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ABSTRACT

DEMONSTRATION OF FILAMENT-GUIDED ELECTRICAL DISCHARGES FROM A HIGH

AVERAGE POWER 1 KHZ PICOSECOND LASER

The atmospheric propagation of ultrashort, high energy laser pulses is of interest for appli-

cations including remote sensing, directed energy, and the guiding of lightning. In this thesis, the

filamentation of high energy picosecond laser pulses at repetition rates up to 1 kHz is demonstrated

and the guiding of electrical discharges in air at high repetition rates is studied. The design and

performance of the diode-pumped Yb:YAG chirped pulse amplification (CPA) system utilized for

this experiment is also described.

Diode-pumped solid state lasers in a CPA layout have emerged as the modern choice for the

generation of high pulse energies at high repetition rates. For the work presented in this thesis,

a high average power diode-pumped Yb:YAG laser system utilized for filament formation is de-

tailed. The compact CPA system, which combines a room temperature regenerative amplifier and

cryogenically cooled Yb:YAG amplifiers, results in compressed pulses of < 5 ps duration with up

to 1.1 J of energy at 1 kHz repetition rate. This record Joule-level 1 kHz repetition rate picosecond

laser (average power output of more than 1 kW) has enabled the results described herein.

The application of this high average power Yb:YAG system for producing laser guided elec-

trical discharges is the main focus of this thesis. The compressed output pulses from the Yb:YAG

laser induce filamentation in air, resulting from the counterbalance between Kerr self-focusing and

plasma refraction defocusing. The hydrodynamic response of the atmospheric air results in a den-

sity depression of similar geometry to the filament. The result is a preferential path which both

triggers and guides electrical discharges. The majority of previous laser-guided discharge studies

have been conducted at repetition rates of 10 Hz, where the medium completely recovers before

the next laser pulse arrives. This thesis reports on the physics of laser filament-guided electric
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discharges in air initiated by high energy (up to 250 mJ) 1030 nm wavelength laser pulses of ∼7 ps

duration at repetition rates up to 1 kHz. A breakdown voltage reduction of up to 4.2 X was mea-

sured and determined to result primarily from the perturbation caused by a single laser pulse, with

cumulative effects playing only a secondary role. A current proportional to the laser pulse energy

arises as soon as the laser pulse arrives, initiating a high impedance phase of the discharge chan-

nel evolution. Full breakdown, characterized by impedance collapse and the onset of high current

conduction, occurs 100s of ns to a few µs later. The gaps between the filamentary plasma channel

and the electrodes are observed to play a role in the delay between arrival of the laser pulse and the

onset of a discharge. The breakdown voltages measured for 100 Hz and 1 kHz repetition rates are

shown to be nearly equivalent. This is consistent with the results of interferometric analysis which

shows that the filament formed by a single laser shot causes a deep density depression up to 75%,

compared with the 20% density depression measured 10 µs prior to the arrival of a laser pulse in

a sustained 1 kHz sequence. The physical insight gained from this work on the formation of laser

filament-guided discharges in air at 1 kHz repetition rate can be expected to contribute to their use

in applications.
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Chapter 1

Introduction

1.1 Progress in Ultrafast Laser Development

Following the demonstration of the first laser in 1960 [1], a decade of rapid development solid-

ified the role of lasers as invaluable tools for scientific research, and later for defense and industry.

Driven by the potential applications for this technology, progress continues to be made in ad-

vancing laser performance capabilities. It is shown below in Figure 1.1 that the development of

powerful ultrafast lasers, with pulse durations below 100 picoseconds (1 ps = 10−12 s), reaching

femtoseconds (1 fs = 10−15 s), was the culmination of decades of work to produce shorter and

more intense laser pulses.

Figure 1.1: Advancements in laser peak power and pulse duration since 1960.

Shortly after Maiman’s ruby laser, a method for producing powerful short pulses was created,

called Q-switching [2]. This is achieved by building a cavity around the gain medium and intro-
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ducing high loss to this cavity, via an attenuator, to prevent lasing from occurring. The absence of

feedback allows more energy to be stored in the gain medium as pumping continues. At the point

of saturation, a population inversion many times greater than the threshold for lasing is attained.

The cavity loss is then rapidly decreased, leading to strong amplification and the formation of a

short and very intense laser pulse. The invention of Q-switching was an important step towards

shorter pulse durations and the technique is still commonly used today. However, the minimum

pulse durations achievable from Q-switching are still in the nanosecond range. The real shift into

ultrashort durations in the picosecond to femtosecond range came from the development of mode-

locking, which was first demonstrated in 1964 [3, 4].

1.1.1 Mode Locking

The development of mode locking paved the way for sub-picosecond pulse durations. In mode

locked lasers, one of several techniques is employed to achieve ultrashort pulse durations from

an oscillator [5]. Within a laser cavity, a number of longitudinal modes will oscillate if the gain

bandwidth of the material, ∆ν, is larger than the mode spacing within the cavity. The frequency

separation between each mode is related to the round trip time in the resonator, tr:

1

tr
=

c

2n0L
(1.1)

where c is the speed of light, n0 is the index of refraction for the medium, and 2L is the round-

trip length of the cavity (for the case in which the gain medium extends the length of the cavity).

These modes oscillate independently of one another in the cavity and exhibit a random distribution

of phases. In the absence of mode locking, the laser output will have a total electric field which is

a superposition of the various modes. This can be expressed by [6, 7]:

E (t) =
m
∑

n=−m

Ane
i(2πνnt+ϕn) (1.2)
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where, for the nth mode, An is the amplitude and φn is the phase. The frequency is given by

νn = ν0 + n∆ν where ν0 is the central mode frequency, n is the index of refraction, and ∆ν is the

frequency bandwidth. In this case where the amplitude and phase of each mode are random, the

laser intensity is given by:

I = K |E (t)|2 = K

∣

∣

∣

∣

∣

m
∑

n=−m

Ane
i(2πn∆νt+ϕn)

∣

∣

∣

∣

∣

2

(1.3)

= K
∑

n

|An|
2 +K

∑

n ̸=m

∑

m

AnA
∗
me

i[2π(n−m)∆νt+(ϕn−ϕm)] (1.4)

with constant of proportionality, K. With a random distribution of phases for a large number

of oscillating modes, the second term in equation (1.4) above becomes very small. As a result, the

output intensity is equal to the first term which is a sum of the fluctuating mode intensities.

Figure 1.2: Illustration of the mode locking process: longitudinal modes constructively interfere producing
an ultrafast pulse which oscillates between a high reflector (HR) and an output coupler (OC) from which a
train of ultrafast pulses separated by ∆t are emitted.
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The goal of mode locking is to achieve a fixed phase relationship between these oscillating

modes, as shown in Figure 1.2. In this scenario, the modes will periodically interfere constructively

at an arbitrary time where the phase for each mode is equal. If the amplitude of each mode is also

assumed to be equal, the laser output intensity can be expressed as:

I = I0

∣

∣

∣

∣

∣

m
∑

n=−m

e2πiνnt

∣

∣

∣

∣

∣

2

(1.5)

with I0 = KA2
0. In which case, the variation of the output intensity with time can be expressed

as:

I = I0

[

sin [π (N + 1)∆νt]

sin (π∆νt)

]2

(1.6)

which gives a series of pulses separated in time, ∆t, by the round-trip time of the cavity, tr (see

Fig. 1.2). As the pulse oscillates within the cavity, a portion is transmitted each round trip with

peak intensity:

Ipeak ≈ N2I0 (1.7)

taken as the limit of the argument of the sine function in the denominator of equation (1.6)

approaches zero. Compared with a non mode-locked laser, the intensity of a mode-locked pulse is

increased by a factor equivalent to the number of oscillating modes. This is true for the unrealistic

case where all modes within the gain bandwidth are locked together. The transform limited pulse

duration for a mode-locked oscillator also factors in the pulse shape. For a given mode-locked

bandwidth, N∆ν, the minimum pulse duration, tp, is:

tp =
α

N∆ν
(1.8)

where α is the time-bandwidth product which depends on the pulse shape. For a Gaussian

pulse shape this value is 0.441 and 0.315 for a sech2 shape. From equation (1.8), it is apparent

that the minimum pulse duration is inversely proportional to the number of modes. This makes
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laser materials with a broad gain bandwidth ideal for achieving ultrashort pulse durations from

mode-locked lasers.

In order to create the phase relationship described above, mode locking is typically categorized

by use of “active” or “passive” methods [7]. For actively mode-locked lasers, an external signal

is produced by an acousto-optic or electro-optic device to modulate the frequency or amplitude

of the oscillating light, respectively. By synchronizing the rate of this modulation, the necessary

phase relationship can be achieved for mode locking. The use of external signals to drive the

modulation imposes limitations on the minimum pulse durations that can be achieved. This is

where passively mode locked lasers have an advantage. In passive mode locking, apart from Kerr

lens mode locking [8], an optical element is used that enables self-modulation of the amplitude

depending on intensity. These elements, called saturable absorbers, introduce loss by absorption

for low intensity light that decreases with increasing intensity. This has the effect of promoting

amplification of higher intensity pulses which oscillate until mode locking occurs. By achieving

mode-locking from the oscillating signals within the cavity, the use of a passive element allows for

much shorter pulse durations.

Initially, mode locking enabled the generation of picosecond pulse durations. With further de-

velopment, alongside other solutions emanating from laser research, such as dispersion compen-

sation, mode-locked solid-state lasers with femtosecond pulses were available by the 1990s [9].

While this technique allows for ultrashort pulses at high repetition rates, the pulse energy is typi-

cally at the nanojoule level. At the time, this created a situation where the energy of the ultrafast

pulses was limited due to the adverse effects of amplifying at such high intensity that optical ele-

ments and the gain medium itself could be damaged. In order to achieve ultrafast pulses with high

peak power, further advancements were necessary.

1.1.2 Chirped Pulse Amplification

The breakthrough in developing high energy ultrafast lasers came with the invention of chirped

pulse amplification (CPA) in 1985 by Strickland and Mourou [10]. The CPA technique employs a
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system design which involves reducing the intensity of the pulses prior to amplification by stretch-

ing them in time, as shown in Figure 1.3. Following amplification, the pulses are re-compressed

to their ultrashort duration. Prior to this development, master-oscillator power-amplifier (MOPA)

systems could only attempt to manage pulse intensity by increasing beam size. As a result, pulses

with extremely high peak power were possible, allowing new applications to be explored.

Figure 1.3: An illustration of a chirped pulse amplification (CPA) system layout. Low energy, short duration
pulses are sent from an oscillator through a temporal stretcher which imparts positive dispersion. This results
in low energy, long duration pulses which are safe to amplify to high energy. A compressor imparts negative
dispersion to return the pulses to their original short duration, resulting in a final output of high energy, short
pulses.

The CPA process typically starts with a mode-locked oscillator as the source of ultrashort, low

energy pulses. As described in the previous section, these sources utilize broadband gain materials

to generate ultrashort pulse durations at high repetition rates with low pulse energies. In order to

reduce the intensity of the pulses, a stretcher is used to create a wavelength dependent time delay,

or “chirp”, in the pulse. Before the stretcher, the transform-limited oscillator pulses have zero

spectral chirp, and all frequency components travel simultaneously. Dispersive elements impart

chirp by altering the optical path difference between the high and low frequency components of

the pulse. Various types of elements such as diffraction gratings, chirped mirrors, Bragg gratings,

and optical fibers can be utilized in stretchers [11].
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The effects of a dispersive medium on an optical pulse can be described by approximating

the frequency dependent spectral phase φ(ω) with a Taylor series expansion about the central

frequency ω0 [12, 13]:

φ (ω) =
∞
∑

n=0

φn (ω0)

n!
∗ (ω − ω0)

n with φn (ω0) =
dnφ (ω)

dωn

∣

∣

∣

∣

ω0

(1.9)

φ (ω) = φ (ω0) + φ′|ω0
(ω − ω0) +

1

2
φ′′|ω0

(ω − ω0)
2 +

1

6
φ′′′|ω0

(ω − ω0)
3 + . . . (1.10)

In this expression, the zeroth-order coefficient φ (ω0) is a constant phase called the carrier-

envelope phase (CEP) which does not affect the intensity of light through the medium. The first

order spectral phase term φ′|ω0
describes the time domain translation called the group delay (GD).

The group delay dispersion (GDD) is the second order phase term φ′′|ω0
at which the temporal

structure of the electric field is altered. Beyond this, the third and fourth order dispersion terms

create pre/post pulses and broaden the temporal shape, respectively.

