin slab (XTS) geometry [3], as shown in Figure 5.1. Contrary

to the traditional rod geometry, the XTS geometry is focused on maximizing heat dissipation while
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keeping the overlap volume between the seed and pump beams. The two largest surfaces on top
and bottom are used to extract the heat from the crystal induced by the pump. Meanwhile, the four
lateral surfaces of the XTS geometry crystal are designed to be used for pumping and seeding. AR
coatings or Brewster angles could be applied to them. In this way, not only the good extraction
efficiency can be achieved by the overlap of the pump and seed beams, but also a larger cooling
capacity could be satisfied. The system complexity of using this XTS geometry design will be
slightly higher than the traditional rod geometry amplifier, but the overall system complexity will

be reduced with the room temperature operation rather than a cryogenic cooling design.

Cooling

Cooling

Figure 5.1: Illustration of cross-thin slab (XTS) Ti:Sapphire geometry.

In general, a higher seeding fluence leads to a higher extraction efficiency in an amplification
process without reaching the gain saturation [4]. As a result, to increase the extraction rate on the
Ti:Sapphire system, a two-stage XTS-amplifier scheme was designed to boost the pulse energy
from the level of a few mJ to 300 mJ. Considering the gain factor, the seed-pump overlap, and the
thermal management for 1 kHz repetition rate operation, the designed crystal dimension for the 1st
and 2nd stage amplifiers is 10x 10x4 mm? and 20x30x4 mm?, respectively. The pump beam is
separated into two parts by a 50:50 beam splitter to pump the crystal from both sides with oval
beam shapes, as shown in Figure 5.1. The seed beam is designed to pass through the gain area six

to eight times to extract the stored energy. The two 10x 10 mm? and 20 x 30 mm? surfaces of the
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Ist and 2nd stage crystals are used to dissipate the heat, which means a total cooling area of 2 cm?
and 12 cm? can be achieved for the 1st and 2nd stage crystals, respectively.

In the following sections, the gain calculation and thermal simulation results for both the 1st
and 2nd amplifier will be presented and discussed. The results provide strong evidence that the
two XTS Ti:Sapphire amplifiers could achieve the pulse energy of 300 mJ at up to 1 kHz repetition

rate operation with a mJ-level A = 800 nm seed energy in a water-cooled geometry.

5.3 Gain Calculations of Ti:Sapphire Amplifiers

Typically, gain calculations for a laser amplifier is based on the Frantz-Nodvik equation [5]:

E’L’n
Eout = Esar - In[1 4 exp(Nyo) - [exp(E ) —1]] (5.1)
sat

where E;, is the energy fluence into the crystal, E,,; is the energy fluence after the amplification,

and E,; is the saturation energy fluence, which is defined as [5]:

Egar = h (5.2)
o
where the Av is the photon energy at the emission wavelength, and o is the emission cross-section
coefficient at the emission wavelength. For room temperature Ti:Sapphire crystals, the E,,; 1s on
the level of 0.9 J/cm? [6]. In Eq.(5.1), Nj is the total initial inversion in the laser medium. With
certain pump powers, the output energy of the 1st and 2nd stage can be calculated with different
seed energies.

Figure 5.2 shows the calculated output energy from the 1st stage amplifier as a function of
the input energy under the absorbed pump energy of 100mJ. The gain is calculated based on
a 2x8mm? pump beam. In this calculation, the seed beam with a dimension of 2x3.3 mm? is
designed to travel through almost the entire pumped volume twice in six passes. As can be seen in
Figure 5.2, with the seed energy above 2.5 mJ, the output energy of the 1st stage could reach the

values >30mJ.
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Figure 5.2: Dependence of output energy on input energy for the 1st stage amplifier, with 100 mJ absorbed
pump energy.

The same principle was applied to the gain calculation for the 2nd Ti:Sapphire stage. The
pump beam size is 2x 18 mm?, and the seed beam size is 2x 10 mm?. As shown in Figure 5.3, over
300 mJ output energy could be obtained with more than 20 mJ seed energy with 700 mJ pump.

Based on the gain calculation results, the output fluence of the 1st stage and 2nd stage beam
is on the level of 1J/cm? and 1.9 J/cm?, respectively. Considering the damage threshold of the
standard dielectric anti-reflection (AR) coating with around 300 ps pulse duration, the surfaces for
the seed beam were designed as Brewster angles for both crystals in reality, which can reduce

the possibility of system failure causing by coating damage. Moreover, the B-integral has been

calculated for both stages, which is on the level of 1 for both cases.
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Figure 5.3: Dependence of output energy on input energy for the 2nd stage amplifier, with 700 mJ absorbed
pump energy.

5.4 Cooling Design and Thermal Simulation of Ti:Sapphire

Amplifiers

Besides the gain calculations, the cooling design and thermal simulation of both Ti:Sapphire
amplifier stages are necessary to generate pulses with few hundreds of millijoule energy at up to
1 kHz repetition rate. As mentioned in Section 5.3, the 1st and 2nd stage XTS Ti:Sapphire amplifier
requires 100 mJ and 700 mJ pump energy to achieve the 300 mJ level output energy, respectively.
The power of the heat source in the crystal can be estimated based on the quantum defect of the

laser material [6, 7], which is calculated from the seed and pump wavelengths:

>\abs
D=(1-
QD =(1-

) x 100% (5.3)

e

where the QD represents the quantum defect, the A, is the absorption wavelength, and the A, is

the emission wavelength. In the design of both XTS Ti:Sapphire amplifiers, the pump wavelength
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is 515 nm and the emission wavelength is 800 nm:

515 nm

D=(1— —
@ ( 800 nm

) x 100% = 36% (5.4)

which means about 36% of absorbed A=515nm power will transfer to the heating power in the

crystal. As a result, the estimated heat power for the case of 100 W and 700 W absorbed pump

power is 36 W and 252 W, respectively.
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Figure 5.4: The heating power distribution of 1st stage crystal. (a) Pump energy decay and pump absorption
distribution vs. crystal location; (b) Heating power at each section of crystal.
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Figure 5.5: The heating power distribution of 2nd stage crystal. (a) Pump energy decay and pump absorp-
tion distribution vs. crystal location; (b) Heating power at each section of crystal.
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We conducted a finite element method (FEM) simulation with a flowing liquid model for esti-
mating the thermal distribution of the crystal under the pump power used in the gain calculation.
To compute the temperature distribution using a realistic absorption profile, the pumped area was
divided into six individual zones in the direction of the pump light. The absorption in each zone as
a function of length was calculated based on Beer-Lambert law [8,9] and absorption coefficient of
the crystal. In the case of the 1st stage crystal, 36 W of heat was applied to the crystal, which indi-
cates 100 W of absorbed pump power. The heating power distribution, as shown in Figure 5.4, is
calculated with the pump absorption at each section of the crystal with an absorption coefficient of
2.3cm™ . For the crystal in the 2nd stage, as shown in Figure 5.5, a total heat power of 252 W was
applied to the crystal. Due to the different dimension of the 1st and 2nd stage crystals, the absorp-

1

tion coefficient of 1.0 cm™" was used in the 2nd stage crystal to achieve 95% single-pass absorption

rate. The thermal conductivity of 35 W/(m-K) was used for room temperature Ti:Sapphire [10].

(a) tEi I water out

Figure 5.6: Cooling mount design of the (a) 1st and (b) 2nd stage crystal.

Stainless steel cooling mounts were designed for each amplifier crystal to provide the nec-
essary water cooling capacity. As shown in Figure 5.6, two identical parts symmetrically hold
the Ti:Sapphire crystal at the center. Each mount has a 1 mm thick water channel between the
mount and crystal’s largest surface, which allows the highest water flow rate passing through the
direct-contact water-crystal interface with certain water pressure. The water channel is sealed with

indium wire which can hold more than 100 PSI of water pressure. For the st stage crystal, the
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flow rate was designed to be 1 GPM at 95 PSI water pressure. For the 2nd stage crystal, the flow
rate was design to be about 1.5 GPM at 95 PSI water pressure. The water temperature was set at

20°C.

36.00

33.60

31.20

24.00
Temperature, °C

4 mm

Figure 5.7: Thermal distribution of the 1st stage crystal.