Diffraction gratings are ideally suited for use in stretching and compressing pulses in most CPA

systems [14, 15]. For a diffraction grating, the line density N (usually given in lines per mm) and

the angles of the incident (θi) and diffracted (θd) beams are related by the grating equation:

sin θi + sin θd = mλN (1.11)

where λ is the wavelength of the incident light and m is the diffraction order. From the grat-

ing equation (1.11), it is shown that the diffracted angle depends on wavelength. By solving for

the diffracted angle, θd, and taking the derivative with respect to the wavelength λ, the angular

dispersion is expressed by:
dθd
dλ

=
mN

cosθd
(1.12)

The angular dispersion is then related to the temporal delay by the expression:

dτ

dλ
=

dτ

dθd

dθd
dλ

with
dτ

dθd
=

1

c

mλDN

cos2θd
(1.13)
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where dτ
dθ

is the rate of change of the group delay (τ = dϕ
dω

) with diffracted angle θd and grating

separation D. Finally, the group delay dispersion (GDD) for a grating pair can be found from the

relation with the temporal dispersion [12, 13]:

d2φ

dω2
= −

Dλ2

2πc

dτ

dλ
= −

Dm2λ3N2

2πc2cos3θd
(1.14)

When a short pulse propagates through common optical materials, a positive (normal) group

delay dispersion occurs for the spectral components. In deriving the expression for second order

dispersion, Treacy [14] showed that the group delay dispersion for a grating pair will always be

negative (anomalous), independent of angle and separation. However, by adding a pair of lenses

to image the first grating behind the second, Martinez created a method which effectively creates

a negative distance between the gratings, allowing for positive dispersion [15]. Though the first

CPA laser utilized a stretcher based on dispersion in an optical fiber producing anomalous disper-

sion, practically all modern systems use stretchers based on diffraction gratings that create positive

dispersion and compressors that compensate with negative dispersion.

Upon entering the stretcher, the positive dispersion causes the high-frequency components of

the pulse to trail the low-frequency components. A mirror after the second grating sends the beam

back along the same path (see left inset in Fig. 1.3), necessitating a factor of 2 in equation (1.14),

where the spectral components are recombined before exiting the stretcher. The result of this

positive chirp is an increase in pulse duration by several orders of magnitude, and a corresponding

decrease in pulse intensity. The pulse energy is then safely increased through one or more stages of

amplification, with the positive dispersion from optical elements in the amplifiers being negligible

compared to the chirp imparted by the stretcher. Following amplification of the stretched pulses

to high-energy, a compressor stage (see right inset in Fig. 1.3) is used to return the pulses to

their original duration. As described above, a compressor compensates for the positive dispersion

of the stretcher by imparting an equivalent negative dispersion on the pulses through similar use

8



of diffraction gratings. Depending on the bandwidth of the pulses after amplification, the pulse

duration can be compressed to nearly the same value as the original oscillator output.

By the 1990s, mode-locked femtosecond sources based on solid state materials became more

readily available. With matched grating stretchers and compressors, the rapid adoption of the CPA

system architecture for the development of high energy ultrafast lasers followed. This resulted in

a new class of ultra-high peak power femtosecond CPA laser systems, most often based on Ti:Sa

gain materials. One disadvantage of Ti:Sa systems is the complex pumping scheme which in many

cases involves the frequency-doubled output of multiple flash lamp pumped Nd:Glass amplifiers.

While these systems are well suited for generating very high peak power ultrafast pulses, they

suffer in terms of operation at high repetition rate for scaling average power. This has led to

the development of modern diode pumped solid state lasers and to the investigation of other gain

media.

1.2 Scaling Ultrafast Lasers to High Average Power

The development of ultrafast laser systems capable of high pulse energies at high repetition

rates is an active and important area of laser research. As mentioned above, the peak power level

of modern lasers has grown by many orders of magnitude in the last three decades. Progress in high

average power lasers with high pulse energy has been more recent; being motivated by potential

applications in science, medicine, defense, and industry. The development of modern diode lasers

has been critical in this respect.

Historically, lamps were the primary method for pumping solid-state lasers due to their high

peak powers and low cost. Following a period of decline when gas and dye lasers were more

prominent, technological advancements led to a renewal of interest in solid state lasers by the 1980s

[7]. Specifically, developments in material science and the arrival of powerful semiconductor laser

diodes initiated this shift. The realization of powerful ultrashort pulse lasers occurred during this

resurgence in solid-state laser development. For operation at high average power, the pumping

efficiency and thermal management are two of the most important challenges. There are a number

9



of potentially detrimental thermo-optic effects to consider when operating at high power. The

advent of diode pumping has allowed ultrafast solid state lasers to scale to high repetition rates

with high pulse energy.

1.2.1 Diode Pumped Solid State Lasers

The viability of semiconductor laser diodes for pumping solid state lasers was first studied in

the 1960s [16, 17]. Though their use at the time was deemed impractical and cost prohibitive,

researchers noted that future developments would likely change this outlook. Since achieving

greater commercial availability starting in the 1980s, powerful laser diodes have been adopted as

ideal sources for pumping solid state lasers. Compared with flash lamps, laser diodes have several

advantages that allow for more compact and efficient pumping schemes.

Figure 1.4: Overlayed spectra for Nd:YAG absorption, flash lamp pump emission, and diode laser emission.
(From [18])

The implementation of diode pumping has considerable benefits for the efficiency of a solid-

state laser system. As shown in Figure 1.4 above, flash lamps are inherently inefficient pump

sources that emit a broad spectrum of light, of which only a small percentage is typically absorbed

by the gain medium. As a result, most of the pump power contributes to heating the material and

10



thermal loading. For scaling to high average power, this represents a major limitation. There-

fore, the monochromatic output of laser diodes is one of their most important characteristics for

developing efficient high power solid-state lasers. This advantage allows materials with strong

absorption peaks to be pumped at very high optical conversion efficiencies, with wall-plug effi-

ciencies of >70% reported [19]. Powerful near infrared diodes offering linewidths of less than 5

nm have been developed with emission wavelengths matched to the absorption bands of common

rare earth ions such as trivalent neodymium (Nd3+) and ytterbium (Yb3+).

In addition to these spectral advantages, modern laser diodes offer greater pumping versatility

than flash lamps. Their coherent emission can be shaped and directed into the gain medium,

allowing for novel pump schemes to be developed. This feature makes efficient alignment of the

pump and seed beams possible, improving overall beam quality. The electrical characteristics

of laser diodes also allow for prolonged operation at repetition rates beyond 1 kHz, while flash

lamps are limited by the charging time of their power supplies. Additionally, modern diodes are

engineered to be very compact while still offering high performance. The powerful pump diodes

discussed in the next chapter produce 6 kW of peak power from 60 bars stacked together in a 5" x

3" x 0.75" package, while also maintaining output stability with effective water cooling.

1.2.2 Rare Earth Ion-Doped Materials

The materials in solid state lasers are typically glass or crystal hosts which have been doped

with a small amount of an active impurity, often rare earth or transition metal ions. Important

spectroscopic properties of these dopants include the upper-level lifetime, stimulated emission

cross section, and gain bandwidth. For scaling a system to high pulse energy at high repetition

rates, the upper-level lifetime is particularly important. This is especially true for diode pumping,

since the relatively low peak power of diodes requires materials capable of storing high energy

densities. The qualities of the host material are equally important, with careful consideration being

given to optical, mechanical, and thermal properties.
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In the 1960s, trivalent rare earth ions were identified as ideal dopants for use in crystals and

glasses due to their favorable spectral qualities [20]. These ions exhibit a wide range of strong

laser transitions typically characterized by four-level structures with long upper-level lifetimes.

Common examples include neodymium (Nd3+), erbium (Er3+), thulium (Th3+), and ytterbium

(Yb3+). The first of these dopants to be used in a laser was Nd3+, which is by far the most popular

rare earth ion in solid state lasers. The Nd3+ ion has several advantages for both flash lamp and

diode pumping, including a low pump threshold at room temperature, strong absorption lines, and

multiple fluorescent transitions [21]. In 1964 the ideal host material for Nd3+, yttrium aluminum

garnet (YAG), was demonstrated [22]. This synthetic garnet boasts excellent mechanical, thermal,

and spectroscopic properties for use with high power diodes. The sharp absorption peak at λ =

808 nm for Nd:YAG made it ideal for pumping with InGaAsP and GaAlAs diodes which were

developed early on. More recently, the availability of high power InGaAs diodes that emit at λ =

940 nm has renewed interest in Yb3+ doped materials.

Figure 1.5: Comparison of the energy level structures of Nd3+ and Yb3+ with relevant pumping (up arrow)
and lasing (down arrow) transitions. The potential for parasitic effects from the upper levels of Nd3+ is also
indicated. (From [23])
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Though Yb3+ was first identified and tested as a dopant in the 1960s [20], it was largely ignored

in favor of Nd3+. For both flash lamp and early diode pumping, this was due to several spectro-

scopic properties of Yb3+ doped materials. At room temperature, the lower laser level of Yb:YAG

is very close to the ground state, as seen in Figure 1.5. This causes the lower level to be ther-

mally populated by the ground state, creating a quasi-three level structure. From the Boltzmann

distribution, the thermal population of the lower level in Yb:YAG is 5.5% at room temperature [7].

As a result, the pump power necessary for population inversion is increased, leading to a decrease

in efficiency. For this reason, the four-level structure of Nd:YAG is preferred. Additionally, the

stimulated emission cross section for Yb3+ doped materials is low compared with Nd3+, resulting

in a higher saturation fluence. For effective energy extraction in a Yb3+ doped amplifier, the laser

fluence needs to exceed this high saturation fluence, increasing the likelihood of damage to optical

elements. This property will be elaborated on further, in the next section.

Despite these properties, the advantages of Yb3+ doped materials far outweigh the drawbacks

for high power diode pumping. The energy level diagrams in Figure 1.5 show that lasing occurs at

∼ 1 µm between the 2F5/2 and 2F7/2 levels for Yb3+ and between the 4F3/2 and 4I11/2 levels for

Nd3+. For minimizing thermal effects from excess heat generation, particularly when scaling to

high average power at high repetition rates, Yb3+ also benefits from a simple electronic structure.

The two-manifold configuration prevents parasitic effects including excited-state absorption, up-

conversion, and cross-relaxation. These effects reduce conversion efficiency and deposit heat into

the gain material. The energy level structure of Nd3+, on the other hand, has many upper levels

and can easily suffer from these effects at high pump energies; in addition to nonradiative decay

of the upper-level population. Materials doped with Yb3+ also tend to have uniquely long upper-

level lifetimes compared with alternatives such as Nd3+ [23]. For example, the 1030 nm transition

in Yb:YAG has an upper-level lifetime of 950 µs. This is over four times longer than the 230

µs lifetime of the 1064 nm transition in Nd:YAG. The longer lifetime provides excellent energy

storage with long pump pulses from low peak intensity diodes.
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Another advantage of Yb3+ materials like Yb:YAG is the reduced thermal load when pumping

at high power. The primary source of heat for an optically pumped gain material is the difference in

photon energy between the pump and the laser emission, called the quantum defect. For Yb:YAG

lasing at 1030 nm and pumped by 940 nm, this defect is only 9%. This is significantly smaller than

other materials like Nd:YAG and Ti:Al2O3 which have quantum defects of 24% and 34%, respec-

tively. Additionally, the absorption bandwidth of Yb:YAG at room temperature when pumped at λ

= 940 nm is 18 nm compared with 2 nm for Nd:YAG pumped at λ = 808 nm. The broad bandwidth

makes thermal management of the diode less restrictive on maintaining stable and efficient pump

operation. This is especially important when operating at high repetition rates.

Finally, Yb3+ is better suited for doping in crystals like YAG and YLF than Nd3+. The size of

the Yb3+ ion is well matched with the Y3+ ions it replaces in the crystal lattice structure, allowing

for high doping concentrations [24]. For Nd3+, the difference in size limits doping concentrations

to 1.5% or less to avoid concentration quenching which lowers the upper-level lifetime. The higher

doping concentration also helps to minimize the impact of the relatively small absorption cross

section of Yb:YAG. This advantage means Yb:YAG can be grown in various geometries, such as

thin disks and slabs, while maintaining favorable optical quality and spectral characteristics. In the

next section, the change in the properties of Yb:YAG when cooled to cryogenic temperatures are

discussed, further demonstrating the value of Yb:YAG for high average power operation.

1.2.3 Yb:YAG at Cryogenic Temperature

From the discussion above, it is clear why Yb3+ has become widely used as a dopant for scaling

diode pumped systems to high average power, particularly in yttrium aluminum garnet (Y3Al5O12

or YAG). The exceptional properties of YAG as a host material have been known for decades, as

previously mentioned. Compared with other solid state laser host materials, YAG is one of the

hardest and the cubic crystal structure makes it optically isotropic. With the benefit of extensive

development of YAG in Nd:YAG lasers, and the advantage of the high doping concentrations

possible with Yb3+, commercially available Yb:YAG crystals can be grown in a range of sizes
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with high quality. As a result, high average power operation at room temperature has been achieved

with diode pumped Yb:YAG lasers. However, the important properties of Yb:YAG for high power

operation become even more advantageous when the material is cooled to cryogenic temperatures

[25]. These mechanical, spectral, and thermo-optic improvements are summarized later in this

section in Table 1.1.

Figure 1.6: The transition from a quasi-three level to a four-level laser system in Yb:YAG between room
temperature (300 K) and cryogenic temperature (77 K). (From [26])

The disadvantages of the quasi-three level structure of Yb:YAG at room temperature have been

described. One of the most notable results of cooling to cryogenic temperatures is the depopulation

of the lower laser level. The thermal population is reduced to a negligible level, effectively making

Yb:YAG a four-level laser [27]. This change causes the pump threshold to decrease as well as

significantly increasing the emission cross section. The saturation fluence is a critical value for

efficient operation at high average powers, as mentioned previously. At room temperature, the
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saturation fluence of Yb:YAG is 9.2 J/cm2 [7]. Though the properties of Yb:YAG relative to

Nd:YAG make it less susceptible to the adverse effects of thermal loading, optical damage is still

a concern at room temperature. The saturation fluence is inversely proportional to the stimulated

emission cross section. Therefore, the dramatic increase in the cross section at 77 K results in

a corresponding decrease in the saturation fluence. By reducing the required saturation fluence

at cryogenic temperatures to 20% of the room temperature value, the risk of damage is severely

mitigated and efficient energy extraction can occur.

Figure 1.7: The absorption cross section of 9.8 at.% doped Yb:YAG for a) room temperature (300 K) and
b) cryogenic temperature (75 K). (From [28])

There is also a large increase in the absorption cross section at 77K, as seen in Figure 1.7 above,

further improving efficiency and reducing negative thermal effects due to heating [27]. A notewor-

thy side effect of cryogenic cooling is the bandwidth narrowing which limits the pulse duration that

can be achieved. For Yb:YAG at room temperature, the emission linewidth is ∼5 nm (FWHM)

at 1030 nm which can support pulse durations on the order of several hundred femtoseconds. As

a result of the narrowing at 77 K, the linewidth is reduced to less than 1 nm, corresponding to a

minimum pulse duration of several picoseconds.
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Table 1.1: Changes in the properties of Yb:YAG when cooled from room temperature (300 K) to cryogenic
temperature (77 K). (From [27–32])

Besides the spectroscopic changes to Yb:YAG at cryogenic temperatures, there are also impor-

tant thermo-optic improvements to the material, as seen in Table 1.1 above. Adverse temperature

effects such as thermal lensing and thermally induced birefringence limit the ability to scale sys-

tems to high energy operation at high repetition rates. These effects are inversely proportional

to the thermal conductivity of the gain material. In the case of an end-pumped laser rod [7], the

temperature distribution is parabolic:

T (r) = T (r0) +
Q

4K
(r20 − r2) (1.15)

when assuming uniform heating along the rod. Where K is the thermal conductivity, Q is the

heat density, r is the radial position, r0 is the radius of the rod, and T is the temperature. The ther-

mal conductivity is then inversely related to the temperature along the rod. For a constant thermal

conductivity K with temperature, the refractive index within the rod, n(r), can be expressed as:

n (r) = n0 +∆nt(r) + ∆ns(r) (1.16)

where ∆nt(r) and ∆ns(r) are thermal gradient and mechanical stress contributions, respec-

tively, to the refractive index. A beam traveling along the rod experiences a lensing effect due to
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the induced parabolic distribution of the index being highest at the center. As such, the factor of

7 improvement of the thermal conductivity to 60 W/m*K at liquid nitrogen temperature is signifi-

cant. Though it is important to note that this value decreases with increasing doping concentrations.

Additionally, the thermo-optic coefficient, which is the derivative of the index of refraction with re-

spect to temperature and a contributor to ∆nt, decreases by a factor of 8 at cryogenic temperature.

Finally, mechanical stress in the material contributes to thermal lensing based on the contribution

of the thermal expansion coefficient to the index change. The reduction in the thermal expansion

coefficient of Yb:YAG at cryogenic temperatures is 1/3 of the original value. The changes seen in

these three properties serve to significantly mitigate the effects of thermal lensing in Yb:YAG at

cryogenic temperatures.

1.2.4 Current Status of High Average Power, High Pulse Energy, Diode-

Pumped Lasers

The documented advantages of Yb3+ for diode pumped lasers, described above, has led to

development of powerful systems in recent years. Figure 1.8 below shows the results of various

Yb3+ based lasers in terms of repetition rate, pulse energy, and average power. These results cover

a range of designs and crystal geometries. In the context of this thesis, the current state of diode

pumped Yb:YAG lasers for high energy (mJ to J), high repetition rate (kHz scale), and short pulse

(ps) operation is of primary interest.

The thin disk geometry for Yb:YAG crystals was first demonstrated in the 1990s and has since

become a successful design for high power short pulse amplifiers [56, 57]. The setup consists of

a Yb:YAG disk in the range of 100-300 µm thick and up to 1.5 cm in diameter. The properties of

Yb:YAG, as mentioned above, enable high quality crystal growth at these dimensions while also

permitting favorable doping concentrations. The crystal is coated on both sides for the pump and

seed wavelengths; with the front surface coating being antireflective (AR) and the back surface

being highly reflective (HR). In this configuration, the crystal is known as an “active mirror” since

the crystal itself is coated to reflect both the pump and seed beams. The main concern for this
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Figure 1.8: Plot of current performance of Yb3+ lasers with pulse energy >10 mJ and repetition rates >10
Hz. Ref. numbers listed [33–55]

geometry is effective cooling of the crystal, given the small volume and high pump threshold at

room temperature. This typically involves bonding the back surface (HR) of the crystal to a water-

cooled copper-based heatsink. The success of this design is due to the large cooling area of the

crystal relative to the volume, which allows for effective thermal management. Small temperature

gradients in the direction of beam propagation mean that thermo-optic effects are minimized. For

further thermal efficiency, thin-disk systems can utilize pumping at the zero-phonon line (ZPL)

of Yb:YAG at 969 nm. In this scheme, the upper laser level is pumped directly, resulting in a

reduction of thermal loading by 32% [58]. The drawback of this method is the narrow bandwidth

at 969 nm of 1-2 nm. This necessitates expensive volume Bragg grating-stabilized pump diodes in

order to operate at high power. Despite this, the commercial availability of kW-class VBG diodes

and ZPL-pumped thin disks reporting up to 80% optical efficiency make this a viable option for

scaling to high average power [59].
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Thin disk Yb:YAG lasers with pulse energies up to 300 mJ have been reported from regenera-

tive amplifiers [60]. In 2017, Nubbemeyer et al reported 1 kW of average power from a Yb:YAG

thin disk regenerative amplifier CPA system [50]. This design utilizes a dual thin-disk, ring type

resonator cavity for the main amplifier. By ZPL pumping with multi-kW diodes, the 1 mJ seed is

amplified to pulse energies of 100-200 mJ at 5-10 kHz repetition rates. After compression, a pulse

duration of 1.1 ps is achieved. Recently, commercial regenerative amplifiers based on Yb:YAG

thin disks have become available offering pulse energies >200 mJ at 1 kHz [61]. One such sys-

tem has been utilized to seed a multi-pass CPA laser based on thin-disk amplifiers. This system

demonstrated 1 ps compressed pulse energies of 720 mJ at 1 kHz repetition rate [54]. The thin-disk

Yb:YAG geometry has shown success at achieving high average power with high pulse energies,

however further scaling at room temperature is a challenge.

The highest energies for kHz-level compressed pulses have been generated by cryogenically

cooled Yb:YAG lasers. The benefits of cryogenically cooled Yb:YAG, outlined above, enable scal-

ing to such high pulse energies. Due to the bandwidth narrowing effects at cryogenic temperatures,

the use of a broadband material in the front end of the system is common. This “hybrid” setup al-

lows for a higher bandwidth before amplification in the cryogenically cooled stages, minimizing

the effects of narrowing on the final pulse duration. The cryogenically cooled Yb:YAG CPA laser

developed at the Advanced Beam Laboratory (ABL) at Colorado State University (CSU) has re-

ported a record 1.1 J pulse energy for 4.5 ps compressed pulses at 1 kHz repetition rate, or 1.1 kW

average power operation [55]. This system is reviewed in greater detail in Chapter 2 of this thesis.

1.2.5 Applications

The development of high-energy diode pumped lasers with short pulse durations at high repeti-

tion rates has enabled a number of applications. Such applications include driving soft x-ray laser

sources [42, 49, 62–64], developing optical parametric chirped pulse amplifiers (OPCPA) [65–68],

and pumping high repetition rate femtosecond lasers by frequency doubling [69, 70]. These sys-

tems have also served to develop secondary sources of high energy photons [71–73] and parti-

20



cles [74–76]. In addition, there are a number of defense and industrial applications. Of particular

interest is the propagation in air of such high peak power, high energy, ultrafast pulses. This regime

leads to a self-sustaining process called filamentation, wherein the beam self-focuses and forms a

plasma channel during atmospheric propagation. Potential applications of this phenomenon in-

clude weather control [77] and laser-guided lightning discharges [78]. For these reasons, active

research continues for the development of laser systems in this class.

1.3 High Power Laser Propagation in Air: Filamentation

The propagation of intense laser pulses through various media has been studied since the 1960s.

In particular, the interaction of such pulses with atmospheric air is of keen interest. With the advent

of ultrafast lasers, the available peak power of laser pulses was significantly increased. This new

class of lasers revealed a process by which pulse propagation is heavily affected by nonlinear

interactions, leading to the discovery of filamentation. This regime is characterized by a highly

intense, narrow beam which is partially ionized and capable of sustaining its dimensions over long

distances. Since Braun et al first demonstrated this process in air [79], the physical processes and

conditions affecting the formation of filaments have been extensively studied [80, 81].

Figure 1.9: The filamentation process begins with a) focusing of the beam due to the optical Kerr effect,
followed by b) plasma defocusing of the beam due to ionization, c) which results in the formation of a
filament. (From [82])

In general, filamentation is a dynamic nonlinear interaction between a highly intense beam and

the medium it is propagating through, including solids, liquids, and gases. The primary effects
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which drive atmospheric filamentation are self-focusing of the beam by the optical Kerr effect

and the counter-balancing effect of plasma defocusing due to photoionization of the air which

causes the beam to refract. For a Gaussian beam, the propagation distance is normally limited by

diffraction to the Rayleigh length. In order for filamentation to occur, the beam must be of high

enough intensity to overcome diffraction. The optical Kerr effect is the nonlinear response of a

material’s refractive index to an intense electromagnetic field. The index of refraction of air, n,

depends on the intensity of an electromagnetic field according to:

n = n0 + n2I (r, t) (1.17)

where n0 is the index for a given wavelength, n2 is the nonlinear index of refraction of the

medium and I(r, t) is the field’s intensity dependent on time and position. For a Gaussian beam,

the center is the point of highest intensity and will therefore propagate through a higher index

which causes wavefront distortion and convergence of the beam, similar to a lens. At high enough

intensity this effect can overcome diffraction, leading to a collapse of the beam known as self-

focusing. The threshold for self-focusing to occur is the critical power given by [83]:

Pcr = a
λ2
0

4πn0n2

(1.18)

where λ0 is the wavelength and a is a constant which is dependent on the transverse beam

profile. The required input power to exceed this threshold in a gas is typically several GWs. With

the high intensity of femtosecond pulses, self-focusing of a beam is easily achieved with low pulse

energies. For example, a Ti:Sa laser (λ = 800 nm) producing 100 fs pulses will exceed the 3.2 GW

critical power to self-focus with a pulse energy of just 0.4 mJ [80]; while for a Yb:YAG laser (λ =

1030 nm) the 5.3 GW critical power is reached for 7 ps pulses with 37 mJ of energy.

The subsequent plasma defocusing of the beam is caused by photoionization of the air; either

by multiphoton or tunneling ionization. As the beam collapses due to self-focusing, the inten-

sity increases until ionization of air molecules occurs. The resulting plasma causes the index of
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refraction to decrease according to:

n (r, t) = n0 −
ρ (r, t)

2ρc
(1.19)

where ρ (r, t) is the free electron density and ρc is the critical plasma density above which the

plasma becomes opaque, given by ρc = ϵ0meω
2
0/e

2 (ϵ0 is the vacuum permittivity, me and e are the

electron mass and charge, and ω0 is the angular frequency). As the pulse propagates, the leading

portion generates the plasma which defocuses the trailing portion. This decrease in the refractive

index is the negative lens effect which counters the collapse of the beam due to self-focusing from

the optical Kerr effect.