Figure 5.7 and Figure 5.8 show the simulation result of the thermal distribution of the 1st
stage crystal and 2nd stage crystal, respectively. As shown in the case of the 1st stage crystal,
the maximum temperature of the crystal is 36 °C, which is located at the input and output area of
the pump beam where the highest heating power is applied. The surface contacting the flowing
water has the coolest temperature of 24 °C. Based on the three-axis-cut plots in Figure 5.7, in the
transverse direction of the pump beam (XX’-cut), the temperature difference between the center
and the edge of the pump beam is about 3 °C. In the transverse direction of the seed beam (YY -
cut), the average temperature difference between the center and edge of the seed beam is also
about 3 °C. Similar temperature distribution can be noticed in the case of the 2nd stage crystal.
The maximum temperature of the crystal is about 47 °C. As shown in Figure 5.8, in the transverse

direction of the pump beam (XX’-cut), the temperature difference between the center and the edge
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Figure 5.8: Thermal distribution of the 2nd stage crystal.

of the seed beam is about 2.5 °C. In the transverse direction of the seed beam (Y'Y -cut), the average
temperature difference between the center and edge of the seed beam is also about 2.5 °C.

For both cases, the simulation results under the extreme heating conditions indicate that the
well-designed water-cooling crystal mounts can provide sufficient cooling capacity for both the 1st
and 2nd stage Ti:Sapphire amplifiers. Based on these results, the power of the thermal lens effects
in both amplifier crystals can be estimated approximately from the thermally induced optical path

difference (OPD) [11]:

7.2

2f

where f is the focal length of the thermal lens and r is the radial coordinates. Furthermore, the OPD

OPD(r) — OPD(0) = (5.5)

can be calculated from the temperature distributions inside the crystal, which is defined as [12]:

dOPD(r,z) = [S—; + (n— D1 +v)ar + 2C,n°ar] AT (r, 2)dz (5.6)

where dOPD(1,z) represents the partial OPD at the location (7z) inside the crystal. With the inte-
gration along the seed beam transmission direction z, the OPD(r) at any radial coordinate r from

center of the crystal to the cooling surface can be calculated. In Eq.(5.6), v is the Poisson’s ra-
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tio, ar is the thermal expansion coefficient, n is the refractive index of the crystal and C). is the
photo-elastic coefficient. Because the thermal expansion term (the second term in Eq.(5.6)) and
the photo-elastic term (the third term in Eq.(5.6)) are typically much smaller than the thermally
induced refractive index change term (the first term in Eq.(5.6)) [12], the OPD(r) can be estimated
with the thermal-optic coefficient On/OT and the temperature distribution along the radial coordi-
nate AT(r).

In the case of XTS crystal geometry, the temperature distribution is mainly in one direction
which is between the center of the crystal and the two large cooling surfaces. With the assumption
of the small variation in Ti:Sapphire’s thermal-optic coefficient in the range of room temperature
and the uniform pump beam intensity profile as described above, the temperature distribution from
the center of the crystal to the pump surfaces can be negligible. As a result, the thermal lensing
can be considered only in one direction, which is between the two cooling surfaces. The crystal
acts as a cylindrical lens in the presence of the pump.

With the temperature distributions from the FEM simulation, the thermal lens power of this
cylindrical lens can be estimated for a given heating condition. For the Ist and 2nd stage am-
plifier crystals, the temperature difference between the center and the edge of the seed beam is
about 3 °C and 2.5 °C, respectively. Despite the temperature of 1st and 2nd stage crystals being
different, the thermal-optic coefficient of Ti:Sapphire doesn’t change rapidly near room temper-
ature [13]. As a result, the thermal-optic coefficient of Ti:Sapphire at room temperature can be
found as 1.3x107° (1/K) [13]. In addition, the pump beam size for both amplifier stages in the
cooling direction is 2mm. With Eq.(5.5) and Eq.(5.6), the focal length of thermal lens in the
Ist and 2nd stage amplifier was estimated to be 1.28 m and 0.77 m, respectively. The estimated
results show that it is necessary to have thermal lensing compensation in both amplifier stages.
With a lower cooling water temperature, the temperature gradient could be further mitigated due to
Ti:Sapphire’s increased thermal conductivity and reduced thermal-optic coefficient as the temper-

ature goes down, which can result in a less powerful thermal lens effect for both amplifier stages.
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5.5 Experimental Setup and the First Results of the High Power

High Energy Ultrafast Laser System
The schematic of the proposed ultrafast laser system can be seen in Figure 5.9. The high energy
high repetition rate ultrafast laser system is based on the CPA technology with a Ti:Sapphire front
end laser, two XTS Ti:Sapphire amplifiers pumped by the frequency-doubled cryogenically cooled

Yb:YAG laser, and a grating pair compressor.