The balance achieved between these two processes is the primary mechanism driving filamen-

tation, though there are other factors involved [80]. The sustained focusing and defocusing of

the beam forms the highly intense filament channel which is capable of propagating for long dis-

tances [84]. The unique properties of filamentation have inspired development of new applications

as well as adaptation to existing applications, as detailed in [80, 81]. The use of filaments for re-

mote sensing applications has been an area of interest since their discovery. These include remote

sensing from terahertz generation and detection, LIDAR by filament generated supercontinuum,

and filament-induced breakdown spectroscopy. Other applications include atmospheric research,

and formation of waveguiding structures for optical and radio frequencies. Most relevant to the

topic of this thesis is the use of filamentation to guide electrical discharges in air.

1.3.1 Filament-Guided Electrical Discharges in Air

Since the 1970s, research has been conducted on the potential for electrical discharges, such as

lightning, to be triggered and guided by ionization from the propagation of intense laser pulses [85].

For such discharges to occur in the atmosphere, a localized electric field of sufficient strength to

induce ionization is required. In the traditional picture of high-pressure discharge formation, the

resulting avalanche process creates outwardly propagating plasma streamers which combine to

form a self-sustaining leader in the direction of the opposite charge [77]. The resulting channel
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allows a rapid flow of current, forming a discharge. By focusing an intense optical field between

electrodes, the resulting ionization can initiate this process at a faster rate. In the past, high energy

nanosecond lasers were used to generate this plasma [86]. However, the long pulse durations

prevented the peak power necessary for filamentation to occur as described above. Instead, an

optically opaque and discontinuous plasma channel forms due to the high densities from avalanche

ionization, as shown in Figure 1.10a below. While the ability to trigger and guide discharges was

successfully demonstrated, long distance propagation was limited. Interest in this application for

intense lasers continued into the 90s, when the rapid proliferation of ultrafast lasers led to the

discovery of filamentation.

Figure 1.10: Intense laser pulse propagation: a) nanosecond pulses form a discontinuous chain of dense
plasma balls (From [87]), while b) ultrafast pulses form a continous, weakly ionized filament.

The current state of filament-guided discharges consists of ongoing research into the dynamics

of the process under different experimental conditions. There has also been significant discussion

on the primary mechanisms by which filaments trigger and guide discharges. In particular, the

causes of the reduction in voltage required for dielectric breakdown to occur are of interest. Ini-

tially, the weakly ionized plasma left in the wake of the pulse, as shown in Figure 1.10b, was seen

as an ideal conductive “wire” between electrodes. However, the relatively low electron density

and short recombination time typically make sustained discharges over long distances challeng-
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ing. The formation of streamers and leaders, akin to natural lightning, have been observed. It has

been suggested that these play an important role for initiating breakdown [88, 89]. Though, other

research has demonstrated discharge formation in the absence of streamers [90, 91]. A commonly

cited mechanism for discharge is the hydrodynamic response of the gas following filament forma-

tion [92]. The resulting density depression has been reported as the primary source of reduction in

the breakdown voltage necessary to trigger discharges [93]. The variability of the discharge pro-

cess due to experimental parameters has motivated ongoing efforts to study the effects of different

pulse energies, repetition rates, and pulse durations [91, 94, 95].

The majority of research has been conducted with femtosecond pulse durations at low repetition

rates. More recently, picosecond filamentation has been studied and a reduction in breakdown

voltage compared with fs pulses has been reported [91], while for high repetition rates a cumulative

hydrodynamic response is suggested to further reduce breakdown voltage [96]. The results of

triggering and guiding discharges with high energy ps pulses at up to 1 kHz repetition rate are

detailed in Chapter 3 of this thesis.

1.4 Outline of Thesis Content

The content of Chapter 2 describes the kW-class, cryogenically cooled Yb:YAG laser system at

the CSU Advanced Beam Laboratory (ABL). The system layout from the mode-locked oscillator

to the multiple stages of amplification before final pulse compression is described. The develop-

mental challenges of scaling this system and the modular design are also discussed. Finally, the

demonstrated performance of the system producing 1.1 J, 4.5 ps pulses at 1 kHz repetition rate are

presented.

Chapter 3 details the application of the Yb:YAG laser system to the guiding of electrical dis-

charges. The successful generation of filamentation of the laser pulses and the subsequent guiding

of electrical discharges at high repetition rate is presented. Lastly, the physics of the filament for-

mation and discharge initiation using λ = 1030 nm pulses of up to 250 mJ and picosecond duration

at repetition rates up to 1 kHz are discussed.

25



Chapter 2

kW-Class Diode Pumped Yb:YAG Laser

2.1 Introduction and System Overview

This chapter covers the diode-pumped CPA laser system developed at CSU’s Advanced Beam

Laboratory, including the design and performance. The following chapter describes the use of

this laser to study the generation and guiding of electrical discharges in atmospheric air by high

energy picosecond laser pulses at repetition rates up to 1 kHz. This laser system uses a cryogeni-

cally cooled active mirror Yb:YAG multi-pass amplifier architecture that is capable of producing

compressed pulses of 1.1 J at 1 kHz [55], giving 1.1 kW of average power. The performance

capabilities and design of this system has allowed it to be utilized for applications such as soft

x-ray generation [62], frequency-doubled pumping of ultrashort pulse lasers [69], filamentation

experiments [97], and guiding of electrical discharges (Chapter 3 of this thesis).

A diagram of the kW average power system layout is shown in Figure 2.1. This compact sys-

tem fits on a single 5’ x 12’ optical table. The front end makes use of a passively mode locked

diode-pumped Yb:KYW oscillator from which low energy femtosecond pulses are stretched in a

grating stretcher prior to amplification. The stretcher takes nJ-level, sub-picosecond pulses and

stretches them to several hundred picoseconds. These stretched pulses then seed a room temper-

ature Yb:YAG thin-disk regenerative amplifier. The amplified pulses have millijoule-level energy

at 1 kHz repetition rate. Prior to further amplification, a Pockels cell between two cross-polarized

calcite crystals is used to improve pulse contrast and prevent feedback. After the laser front end,

there are two cryogenically cooled Yb:YAG power amplifiers in which the pulses are amplified

through an active mirror multi-pass configuration to pulse energies > 1 J. Finally, the laser pulses

are compressed by a dielectric grating compressor which matches the dispersion of the stretcher.

The final output is 1.1 J of pulse energy at 4.5 ps duration for 1 kHz repetition rate. Each of the

system stages are described below, along with the characterization of the laser output.
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Figure 2.1: Kilowatt Yb:YAG CPA system diagram showing the various stages and the path of the pulses
through the system. Regen = regenerative amplifier; SF = spatial filter; PC = Pockels cell; P = periscope;
FCLD = fiber-coupled laser diode; SA = serrated aperture; TFP = thin film polarizer; λ/4 = quarter wave-
plate. (From [55])
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2.2 Passively Mode Locked Oscillator

The principles of operation and function of a mode-locked oscillator in the context of a CPA

system was detailed in Chapter 1. The diode pumped Yb:KYW oscillator in this system utilizes

a semiconductor saturable absorber mirror (SESAM) for passive mode locking. The SESAM pro-

motes mode locking by reflecting a pulse of sufficient intensity, while less intense oscillations are

suppressed through absorption, allowing for preferential amplification of a single pulse through

the gain medium and eventually leading to mode locking [98]. This is accomplished by a mate-

rial response to an optical intensity based on saturation of the material absorption which sets the

threshold for the reflectivity to increase, as shown in Figure 2.2. Another important property for

a SESAM is fast relaxation time allowing for rapid absorption recovery in order to prevent gain

depletion from pulses below the saturation fluence threshold. The SESAM in the oscillator of this

system is rated at 2% saturation loss, which is the percentage of loss for the more intense pulses at

maximum reflectivity (saturated).

Figure 2.2: Reflectivity as a function of incident pulse fluence for a 5% loss SESAM, with inlaid image of
typical commercial SESAM. (From [99])
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The oscillator gain medium is a 5%-at ytterbium doped potassium yttrium tungstate (Yb:KYW)

crystal measuring 5 x 5 x 3 mm. The benefit of a hybrid setup with a broad bandwidth front end

material for cryogenic Yb:YAG amplifier based systems was mentioned in Chapter 1. For this

purpose, Yb-doped double tungstates Yb:KYW and Yb:KGW are popular choices due to their

broad gain bandwidth, high stimulated emission cross section, and low quantum defect [100]. The

absorption and emission cross sections for Yb:KYW pumped at 981 nm are significantly higher

than for Yb:YAG, and the broad bandwidth can support pulse durations of ∼100 fs [101]. Although

the thermal conductivity of Yb:KYW is below Yb:YAG, the very low quantum defect of <6% and

the ability to use relatively small crystals due to the favorable cross sections allows the thermal

load when pumping Yb:KYW to remain low.

Figure 2.3: Schematic of the diode-pumped passively mode locked Yb:KYW oscillator. SESAM = semi-
conductor saturable absorber mirror; CM = chirped mirror; OC = output coupler; LD = laser diode.

For mode-locked oscillators generating ultrashort pulse durations, dispersion compensation

within the cavity is necessary [102]. The broad bandwidth gain materials required for fs pulses are

a source of positive dispersion for the pulses. A common method for compensating this dispersion

within a SESAM mode-locked oscillator is to use a chirped mirror [7]. The layered structure of

this mirror allows for differing penetration depths dependent on wavelength. The net result of this

design is that the different wavelength components experience different group delay relative to one

another. By carefully designing the layers of a chirped mirror, the broad spectral bandwidth of
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the oscillator output pulses can be maintained. This is important, as reduced bandwidth increases

the minimum possible pulse duration after compression. The chirped mirror used in this oscillator

has a group delay dispersion (GDD) of -2000 fs2 to cancel the positive dispersion from the crystal,

covering a bandwidth of +/- 10 nm centered at 1030 nm.

The pump laser is a 30 W, 980 nm fiber-coupled diode with a 200 µm core which is 1:1 imaged

onto the Yb:KYW crystal by a concave pump mirror (PM) with a radius of 101.6 mm. This is done

by mounting the fiber end within the same water-cooled copper heatsink as the crystal, in an offset

position. A hole drilled through the center of the pump mirror allows it to be positioned within the

cavity, as seen in Figure 2.3. The SESAM is positioned as one of the cavity end mirrors with the

other being an output coupler (OC) with 6% transmission. In addition to the chirped mirror (CM),

three curved cavity mirrors (M1, M2, and M3) produce a mode matched spot on the crystal, as well

as a focal spot on the SESAM which ensures sufficient fluence. The beam of mode-locked pulses

leaving the cavity is several millimeters in diameter. The oscillator operates with an output of ∼0.6

W at a repetition rate of 55 MHz, or ∼11 nJ pulse energy. The output spectrum, shown in Figure

2.4 below, has a full width at half maximum (FWHM) bandwidth of 3.8 nm. Despite the center

wavelength being offset from 1030 nm, the wide bandwidth allows amplification in subsequent

Yb:YAG stages, as will be described in the next section on the pulse stretcher.

Figure 2.4: Output spectrum of the passively mode-locked Yb:KYW oscillator.
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This Yb:YAG laser system may also be used as a frequency-doubled pump laser for a Ti:Sa

laser. In this case, the CPA setup is unnecessary, as the upper-level lifetime of Ti:Sa is ∼3 µs, and

high doubling efficiency can be achieved with nanosecond pulse durations. In this case the mode-

locked oscillator is substituted by a pulse synthesizer based on a fiber-coupled diode laser and a

computer controlled arbitrary waveform generator. The use of the arbitrary waveform generator

allows for the seed pulses to be shaped in such a way that the output of the final amplifier has a

square pulse shape [69]. This shape maximizes the doubling efficiency in an LBO crystal.

2.3 Pulse Stretcher

Figure 2.5: Folded Martinez-style grating pulse stretcher layout. M1 = gold coated spherical concave
mirror; M2 and M3 = flat mirrors for extending path length; M4 = focal plane mirror; M5* = end mirror
with spectrum-clipping mask.

The output pulses from the mode-locked Yb:KYW oscillator are sent through the pulse stretcher

prior to seeding the regenerative amplifier. This CPA system uses dielectric gratings to stretch and

compress the pulses in time. The stretcher is a Martinez type which produces positive dispersion,

as described in Chapter 1 [15]. A folded mirror design allows for a more compact setup while also

providing the multi-meter path length necessary for adequate dispersion. The traditional Martinez

style stretcher is made up of two parallel gratings with a telescope in between to produce positive

dispersion. In a folded design, the mirror arrangement allows the use of a single grating over which

the beam passes four times. The oscillator pulses are incident at 56 degrees (θi) onto the dielectric
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grating which has a line density of 1740 mm−1. Instead of a telescope, a spherical concave mirror

(M1) and a focal plane mirror (M2) provide the effective negative path for positive dispersion.

An additional pair of mirrors (M3, M4) allows for the 2.5 m propagation between grating passes,

while keeping the stretcher footprint confined. The end mirror (M5*) sends the beam back along

the same path and enables the compact single grating, double pass design. After four passes on the

grating, the pulses exit the stretcher along a different path due to it being intentionally misaligned.

The expression for the second order dispersion of a grating pair, Equation (1.14), was derived

in Chapter 1. When expressed in terms of the angle of incidence, θi, the stretcher GDD can be

calculated from [14]:

d2φ

dω2
= −

Nλ3L

2πc2d2

[

1−

(

λ

d
− sinθi

)2
]− 3

2

(2.1)

where N is the number of passes, λ is the wavelength, L is the grating separation, d is the

grating line density, c is the speed of light, and θi is the angle of incidence on the first grating. For

the stretcher design in this system the grating separation is (effectively) -2.5 m, with a grating line

density of 1740 mm−1, and an incidence angle of 56 degrees. Therefore, a positive chirp, due to

the effective negative path length after a double pass through the stretcher, of:

GDD ≈ 1.51× 109 fs2 (2.2)

is imparted onto the oscillator pulses. The chirped pulses of the stretcher seed a room temper-

ature Yb:YAG regenerative amplifier followed by a pair of cryogenic Yb:YAG power amplifiers.

The mismatch between the central wavelength and bandwidth of room temperature versus cryo-

genic Yb:YAG [103] has been addressed within the stretcher. After the first two passes across the

grating, the pulses reflect off the end mirror which has a spectrum-clipping mask over it (M5* in

Fig. 2.5). By blocking a portion of the light, the stretcher output spectrum is centered at 1030

nm. This compromise is carefully designed to allow for maximum energy while also maintaining

broad bandwidth after the final amplification stage. The bandwidth after the regenerative amplifier

is 0.46 nm FWHM due to gain narrowing. From [14], the variation of group delay with wavelength
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for a grating pair results in a pulse duration, ∆τ , of:

∆τ =
L(λ/d)∆λ

cd(1− (λ/d− sinθi)2)
(2.3)

where L in this case is the total path length for the double pass setup, λ is the wavelength, d is

the grating separation, c is the speed of light, θi is the angle of incidence, and ∆λ is the spectral

bandwidth. The design of the stretcher in this system results in a stretched pulse duration of:

∆τ ≈ 330ps (2.4)

With the pulse duration increased by a factor of >103 X, the pulses can now be safely amplified

in the subsequent stages, where any further positive dispersion contributions are negligible [99].

2.4 Regenerative Preamplifier

The final stage of the laser’s front end is the regenerative amplifier based on a room-temperature

Yb:YAG thin disk. A regenerative amplifier is a type of multi-pass amplifier that uses an optical

switch to trap pulses inside a resonator to pass across the gain material until gain saturation occurs

[7]. This requires careful synchronization of the optical switch and pump source so that the seed

pulses are coupled into the cavity and removed once amplification is maximized. Due to the

extremely high gain of this amplifier configuration, around 106, there is also significant spectral

gain narrowing that occurs. This motivates using the broader bandwidth offered by amplification

in gain media at room temperature, in order to preserve bandwidth for the later compression stage.

In this amplifier nJ seed pulses are amplified to 2 mJ at 1 kHz.

In the implemented setup, the pulses that exit the stretcher pass through a cylindrical lens

telescope to correct for astigmatism incurred from the stretcher. The ∼1 nJ, 330 ps seed pulses are

then injected into the regenerative amplifier cavity which consists of a plano-concave mirror design

with a water-cooled Yb:YAG thin disk, as seen in Figure 2.6. Reflecting off a thin film polarizer

(TFP), the S-polarized seed then goes through a Pockels cell (PC) followed by a quarter waveplate
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Figure 2.6: Schematic of the room temperature, thin-disk Yb:YAG regenerative amplifier. The cavity is
composed of six mirrors (M1-M6), with the Yb:YAG crystal being an active mirror. PC = Pockels cell; λ/2
= half waveplate; TFP = thin film polarizer; PM = pump mirror, LD = laser diode.

before reflecting off the curved end mirror with f = 1.5 m. By passing through this combination

again on the way back towards the TFP, the polarization is changed to P-polarization since the PC

voltage is synchronized to be off at the time of seed injection. This polarization rotation couples the

seed pulse into the cavity, allowing it to pass through the TFP and on towards the amplifier crystal.

The cavity mirrors double pass the seed across the gain crystal until it reaches the second end

mirror before following the same path back to the TFP. The pulses oscillate within the regenerative

amplifier cavity until gain saturation is achieved.

The gain medium is a Yb:YAG crystal that is 7% doped, 0.5 mm thick, thin disk pumped at the

zero-phonon 969 nm line at room temperature by a 200 W fiber coupled laser diode for reduced

thermal load, as described in Chapter 1. The crystal is soldered to a copper heatsink which is

cooled by water-jet impingement. The pump pulses are 450 µs long at 1 kHz repetition rate and

timed to end just before the pulse enters the cavity. The pump is passed eight times across the

crystal using a folded mirror setup which results in 95% absorption of the pump power on a 1

mm mode matched spot on the crystal. As with the oscillator, the pump mirror has a hole drilled

through the middle to allow the oscillating pulse to travel through it. For each round trip through

the cavity, the pulse passes through the active mirror gain medium four times. The pulse is kept
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Figure 2.7: Oscilloscope trace of regenerative amplifier output. The green signal is the amplified pulses
separated in time according to the cavity length ( 13.3 ns). The blue signal is the timing window of the
cleanup Pockels cell.

within the cavity for the number of passes necessary to reach gain saturation. A small amount of

light that leaks from one of the cavity end mirrors is used to monitor the pulse amplification in the

cavity, as seen in Figure 2.7. Once the timing of pulse saturation is determined, the Pockels cell is

synchronized to eject the pulse before the next pass. Once the pulse is kicked out of the cavity, it

is sent through a "cleanup" Pockels cell placed between two cross-polarized calcite crystals. This

arrangement improves pulse contrast by chopping off any pre and post pulses from the main pulse

as well as preventing feedback from the later amplifier stages. Additionally, the cavity Pockels cell

synchronizes pulses to the 1 kHz repetition rate of the system. For any unsynchronized pulses, the

cleanup Pockels cell half-wave voltage is zero and they are ejected from the system after a single

pass through the cavity. The 1 nJ seed pulses leave the regenerative amplifier with 2 mJ of energy

at up to 1 kHz with 0.46 nm of spectral bandwidth retained.

The previous iteration of this system utilized a cryogenically cooled Yb:YAG thin disk regen-

erative amplifier. This was done in an effort to more closely match the bandwidth and wavelength

of the cryogenic power amplifiers that followed the regenerative amplifier stage. However, it was

found that the wider bandwidth retained after the room temperature regenerative amplifier was
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sufficient to offset the mismatch effects. This also partially mitigates the impact of gain narrowing

and thus a shorter transform-limited pulse duration is possible.

2.5 Power Amplifiers and System Performance

Following the laser front end are two cryogenically cooled power amplifiers. Both amplifiers

use a multi-pass active mirror geometry for amplification to high pulse energies at 1 kHz. Each

amplification stage consists of a cooling head with two Yb:YAG crystals mounted inside a vacuum

chamber. Liquid nitrogen flow provides convective cooling across the back surface of each crystal

to maximize heat extraction. A fluorescence monitoring system developed in-house allows real

time measurement of the crystal temperature at high power [104]. During operation with 1.2 J

output at 1 kHZ (1.2 kW average power), the temperature at the center of the pump region was

measured to be below 130 K for 1.75 kW average pump power [55].

2.5.1 Yb:YAG Crystal

The Yb:YAG ‘thick disk’ crystals utilized in these amplifiers are a composite design that is im-

plemented to prevent the effects of amplified spontaneous emission (ASE). One of the drawbacks

to cryogenically cooling Yb:YAG is the increased likelihood of parasitic lasing due to the increased

emission cross section. This effect reduces the efficiency of the laser by depleting the upper-level

population. Crystal designs that suppress ASE are critical for operation at high repetition rates and

pulse energies. The crystal in Figure 2.8 is a 40 mm x 40 mm x 5 mm composite design made up

of a 2%-at Yb:YAG crystal, a Cr:YAG cladding, and an undoped YAG cap. Both cryogenically

cooled power amplifiers in this system use this crystal design.

One method for suppressing ASE is to optically bond an undoped YAG cap to the active surface

of the crystal [105,106]. By bonding a nearly index matched YAG cap to the crystal face, the solid

angle for total internal reflection of spontaneously emitted photons is reduced, and the overall

structural integrity of the crystal is increased. This undoped cap is also beveled on each side
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Figure 2.8: Composite Yb:YAG crystal with Cr:YAG cladding and undoped YAG cap anti-ASE features
indicated.

to direct any spontaneously emitted photons into the absorbing chromium doped YAG (Cr:YAG)

cladding.

The 30 mm x 30 mm x 2 mm active Yb:YAG crystal is bonded on each lateral face with a 35

mm x 10 mm x 2 mm piece of Cr:YAG. The Cr:YAG cladding is used to absorb spontaneously

emitted photons. With a measured absorption of 5 cm−1 at 1030 nm, the 10 mm width allows for

>99% absorption [107]. The outside faces of the Cr:YAG cladding are also given a rough grind

to create a nonreflective surface which refracts any ASE photons out of the crystal. These efforts

to suppress ASE in this thick crystal design are necessary for efficient operation at high pulse

energies.

2.5.2 2nd Stage Amplifier

Prior to entering the 2nd stage, the beam is expanded and collimated with a telescope to a spot

size of ∼4 mm. This amplifier stage consists of a vacuum chamber housing two Yb:YAG ‘thick-

disk’ crystals, as described above, in a multi-pass active mirror configuration. The crystals are

cryogenically cooled by liquid nitrogen in direct contact with the back surface. The previous 500

Hz version of this system had a single crystal 2nd stage setup [49]. The addition of a second crystal

helps to distribute the thermal load of the system when operating at high power which improves
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Figure 2.9: Schematic of the 2nd stage Yb:YAG power amplifier. P = periscope; FCLD = fiber coupled
laser diode.

the stability and performance of the amplifier. The seed is directed to the first crystal, on the left

in Figure 2.9, through an AR940/1030 coated window into the chamber. The Yb:YAG crystal is

pumped by a single 400 W fiber-coupled 940 nm laser diode with 450 µs pulses at 1 kHz repetition

rate. The pump beam is imaged onto the crystal with an achromatic lens giving a 4 mm spot size

for matched overlap with the seed. The multi pass mirror array directs the seed through five passes

across the first crystal. A single pass in an active mirror corresponds to traversing the gain material

twice, as previously mentioned. After the final pass, a mirror directs the amplified beam to the next

crystal. The second crystal is pumped by two 400 W, 940 nm fiber coupled laser diodes which are

imaged onto a 4 mm spot like the first crystal. With both crystals, the pump makes a single pass

before being directed at a beam dump. The seed makes two additional passes through the second

crystal before exiting the amplifier. For the ∼1 mJ pulses from the regenerative amplifier, the 2nd

stage amplifies up to 100 mJ.

After exiting the 2nd stage, the beam is directed through an 8 mm serrated aperture designed

to produce a flat top beam profile for the final stage of amplification, where the uniform profile

it creates helps to improve the amplifier efficiency [108]. A CCD camera is set up to collect
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the leak through from a mirror after the serrated aperture. This image is used for an automated

alignment system which controls mirror actuators for stability during high power operation. After

the serrated aperture, the beam is passed through a quarter waveplate and a Faraday isolator which

is between two polarizing beam splitters in order to prevent feedback from the final amplifier into

the preamplifier.

2.5.3 3rd Stage Amplifier

Figure 2.10: Schematic of 3rd stage cryogenic Yb:YAG power amplifier. TFP = thin film polarizer; λ/4 =
quarter wave plate; P = periscope; LD = 6kW laser diodes.

The final stage of amplification in this system endures the highest pump power and greatest

thermal load. Before injection into the 3rd stage amplifier, the beam passes through a telescope

designed to allow the beam divergence through the final amplifier to be adjusted. This is done for

compensation of the thermal lensing effect which occurs at high pump power, as detailed in Chapter

1. Shown in Figure 2.10, a thin film polarizer injects the seed into the multi-pass amplifier which

consists of two more of the composite Yb:YAG crystals mounted in a vacuum chamber which

facilitates liquid nitrogen cooling of the back surface, similar to the 2nd stage. The crystals are
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mounted in custom holders made of alloys with very low thermal expansion coefficients in order

to mitigate mechanical stress affecting the beam mode during high power operation. The amplifier

head which the liquid nitrogen flows through is made of the same material to help maintain beam

mode quality during intense pumping when temperature gradients exist. Unlike the 2nd stage, the

3rd stage amplifier has a symmetric pump and multi pass design for both crystals.