Grating
: Compressor I:

Ti:Sa
Ist and 2nd stage
Amplifiers

Delay and Beam Shaping System #1

Delay and Beam Shaping System #2

£ ¢ [1030 nm LD}~ EOM]| : Cryogenlf:ally Coo‘led
P + I"J L"I : Regenerative Amplifier e
i i |_P CJ TR e g + 2 ns square pulse E
I Control| &
- I : Multi-Pass Cryo N Multi-Pass Cryo
AWG : Pre-Amplifier Main Amplifier

Feedback Signal

Figure 5.9: Schematic of the high energy high repetition rate ultrafast laser system.

The Ti:Sapphire front end laser consists of a Kerr lens mode-locking Ti:Sapphire oscillator,

a Martinez stretcher, and a multi-pass thermoelectric cooler (TEC) cooled Ti:Sapphire amplifier.
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An 85 MHz Kerr lens mode-locked Ti:Sapphire oscillator produced about 7 nJ seed pulses with
more than 40 nm full width half maximum (FWHM) spectral bandwidth. The output pulses of the
oscillator were first stretched to 300 ps FWHM duration by a Martinez stretcher. A Pockels Cell
was subsequently applied to select pulses at a repetition rate of up to 1 kHz. The reduced-repetition-
rate stretched pulses were then sent to a multi-pass amplifier with about 3 nJ pulse energy. In
the multi-pass front end amplifier, a Brewster angle Ti:Sapphire crystal with the dimension of
5 mm diameter X 6 mm length was pumped by a commercial green laser with a maximum 20 mJ
pulse energy at 1 kHz (Northrop Grumman PA-100-QMG). More than 90% of the pump light was
absorbed by this Ti:Sapphire crystal. The repetition rate of the pump pulse can be varied by a
synchronized phase-locked chopper if a different repetition rate is required. To compensate the
thermal effect at a higher than 500 Hz repetition rate, a TEC cooling system was designed for
dissipating the heat and reducing the temperature of the Ti:Sapphire crystal to -25 °C. A Brewster-
window Ns-filled chamber was used to avoid the water condensation on crystal surfaces. With a
7-pass design, the front end amplifier is capable of generating >3 mJ pulses at a repetition rate up
to 1kHz with a standard pulse-to-pulse energy deviation of less than 0.8%. A 250 um diameter
spatial filter was applied to improve the beam quality for the subsequent amplifier stages and to
avoid the feedback from the subsequent amplifiers. Due to the gain narrowing effect, the spectral
bandwidth of the amplified pulses was reduced to FWHM of 25 nm without additional spectrum
compensation devices, which could support sub-40 fs transform-limited pulses.

The output beam of the front end laser is first boosted in the 1st stage XTS Ti:Sapphire am-

plifier. The crystal used in the Ist stage is a 1cm™!

absorption coefficient Ti:Sapphire with a
dimension of 10x 10x4 mm?. The 8 x2 mm? elliptical beam size was achieved by imaging the up
to 120 mJ pump pulse from the second LBO crystal in the SHG system through a telescope system.
A 50:50 beamsplitter was used to separate the pump beam evenly to the two pump surfaces of the
XTS Ti:Sapphire crystal. Because of the Brewster angle on the two seed surfaces, the crystal was

mounted with an angle of 29.6° to the optical table for using a horizontal parallel seed beam, as

shown in Figure 5.10. Two periscopes were used to maintain the orientation of pump beams well-
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Figure 5.10: The mount assembling with Ti:Sapphire crystal inside of (a) the 1st stage amplifier and (b) the
2nd stage amplifier.

aligned with the crystal’s direction. More than 90% of the 515 nm pump energy was absorbed by
the crystal, and a reflective mirror was used to send the pump beam back to the crystal for increased
absorption of both pump beams. Three cylindrical mirrors were used to form an 8-pass geometry
and to ensure the efficient energy extraction of the seed beam through the entire pumped area of the
crystal. The vertical size of the seed beam on Ti:Sapphire crystal was maintained by these three
cylindrical mirrors, while the horizontal beam size was gradually increased with the divergency
of the seed beam. For different repetition rates of the pump, different combinations of cylindri-
cal mirrors with different focal lengths, distance between two cylindrical mirrors, and location of
the Ti:Sapphire crystal were used to compensate for different power of thermal lensing. Another
cylindrical mirror placed after the last pass through the Ti:Sapphire crystal was used to kick out the
amplified beam maintaining a collimated vertical divergency. Pump energies up to 120 mJ were
tested at repetition rate from 50 Hz to 1kHz repetition rate. The maximum temperature of the
Ti:Sapphire crystal while operating at 1 kHz repetition rate did not exceed 35 °C when operated
with a cooling water temperature of 10 °C, as confirmed by a thermal camera image shown in Fig-
ure 5.11. With thermal lensing compensation, the output energy of 25 mJ was demonstrated with

good beam intensity uniformity with up to 1 kHz repetition rate.
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1/21/21 7:40:30 PM/e=0.96 Dst=2.1