In order to achieve the high pulse energy, both crystals are pumped by 6 kW diode arrays

composed of sixty bars that emit 100 W of 940 nm light each. The pump pulse timing is 380 µs

at 1 kHz. The divergent output of the diodes requires a series of shaping and imaging optics prior

to the crystal. These optics collect, homogenize, and image the pump beam with a flat top profile

onto the crystal surface. The pump beam is double passed on each crystal, allowing for greater

than 90% absorption of the pump power.

Figure 2.11: Amplifier performance. a) Plot of output energy versus pump energy during 1.2 J operation.
b) Recording of 250,000 consecutive shots; the pulse-to-pulse stability has a standard deviation of 0.6%.

This stage is seeded with 70 mJ pulses from the 2nd stage amplifier after passing through a thin

film polarizer at the input. The seed then makes two passes across the crystals before being rotated

and raised with a periscope to complete two more passes on the crystals. After the fourth pass,

the beam passes through a quarter waveplate followed by a zero-degree mirror which sends it back

through the quarter waveplate. Now, with the polarization rotated 90 degrees, the beam retraces

the original path through the amplifier to complete the final 4 passes before exiting through the
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TFP. Figure 2.11 shows the output performance for this final amplifier. A pulse energy of 1.26 J

from 3.5 J of pump energy was achieved, giving an optical-to-optical efficiency of ∼36%.

Figure 2.12: Amplified Beam Characterization. a) M2 measurement of the beam during operation at 1.2 J
with M2 = 1.32 in the horizontal and M2 = 1.39 in the vertical directions. b) Spectrum after final amplifier
stage compared with spectrum after regenerative amplifier stage.

The beam is characterized following the final stage of amplification, prior to injection into the

compressor. The far field profile is measured for the beam propagation ratio (M2) to ensure that

mode quality is maintained after amplification to 1.2 J at 1 kHz (Figure 2.12a). Lastly, the spectrum

is measured to determine the bandwidth remaining after the two power amplifier stages. As shown

in Figure 2.12b, the spectrum at the output of the 3rd stage is centered very close to 1030 nm.

The final bandwidth value of 0.35 nm (FWHM) is sufficient to support a transform limited pulse

duration of 3.9 ps for a sech2 pulse shape.

2.6 Pulse Compressor

The amplified pulses exit the 3rd amplification stage through the same thin film polarizer at

the input of the amplifier. The output beam is then directed through a telescope to magnify and

collimate the beam to a diameter of ∼40 mm before injection into the compressor chamber.

Within the vacuum chamber of the compressor, as shown in Figure 2.13, is a pair of 1740

mm−1 dielectric gratings and several HR coated mirrors in a folded layout for directing the beam
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Figure 2.13: Schematic of the grating compressor optical layout. Mirrors (M1-M6) direct the beam through
4 passes across the split grating pair before exiting the chamber.

across the gratings. As with the stretcher, utilizing a folded-mirror setup reduces the footprint of

the compressor chamber to just 1 m x 1.6 m while allowing the necessary total path length of 5 m.

The pulse enters the chamber through an AR coated window before a mirror (M1) directs it to the

grating at an incident angle of 56 degrees. After the first pass on the grating, the pulse travels along

the folded mirror setup (M2,M3,M4) before being sent back to the grating for the second pass. At

this point, the pulse refracts off the grating to a roof mirror (M5) setup which changes the beam

height in order to send it back for a third and fourth pass on the gratings. Following the final pass

on the grating, the compressed pulse is ejected from the chamber by an output mirror (M6).

As mentioned in the last section, slight gain narrowing in the final amplifier reduces the band-

width of the spectrum from 0.46 nm after the regenerative amplifier to 0.35 nm (FWHM). The

compressor is designed to remove the positive dispersion of the stretcher by creating an equivalent

amount of negative dispersion. As a result, the compressor design effectively matches that of the

stretcher: with the grating separation L = 2.5 m, grating line density d = 1740 mm−1, and incident

angle of θi = 56 degrees. The absence of the Martinez-style telescope (or spherical concave mirror

in the case of the stretcher in this system) allows the compressor gratings to produce negative dis-

persion, as Treacy first described [14]. The negative GDD of the compressor can be calculated, as
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with the stretcher, from Equation (2.1):

d2φ

dω2
= −

Nλ3L
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2

(2.5)

This gives a second order dispersion value of:

GDD ≈ −1.51× 109 fs2 (2.6)

which is, by design, the ’normal’ equivalent to the ’anomalous’ dispersion of the stretcher.

With 0.35 nm bandwidth after the 3rd amplification stage, the transform-limited pulse duration

is 3.9 ps (sech2). Following this dispersion compensation, the pulsewidth of the output pulses are

measured to be 4.48 ps, as seen in the autocorrelation result shown in Figure 2.14. The compression

efficiency achieved with this grating compressor design is ∼90%.

Figure 2.14: SHG autocorrelation measurement for the compressed output during 1.1 kW, 1 kHz, operation
showing 4.48 ps pulse duration.
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2.7 Summary and Applications

In summary, the diode-pumped laser system has achieved >1 J pulses at 1 kHz repetition rate

for an average power in excess of 1 kW. This average power is a world record for Joule-level,

picosecond pulses, at 1 kHz repetition rate. As mentioned previously, this level of performance

has enabled applications including soft x-ray generation, second harmonic pumping, and filament-

guided discharges in air. The results of a filament-guided discharge experiment utilizing the laser

system detailed in this chapter are described in the next chapter.
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Chapter 3

Picosecond Laser Filament Guiding of Electrical

Discharges in Air at 1 kHz Repetition Rate

3.1 Introduction

The propagation of high-power laser pulses in air has been studied since the early years of

laser development, motivated by potential applications. Laser pulses of sufficient intensity lead

to ionization of air molecules and plasma formation. Beginning in the 1970s, the prospect that

this interaction could be used to trigger and guide electrical discharges, such as lightning, was

experimentally studied with some success [109–111]. Further investigation using long pulse, high

energy lasers produced high-voltage discharges guided across meter scale gaps [86,87,112]. These

studies were limited to nanosecond pulse durations, which resulted in the formation of a discon-

tinuous chain of conductive plasma balls. The long pulse duration causes avalanche ionization at

the leading edge of the pulse which produces a dense plasma that is optically opaque to the trailing

edge, limiting pulse propagation [77]. While guiding was possible due to the conductive plasma

balls promoting leader formation [87], the limited pulse propagation distance and high pulse en-

ergy required made these systems poorly suited for guiding discharges over long distances. The

development of ultrashort pulse lasers, aided by chirped pulse amplification [10] renewed the in-

terest in this area of research due to their high intensity capabilities. For a laser pulse of power

greater than the critical power for self-focusing, atmospheric propagation becomes heavily affected

by nonlinear responses, resulting in a self-sustaining channeling known as filamentation. Discov-

ered by Braun et al. (1995) [79], filamentation is primarily due to a dynamic balance between

self-focusing via the optical Kerr effect and plasma defocusing. For femtosecond pulses the result

is typically a narrow (of the order of 100 µm), weakly ionized plasma channel of uniform density
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which is capable of propagating hundreds of meters with plasma lifetimes of the order of several

nanoseconds, as detailed in [80, 81].

Following this discovery, the continuous plasma channel produced by femtosecond filamen-

tation was seen as an effective way to trigger and guide electrical discharges. As with natural

lightning, electric discharges in the laboratory are typically initiated through a highly conductive

’leader’ which propagates by the formation of ’streamers’ at its head. For an atmospheric dis-

charge at STP, the critical field for spontaneous breakdown is ∼30 kV/cm. Several experiments

were successful in initiating and guiding the discharge process, an effect that was associated with

the filament formed plasma facilitating leader growth between electrodes [89,113]. However, other

experiments have shown that discharges triggered and guided by filamentation can also occur in

the absence of streamers [90], including those triggered with laser pulses of > 2 ps duration [91].

Due to the relatively low electron density [114] of the filaments generated by mJ-level femtosecond

pulses, the generated plasma is weakly conductive [115] and has a short (ns) lifetime, making it

poorly suited for sustaining discharges. The hydrodynamic response of the air following filament

formation was identified as a key mechanism for triggering and guiding discharges [92]. Using

time-resolved interferometry [93, 116] and diffractometry [117], a low-density channel of similar

geometry to the filament was found in the wake of the ultrafast filamentary pulses. This hydrody-

namic response of the air is caused by the deposition of laser energy which heats the air along the

channel, leading to a pressure wave that expands radially, leaving behind an underdense region at

the center [92,93,116–118]. When aligned between electrodes, this localized depression in air den-

sity along the filament path acts as a channel which, in accordance with the Paschen curve [119],

enables discharges to be triggered by an applied electric field which is below the threshold for

breakdown in air.

Most laser-guided discharge experiments have been conducted at low (f = 10 Hz) repetition

rates with femtosecond lasers [90, 120–125]. In particular, Ti:Sa based systems have been utilized

due to their capability of producing femtosecond filamentation with low pulse energy, and their

widespread commercial availability. Since the molecular density hole has been shown to decay by
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thermal diffusion on a millisecond timescale [93], at such low repetition rates the time between

laser pulses allows for complete relaxation of the surrounding air before the next pulse arrives.

The more recent development of kHz-level laser systems capable of generating the high intensity

necessary for filamentation has enabled the study in a new regime in which the medium does not

completely recover before the arrival of the next discharge-inducing laser pulse. A few experiments

have been conducted with femtosecond Ti:Sa lasers operating at 1 kHZ repetition rate [96, 126,

127]. They showed the formation of a long lived quasi-permanent density depression [126] of

greater magnitude than observed at low repetition rates [96]. This cumulative effect was recently

studied in work that also reports a reduction in breakdown voltage compared with low rep rate

discharges when voltage is applied by triggering a spark-gap prior to the arrival of a laser pulse

[96].

Figure 3.1: Filament-guided lightning. Photograph taken from the recent publication on the first suc-
cessfully guided lightning discharge utilizing filamentation from a high repetition rate Yb:YAG infrared
laser [54]. (From [128])
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Recently, diode-pumped Yb:YAG-based IR lasers producing high power picosecond pulses at

repetition rates up to 1 kHz have become available [35, 55, 129] for filamentation and discharge

guiding research [94, 95, 97]. The short time between shots at high repetition rates (1 ms at 1

kHz) allows a given laser pulse to interact with the air perturbation caused by the preceding pulses

[94, 95, 97]. Filament lengths up to 70 m have been recently reported with 720 mJ laser energies

and pulse durations of 0.92 ps at 1 kHz repetition rate [54]. Studies on the effects of longer pulse

durations suggest that a hotter, denser plasma is created compared with fs pulses, which could aid

in discharge formation [95, 130]. Results of breakdown voltage for single shot near-infrared laser

pulses of up to 10 J energy and durations between 0.7 and 10 ps found a further 30% reduction

for the longer pulses [91]. In an experiment with a 1030 nm laser generating 0.9 ps pulses with

150 mJ of pulse energy at 1 kHz repetition rate, a reduction in breakdown voltage by a factor of

more than 2 X was reported [94]. Another study with 1030 nm, 1.5 ps pulses of 100 mJ energy

found a factor of 3 X reduction in breakdown voltage when the repetition rate was increased from

10 Hz to 1 kHz [95]. This breakdown voltage reduction was attributed to the cumulative effect of

the hydrodynamic response of the air around the filament at high repetition rates.

Here we examine discharges guided by the filamentation of high-energy picosecond pulses of

7 ps duration and up to 250 mJ energy from a λ = 1030 nm wavelength laser operating at repetition

rates up to 1 kHz. We successfully demonstrate the generation of consistent and stable discharge

columns at 1 kHz repetition rate. A breakdown voltage reduction of up to 4.2 X is observed to

result dominantly from the perturbation caused by a single laser pulse, with the cumulative effects

playing only a secondary role. Similar breakdown voltage reductions are observed at both 100

Hz and 1 kHz repetition rates. A current proportional to the laser pulse energy arises as soon as

the laser pulse arrives, initiating a high impedance discharge. Full breakdown, characterized by

impedance collapse and the onset of high current conduction, occurs 100s of ns to a few µs later,

following the formation of concentrated conducting channels in the gaps that link the filamentary

plasma channel and the electrodes.
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3.2 Experimental Setup and Methodology

This filament-guided discharge experiment was performed using the λL = 1.03 µm Yb:YAG

laser system detailed in Chapter 2. This all diode-pumped, cryogenically cooled CPA laser system

was configured for this experiment to provide laser pulses of 7 ps duration with pulse energies up

to 250 mJ at repetition rates up to 1 kHz [55]. A schematic of the experimental setup is shown in

Fig. 3.2c.

Following the compressor stage of the system, a 3 cm diameter S-polarized beam is focused

onto a ∼70 µm (FWHM) diameter spot using a 2.2 m focal length lens. The repetition rate (f )

of the laser pulses was varied between f = 0.01 to 1 kHz by adjusting the Pockels cell after the

regenerative amplifier. The laser pulse energy (EL) was varied in the range EL = 10 – 200 mJ by

selecting the seed pulse energy injected into the 3rd stage power amplifier. This allowed the 3rd

stage pump pulse energy to be maintained constant to avoid significant variation in the thermal lens.

The initial electrode setup for the experiment incorporated two brass balls of 2 cm diameter with

3.8 mm holes drilled through the centers. However, it was found that the guiding of discharges

over long gaps was affected by the nonuniform electric field around the balls. To increase field

uniformity, two parallel circular brass plates with rounded edges and face diameters of 13 cm were

used, as seen in Figure 3.2a. The laser beam passes through 3.8 mm diameter holes drilled on

axis through the electrodes. A translation stage was set up such that the separation of the two

plates could be varied in the range L = 2 cm to 10 cm. A 1.7 nF ceramic capacitor, charged

through a resistor, was directly connected to the anode electrode and the cathode was grounded.

The capacitor was charged using either a current supply (Glassman PS/LT015P132) or a voltage

supply (Hypotronics 8100-10), operable at voltages up to either 15 kV or 70 kV, respectively. The

current supply is more highly filtered, offering a more stable source for repetition-rated discharges,

while the higher voltage power supply was used for larger electrode separation measurements. The

charging resistor was selected to be either Rc = 280 kΩ or Rc = 175 MΩ. The lower value was used

for faster charging of the capacitor with the voltage supply for high repetition rate measurements,

such that the capacitor is nearly fully charged when the next laser pulse arrives. The higher resistor

49



Figure 3.2: (a) Photograph of filament fluorescence for laser pulse energy of 200 mJ, repetition rate 1 kHz
and plate separation of 4 cm. (b) Photograph integrated over 17 discharge events, taken with a 60 frames
per second camera, for a laser pulse energy of 200 mJ, repetition rate 1 kHz and plate separation of 10 cm.
(c) Schematic of the experimental setup: Probe beam shown in longitudinal configuration. The charging
resistance (Rc) is varied in the range Rc = 280 kΩ – 175 MΩ. The power supply (HV) is either a voltage
or current supply, detailed in the main text. The current pulse is monitored with a Rogowski coil across the
ground loop.
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value was used for breakdown measurements in which the train of laser pulses repetitively samples

the gap for breakdown as the voltage is slowly increased. Figure 3.2a displays a photograph of

a laser filament between the brass electrodes, and Fig. 3.2b shows a corresponding laser-guided

discharge channel 10 cm in length. The image is integrated over 17 discharge events at 1 kHz

repetition rate, showing the consistency of the guided discharges that were generated.

A number of optical and electrical diagnostics were implemented. The electrical diagnostics

consisted of a high voltage probe (Tektronix P6015A) for measuring the breakdown voltage, and

a magnetic probe to measure the current pulse. The voltage drop across a resistor placed in the

ground electrode connection was measured with a differential probe to also provide a measure-

ment of the current. Photodiodes were used to measure the times of arrival of the laser and probe

pulses with respect to the discharge event. These diagnostics were coupled to a deep memory scope

(LeCroy Wavepro 7300A), capable of saving traces up to seconds duration with 10 ns temporal res-

olution. The optical diagnostics included imaging systems for measuring the discharge-generated

light and allowed for either time-integrated or time-resolved image sequences to be recorded. The

latter made use of a fast micro-channel plate intensified framing camera (Invisible Vision Ultra

UHSi-12) capable of recording sequences of up to 12 frames of variable temporal separation with

a minimum exposure window of 5 ns. The sequential gating capability with this resolution allowed

the early formation of the discharge to be characterized by recording sequences of images of the

discharge channel fluorescence. Additionally, Mach Zehnder interferometers using a second har-

monic green probe beam (λP = 532 nm) were deployed in two different angular configurations:

longitudinal along the discharge axis (case illustrated in Fig. 3.2c) or transverse, at either graz-

ing incidence (11.5 degrees) or normal incidence, to probe the discharge channel evolution. Time

resolved interferograms were recorded using either the gating provided by the second harmonic

probe laser pulse (∼5 ns resolution) and a standard CCD camera (Basler acA1920-25um), or by

using the high-speed framing camera (5 ns image resolution).

51



3.3 Results and Discussion

3.3.1 Discharges at 1 kHz

The influence of laser pulse parameters on the filamentation and discharge processes were

characterized in order to derive a physical understanding. For high repetition rate discharges,

a characteristic of interest is the probability of discharge occurrence. In previous experiments,

efforts were made to increase this probability.

Figure 3.3: (a-c) Electrical measurements (labelled) of a laser guided discharge, operating at a repetition
rate f = 1.0 kHz, EL = 150 mJ laser energy and L = 2 cm electrode separation. A sequence of approximately
100 laser-triggered discharges are shown. (d) Example of single discharge event.

Figure 3.3 shows an example of discharge pulse electrical data for a train of laser filament

guided discharges at 1 kHz repetition rate in which 100% of the pulses induce breakdown. The

frames (a-c) show the laser pulse time-of-arrival measured with a photodiode, the current pulse,

and the voltage drop across the electrode gap, respectively, for ∼100 consecutive discharges. These

measurements were taken for an electrode gap of 2 cm and with laser pulse energy of EL = 150

mJ. The voltage of the current supply was set to 15 kV to charge the capacitor with a charging time

constant τ = 0.5 ms. At 1 kHz the time interval separating each laser pulse is 1 ms, meaning that

at the time the subsequent laser pulse arrives the capacitor is charged to ∼85% of its maximum

voltage. This charging rate is sufficient to consistently cause a discharge event upon the arrival of

each laser pulse. Notice that the current of the initial discharge of the sequence, which corresponds
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to having the capacitor fully charged and suddenly unblocking the laser beam, is larger due to the

larger initial overvoltage with respect to the breakdown voltage. Figure 3.3(b) shows that each

subsequent laser pulse is responsible for causing a breakdown event with reproducible current

pulses. The average power dumped into the discharge is ∼440 W. Figure 3.3(d) displays a zoomed-

in example image of the current and voltage measurements for a single discharge event. In this case

the current is under damped and the time of laser pulse arrival is indicated.

3.3.2 Breakdown voltage thresholds

At the fundamental level, the action of the laser filament is twofold: it reduces the breakdown

voltage (Vb) required to initiate a discharge event, and provides a straight channel for guiding the

current between electrodes. For this experiment, it was important to characterize the breakdown

voltage, Vb, as a function of laser pulse energy (EL), discharge gap (L), and repetition rate (f ). To

accomplish this, the capacitor was charged slowly with the Rc = 175 MΩ (corresponding to τ =

300 ms) resistor and the laser pulses were left unblocked while operating at varied repetition rates

up to 1 kHz. In this way, the high repetition rate train of pulses samples the gap with continuously

increasing voltage until breakdown is achieved, determining the threshold value. Figure 3.4(a-d)

displays Vb as a function of laser pulse energy EL, for four electrode separation distances, L =

(2, 4, 8, 10 cm), and two different repetition rates, f = 100 Hz and 1 kHz. In order to supply a

sufficiently high voltage to achieve breakdown in the longest gaps, the voltage supply was used

instead of the current supply due to it’s 15 kV limit. The value of the breakdown voltage in the

absence of a laser pulse is indicated in black for each gap (a-d). Beyond an electrode separation

of 2 cm the self-breakdown voltage (without a laser pulse) exceeds the capabilities of our voltage

supply; the calculated values for these gaps are indicated instead.

From Chapter 1, the critical power required for self-focusing, resulting in filamentation, for the

λ = 1030 nm laser used in this experiment is 5.3 GW. When operating with 7 ps pulses, this critical

power corresponds to a pulse energy of 37 mJ. As such, a sharp drop in Vb is measured as the laser
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pulse energy EL is increased from EL = 0 mJ to 50 mJ (see Fig. 3.4(a-d)). Notably, the effects of

increasing EL become less pronounced for EL > 50 mJ, with Vb eventually reaching a plateau.

Figure 3.4: (a-d) Breakdown voltage (Vb) as a function of laser pulse energy (EL), for two laser pulse
repetition rates (f ) and electrode separations. (a) L = 2 cm; (b) L = 4 cm; (c) L = 8 cm and (d) L = 10 cm.
The breakdown voltage without a laser pulse present (details described in main text) is indicated in black at
the EL = 0 mJ position.
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3.3.3 Discharge delay time

In this section, further characterization of the filament-guided discharge process is shown with

measurements of the delay time between arrival of the laser pulse and the onset of a discharge.

Figure 3.5(a,b) shows the discharge delay time as a function of applied voltage for different laser

pulse energies. This data was collected for an electrode separation of 2 cm at 5 Hz repetition rate.

The low repetition rate was chosen to ensure sufficient time between pulses such that the process

of unblocking the laser didn’t interfere with the measurement. The delay time for each of the three

laser pulse energies (EL = 40, 100, 200 mJ) is first measured near the threshold breakdown voltage

value under these conditions. At these lower voltages, discharges are less consistent and result in

longer delay times with larger variation in delay times from shot to shot. When the supply voltage

is increased, the percentage of consistent discharges also increases and the delay times become

shorter with less variation between shots. Initially, this trend is also true for increasing laser pulse

energy. However, for voltages larger than 25 kV, there is no further decrease in delay when the

energy is increased above 100 mJ, as shown in Figure 3.5(a,b). These results show that for a pulse

energy of 100 mJ, the breakdown delay decreases from 1 µs when 15 kV is applied, to <40 ns

when 40 kV is applied, a factor of >25x.

Figure 3.5: Discharge breakdown delay as a function of applied voltage for discharges initiated by laser
pulses with three different energies. The electrode gap was 2 cm and the repetition rate was 5 Hz. A zoomed
in view of the data in a) for delays less than 500 ns is illustrated in b) for better visualization. For voltages
above 25 kV no difference in breakdown delay is observed for laser pulse energies greater than 100 mJ.
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3.3.4 Breakdown voltage reduction

The role of the laser created filament in reducing the breakdown voltage necessary for dis-

charge has been discussed. From this experiment, Figure 3.6(a,b) shows that for EL = 200 mJ the

breakdown voltage is reduced by a factor between 4 and 4.2 X over the entire range of electrode

separations investigated when compared to the breakdown voltage in the absence of a laser. For

breakdown without the laser, Vb(EL = 0mJ) was measured for a range of small electrode sep-

arations L = (0.5, 1, 1.5 and 2 cm), and is shown in Figure 3.6(a,b) to have the expected linear

dependence as a function of inter-electrode distance.

Figure 3.6: (a,b) Vb as a function of L, for EL = 200 mJ alongside the no laser case. (a) Zoomed in view of
the breakdown voltages up to 50 kV to highlight the reduction between the two cases; (b) displays the full
voltage axis. The dashed lines correspond to a linear fit to the data points. An extrapolation is shown for
distances L larger than 2 cm.

Previous studies of laser filaments generated at high repetition rate have observed the genera-

tion of a permanent density depression resulting from the cumulative effect of multiple laser shots

before full relaxation of the medium can occur [94–96, 126]. A previous laser filament formation

experiment conducted at 1 kHz repetition rate employing the same laser and setup utilized in this

experiment measured a density depression of ∼20% at the time of arrival of a laser pulse, caused

by the previous pulses in the pulse train [97]. The existence of this permanent density depression
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was confirmed by longitudinal interferometry comparing the channel at 100 Hz and 1 kHz, as

shown in Figure 3.7.

Figure 3.7: Permanent density depression at high repetition rate. Longitudinal interferograms (L x H: 6.9 x
5.2 mm) for EL = 150mJ at (a-c) f = 1 kHz and (d-f) f = 100 Hz. A noticeable perturbation is present 10
µs prior to arrival of the laser pulse at 1 kHz (a), and is shown to persist through the 2 µs (b) and 10 µs (c)
frames taken after the laser pulse. No such perturbation is seen in the frames taken at 100 Hz (d-f).