Figure 5.11: Thermal camera picture with the temperature distribution within the 1st Ti:Sapphire amplifier,
operating at 1 kHz repetition rate. The Ti:Sapphire crystal is identified by the dotted line circle.

After the amplified beam was kicked out from the 1st stage amplifier, the beam was sent to the
2nd XTS Ti:Sapphire amplifier stage. The Ti:Sapphire crystal has a dimension of 20x30x4 mm?

with an absorption coefficient of 1.0cm™!

, which means more than 95% of the absorption rate
could be achieved with a single pass through the 30 mm absorption length. The two 30 x4 mm?
Brewster angle surfaces were used for the seed beam. An 8-pass geometry formed by three cylin-
drical mirrors was used to extract the energy. The total transmission loss of the 2nd stage amplifier
was less than 20% after the 8 passes. The A = 515 nm pump beam from the 1st LBO crystal in the
SHG system was imaged to the pump surfaces of the 2nd stage XTS Ti:Sapphire crystal through
a telescope system with four cylindrical lenses. The cylindrical lenses reshaped the pump beam
from a diameter of 14 mm on the output of the LBO crystal to an elliptical size of 2x 18 mm?
on the 4x20 mm? pump surfaces of the Ti:Sapphire crystal. A delay distance was deployed in
the imaging system to synchronize the arrival of the A = 800 nm seed beam with respect to the
pump to maximize gain while reducing the amount of ASE. The shaped pump beam was split into
two pump beams with pulses of equal energy (50:50) by a thin film beam splitter. Two pairs of

periscopes were subsequently used to rotate the oval shape pump beams to align them with the ori-

entation of the Ti:Sapphire crystal while maintaining the polarization of the pump beam to ensure
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maximum absorption. In a preliminary test, more than 700 mJ of pump energy was delivered to
the Ti:Sapphire crystal. As the repetition rate changed, different combinations of the focal lengths
of cylindrical mirrors, distance between two cylindrical mirrors and location of the Ti:Sapphire
crystal were used to compensate for different power of thermal lensing in the 2nd stage amplifier.

A compressor with a pair of gratings in a vacuum chamber was placed after the output of the
2nd stage amplifier. The output beam from the 2nd stage Ti:Sapphire amplifier was first colli-
mated by an FL=4 m cylindrical lens to achieve a 20x 20 mm? square shape and sent into the pulse
compressor. The grating pair used in the compressor were gold-coated holographic gratings with
1740 line/mm. A roof mirror with dielectric high reflective (HR) coating was used to bounce back
the beam after the first two passes through the grating pair. The distance between the two gratings
was about 40 cm which was close to the separation distance in the stretcher. The total throughput
of the compressor was measured to be 70% using the A = 800 nm pulses from the front end.

A Frequency-Resolved Optical Gating (FROG) pulse duration and phase analyzer was set up
after the output of the compressor to measure the compressed pulse duration. The measured FROG
signal was reconstructed to achieve the pulse duration and phase. The shortest pulse duration
achieved for the beam produced by the front end of the laser is less than 55 fs, as shown in Fig-
ure 5.12. The pulse duration of the amplified pulses was not yet measured. If an additional spectral
compensation device is added before the multi-pass amplifier in the front-end laser to mitigate
spectral narrowing during amplification, pulses shorter than 30fs in duration could be achieved
with the current system [14], which could result in the 10 TW level peak power pulses at 1 kHz

repetition rate.
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Figure 5.12: The measured pulse temporal intensity and phase results at the output of the compressor. The
pulse width is 54.7 fs.

5.6 Conclusion

In summary, we designed and tested a XTS crystal geometry for high energy high repetition rate
Ti:Sapphire amplifier, which could provide a larger cooling capacity for heat dissipation compared
with the traditional rod/disk crystal in Ti:Sapphire amplifier. A two-amplifier system was designed
based on the XTS geometry. The estimated output energy based on the Frantz-Nodvik equation
could reach 30 mJ A = 800 nm pulse energy with 100 mJ A = 515 nm pump energy from the first
amplification stage and 300 mJ A = 800 nm pulse energy with 700 mJ A = 515 nm pump energy
in the 2nd amplifier. The thermal distributions from the finite element simulations show that an
acceptable temperature and temperature gradient could be achieved in both amplifier stage crystals.
The first results from the operation of the first amplifier stage showed a good agreement with the
gain calculation and thermal simulation results. With spectral narrowing control and adequate
compensation for the thermal lensing in the 2nd stage Ti:Sapphire amplifier, 10 TW level peak

power operation could be achieved.
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Chapter 6

Summary and Outlook

In conclusion, this dissertation demonstrates the development of key components for high
power high energy ultrafast laser systems. For the purpose of developing a high repetition rate
(500 Hz to 1kHz level) ultrafast Ti:Sapphire laser with the pulse energy of a few hundred milli-
joules, with emphasis in the development of the pump laser.

In Chapter 2, a new, in situ method to map the 3-D temperature distribution in the gain medium
of high average power cryogenic Yb lasers is described. The usefulness of this technique was
demonstrated measuring the temperature distribution in a 100 mJ, 100 Hz Yb:YAG active mirror
amplifier under different pump powers and cooling interface conditions. 2-D transverse tempera-
ture maps are shown to give temperature values that correspond to the average temperature in depth.
In Chapter 3, the characterization of thermal behaviors of the cryogenically cooled Yb:YAG active
mirror laser amplifier pumped at kilowatt average power is presented. Measured temperature maps
provide the thermal distribution in the gain medium at these high pump power levels for the first
time. Temperature maps were combined with interferometry based optical path difference mea-
surements and simulations to fully characterized the active mirror amplifiers under kW average
power operation. Operation of the cryogenically cooled amplifier system at 1 kHz repetition rate
produced >1.2J, A=1030 nm pulses.

Chapter 4 discusses the generation of Joule-level A=515 nm laser pulses of nanosecond duration
at 1 kHz repetition rate by frequency doubling in LBO the output of 1.2J, A=1030 nm laser pulse
from the cryogenically cooled Yb:YAG laser. A doubling efficiency of 78% was demonstrated
using a 13 mm long LBO crystal. The measured 1.04 kW average power is to our knowledge
the highest average power reported for Joule-level green lasers operating at 1 kHz repetition rate.
A higher SHG conversion efficiency of 89% was achieved for 0.65J fundamental pulses using a

shorter LBO crystal.
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In Chapter 5, the design of the Ti:Sapphire CPA system pumped by this green laser system is
presented. The room temperature Ti:Sapphire CPA system consists of a home-built Ti:Sapphire
front end and two multi-pass Ti:Sapphire amplifiers. An XTS crystal geometry for high energy
high repetition rate Ti:Sapphire amplifier is proposed for both multi-pass amplifiers. The geom-
etry was designed to provide sufficient cooling capacity for 1 kHz repetition rate. The thermal
distributions from the finite element simulations show that acceptable maximum temperature and
temperature gradient could be achieved in both amplifier crystals. The Frantz-Nodvik computa-
tions indicate that the output pulse energy could reach 30 mJ with 100 mJ pump energy from the
first amplification stage and 300 mJ with 700 mJ pump energy from the second amplifier. The
first results from the first amplification stage show a good agreement with the gain calculation and
thermal simulation results.

The future work will include the further thermal lensing compensation caused by high average
power pump and the inclusion of a spectral pre-compensation device to mitigate the gain narrowing
in the amplifiers that could generate about 250 mJ energy pulses of 30 fs duration at 0.5-1kHz
repetition rate.

Among application of interest is the long range propagation in the air for remote sensing for
which is necessary to study the air propagation an filamentation of high average power, high pulse
energy laser in the atmosphere. On this topic, the kHz repetition rate high power Yb:YAG laser
described in Chapter 4, was recently used to study the filamentation generation in atmosphere.
This resulted the demonstration of permanent channel consisting of density depression that is of

the interest for guiding directed high energy laser beams'.

A, Higginson, Y. Wang, H. Chi, A. Goffin, I. Larkin, H. M. Milchberg, and J. J. Rocca, "Wake dynamics of air
filaments generated by high energy picosecond laser pulses at 1 kHz repetition rate", submitted to Optics Letters
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