However, while this persistent depression will lower the breakdown voltage, it cannot account

for the large reduction of up to 4.2 X measured in this experiment. We have observed that the

reduction in breakdown voltage from a single laser pulse far exceeds the value that can be attributed

to the permanent density depression resulting from high repetition rate. This result, as shown

below, indicates that the cumulative effect at high repetition rate plays only a minor role in reducing

Vb by the large factors measured in this experiment. The breakdown voltage dependence on gas

density has been thoroughly studied for spark gap switches [131,132]. For this experiment, where

large plane electrodes were utilized to improve uniformity of the electric field, the relationship

between air density and breakdown electric field is well described by:

E(kV/cm) = 24.5P (atm) + 6.7
√

P (atm)/L(cm) (3.1)
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where E is the breakdown electric field, P is pressure and L is electrode plate separation. Here

the pressure is assumed at constant temperature and is therefore proportional to the gas density. The

ambient air pressure at altitude in Fort Collins, CO (>5000 ft) is ∼0.833 atm, giving a breakdown

electric field of 26.5 kV/cm. The 20% density depression due to the cumulative effect at high

repetition rates lowers the breakdown electric field by a factor of 1.2 X to E = 21.8kV/cm. By

contrast, a factor of more than 4 X reduction in Vb is measured in this experiment (Fig. 3.6a).

This result indicates that the combination of the density depression and conductive plasma channel

caused by a single laser pulse is dominant in decreasing the breakdown voltage. Further supporting

this conclusion are the measurements in Fig 3.3 (a,b) which show that the breakdown voltage for

100 Hz and 1 kHz filament-guided discharges at different electrode separations were practically

equivalent.

Analysis of transverse interferograms taken at different delay times with respect to laser pulse

arrival further corroborate the dominant effect of a single pulse by. In Figure 3.8(a), a transverse

interferogram (L x H: 1.2 x 2 mm) taken 300 ns after arrival of the laser pulse is shown with a

well defined central depression and radially expanding shockwave. A phase map generated from

the fringe pattern shows the well-defined boundaries of the central density depression and the early

stage of the radially expanding shockwave (Figure 3.8b). Figure 3.8(c) shows the radial profile of

the central density depression in terms of phase shift (blue and black lines) and air density (red

line). The air density profile was computed assuming similar symmetry. This result shows that 300

ns after arrival of the laser pulse, a density depression of 75% relative to the ambient air density is

created. This central depression has a diameter of ∼300 µm. The spike in density beyond the level

of ambient air (∼2.2 x 1019 cm−3) denotes the shockwave. This reduction in air density by ∼75%

for a single pulse far exceeds the cumulative depression at high repetition rates and forms the main

contribution to the large reduction in breakdown voltage measured here.
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Figure 3.8: Radial density profile 300 ns after the arrival of the laser pulse. (a) Transverse interferogram
(L X H: 1.2 x 2 mm) showing the central density depression and radially expanding shockwave. (b) Phase
shift map of the transverse interferogram showing the boundaries of the central depression and expanding
shockwave. (c) Radial profile of extracted phase shift (black, relative units), phase data fit (red, relative
units), and air density (blue, 1E20/cm3).
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3.3.5 Initial current flow and breakdown

The process of full breakdown is complex and comprises several phases. Prior to the arrival of

a laser pulse, an electric field is established between the plate electrodes. The intense laser pulse

causes optical field ionization to occur, with subsequent avalanche ionization dominating in the

case of 7 ps laser pulse duration utilized in this experiment [97]. Upon stripping electrons from the

air molecules, a filamentary plasma channel is created which extends beyond the length of the gap

between electrodes. Laser heating produces a radially expanding shockwave and creates an axial

density depression.

Figure 3.9: Current evolution illustrating the pre-breakdown current (red), magnified relative to the full
breakdown current pulse (black), initiated with a 140 mJ laser pulse in a 2 cm discharge gap biased at 15
kV.

Current flow, typically on the order of several 10s to 100s of mA, is observed to occur immedi-

ately following the arrival of the laser pulse, as shown in Figure 3.9. This ’precurrent’ corresponds

to a high impedance phase of the discharge, prior to the time of full breakdown which is charac-

terized by the collapse of the impedance. The onset of this precurrent is characterized by a rapid

rise that is likely a result of re-arrangement of charges generated by the laser pulse in the applied

electric field. Following this initial rise is a sustained current of magnitude and temporal evolution
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dependent on the laser pulse energy and applied electric field. In cases of high overvoltage, where

the applied voltage significantly exceeds the threshold voltage for breakdown, precurrent values as

high as a few hundred mA have been measured. The lifetime of the precurrent phase, which occurs

with the onset of breakdown, depends on the applied electric field and can range from hundreds of

nanoseconds to multiple microseconds.

Figure 3.10: Constant E/N: Breakdown voltage (a), and breakdown delay with respect to the arrival of the
laser pulse as a function of laser pulse energy (b) for 2 cm and 4 cm electrode separation. The voltage
applied was adjusted to have initially equal E/N values.

The typical value of the impedance in the pre-breakdown phase ranges from 0.1 MΩ to a

few MΩ, depending on laser pulse energy and the voltage applied. The impedance is the sum

of resistance of the filamentary plasma column that is located on the axis of the holes through

the electrodes, plus the resistance of the air gaps between the column and the electrodes. The

non-negligible role of these gaps becomes evident by conducting measurements of discharges with

similar ratios of electric field to molecular density (E/N), a major scaling parameter in electrical

discharges. For this purpose, measurements were conducted for discharges across 2 cm and 4

cm electrode separations, applying twice the voltage in the 4 cm case. The measured breakdown

voltage was found to nearly double in the case of the longer channel, as shown in Fig. 3.10(a).

However, the time delay between the arrival of the laser pulse and the breakdown is measured to

significantly decrease in the case of the 4 cm discharge relative to the 2 cm (Fig. 3.10b). This can
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be ascribed to the fact that in this case the gaps between the filament-initiated plasma column and

the electrodes are subject to twice the electric field. This indicates that the role of these small gaps

(< 1.9 mm between the filament channel and the electrode) in the breakdown cannot be neglected.

Figure 3.11: (a-d) On-axis interferograms showing the development of plasma channels linking the laser
filament-initiated plasma column to the hollowed electrodes, with corresponding current pulses below indi-
cating the time at which the image was taken (red x). The data was collected for an electrode separation of
2 cm, and laser pulse energy of 150 mJ. The circular region containing the fringes is the electrode hole, with
a diameter of 3.8 mm.

Figure 3.11 shows on-axis interferograms taken at different times following arrival of the laser

pulse and their corresponding positions in time relative to the evolution of the current preced-

ing and following breakdown. These images give important insight into the transition from the

high impedance, precurrent phase to the high current phase following impedance collapse and

breakdown. At the earliest time, (a), there is no visible connection between the filament and the

surrounding electrode hole which would allow current to flow. During this time, current may be

conducted from the electrode to the filament channel by a high impedance, spatially distributed,

glow-type discharge. It is known that glow discharges can occur in air at atmospheric pressure,

with several studies conducted [133, 134]. The regions near the electrodes in glow discharges are

locations of high electric field within which instabilities can lead to the glow discharge plasma
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collapsing into an arc [134]. This glow-to-arc transition is accompanied by a collapse of the

impedance. The subsequent times, Fig. 3.11(b-d), reveal the formation of concentrated discharge

channels (arcs) bridging the gap between the electrodes and the filament discharge channel. Fig-

ure 3.11(b) shows an example of the earliest time that these conducting channels appear, typically

several hundred nanoseconds after the laser pulse arrives. Once these radially conductive channels

form across the gap, breakdown occurs with the collapse of the impedance and the rapid discharge

of the capacitor. Notice in Figure 3.11(c,d) that the gap arcs expand as the rapid current increase

heats them by Joule heating.

3.3.6 Streamerless discharge formation

Figure 3.12: Streamerless discharge formation. Sequence of images of the plasma column near the time
of breakdown taken 5 ns apart with the ultrafast gating camera. The time of each image with respect to the
current pulse is indicated.

The evolution of the plasma column after the time of breakdown leading to the rapid rise of

the current was observed using fast sequential imaging with a temporal resolution of 5 ns. Figure

3.12 shows the first five frames of a sequence of 12 contiguous images spanning the evolution

of the discharge during the first 60 ns after breakdown for an electrode gap of 4 cm. Prior to

breakdown, no light is detected by the micro-channel plate (MCP) intensified camera. Plasma
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light emission, initially detected in the first 5 ns frame after breakdown, is observed to be uniform

across the entire gap and to grow in intensity on every frame as the current increases. No evidence

of streamers propagating across the electrode gap is detected. For a velocity of 1 x 108 cm/s,

which is on the high end of the typical velocity for streamers [85,135,136], it would take 40 ns for

a streamer to bridge the electrode gap, a sufficiently long time for the framing camera to detect it.

Interferograms acquired at different times during the low current phase preceding breakdown also

show a lack of streamer formation. Rather, a uniform channel bridges the electrode separation gap

as filament charge created by the laser pulse flows uniformly across the gap. As mentioned before,

this streamerless discharge formation for laser filament-guided discharges has been previously

reported [90], in particular for laser pulses of picosecond duration [91].
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3.4 Conclusions

We have initiated and guided electrical discharges in atmospheric air at repetition rates of up to

1 kHz with laser filaments generated by λ = 1030 nm picosecond pulses of up to 250 mJ energy.

In these multi-ps pulse generated plasma channels, ionization is initiated by photoionization and is

dominated by collisional avalanche. The laser-created filament is measured to reduce the discharge

breakdown voltage by a factor of up to 4.2 X, which to our knowledge is the largest reported for a

discharge between dc biased electrodes. The laser pulse arrival and filament formation is observed

to cause the immediate onset of current flow between the biased electrodes, the magnitude of which

is proportional to the laser pulse energy. This current that precedes the full breakdown is typically

of the order of several tens of milliamps, and the impedance of the discharge at this time is between

0.1 MΩ to a few MΩ. The gaps between the filament and the discharge electrodes are observed

to play a significant role in the breakdown. Axial interferograms taken at this pre-breakdown time

show the absence of concentrated current flow between the filament and the electrodes. This sug-

gests that during this phase the current across these gaps is conducted by a diffused high impedance

glow discharge. Full breakdown, characterized by collapse of the impedance and a rapid order of

magnitude increase of the current, is observed to be preceded by the formation of localized current

channels linking the filament to the electrodes. Full breakdown occurs a few hundred ns to a few

µs after the arrival of the laser pulse, depending on the laser pulse energy and voltage applied.

The results indicate that the gaps between the filament and the electrodes cannot be neglected in

analyzing the dynamics of table-top filament discharge experiments. The breakdown voltages for

discharges initiated by laser filaments generated at 100 Hz and 1 kHz was measured to be practi-

cally the same. This is consistent with the results of transverse interferometry which shows that the

filament formed by a single laser pulse causes a density depression that can reach 75%, compared

with the relatively small (eg. 20%) permanent depression resulting from the cumulative effect at

high repetition rates. From the point of view of applications, the results obtained demonstrate the

stable repetitive generation of discharge channels in the atmosphere at 1 kHz repetition rate. The
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increased understanding of the physics of the formation of laser filament-guided discharges in air

at kHz repetition rate can be expected to contribute their use in applications.
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Chapter 4

Summary

The work presented in this thesis was made possible by the development of a diode pumped

cryogenically cooled picosecond Yb:YAG CPA laser system at the Advanced Beam Laboratory at

Colorado State University. This diode pumped CPA laser system takes advantage of the superior

properties of cryogenically cooled Yb:YAG as gain material to generate high pulse energy pulses

at repetition rates up to 1 kHz. Stretched seed pulses are amplified to the Joule level in an am-

plifier chain consisting of a regenerative amplifier followed by two cryogenically cooled power

amplifiers. The Yb:YAG power amplifiers use a thick-disk crystal geometry designed to minimize

amplified spontaneous emission while also considering thermal effects at high repetition rate, high

power operation. Following the final stage of amplification, the pulses are compressed by a di-

electric grating compressor which imparts a negative chirp to counter the positive dispersion of

the stretched pulses. The robust design of this system generates pulses of up to 1.1 J and 4.5 ps

duration at 1 kHz repetition rate, corresponding to an average power of 1.1 kW, a record for energy

for picosecond lasers operating at 1 kHz.

The performance of this laser system makes it possible to research filamentation, a type of col-

limated nonlinear pulse propagation wherein Kerr self-focusing is balanced with plasma refractive

defocusing, at kHz repetition rate. This self-channeling propagation regime is capable of persist-

ing for distances of hundreds of meters. Applications of filamentation include remote sensing,

weather control, and laser-guided electrical discharges. The study of the filament-guided electri-

cal discharges generated at high repetition rate is the main subject of this thesis. The physics of

filament guided discharges initiated by high energy (up to 200 mJ) 1030 nm ultrafast (7 ps) laser

pulses at repetition rates up to 1 kHz across electrode gaps up to 10 cm was explored in depth. The

experimental results were obtained through a number of diagnostics. The use of a high voltage and

a magnetic probe allowed measurement of the breakdown voltage and current pulse respectively.

The output of these probes, in addition to a photodiode signal for timing of pulse/probe beam ar-
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rival with respect to a discharge, were monitored on a high-resolution oscilloscope. Finally, both

longitudinal and transverse interferometers enabled characterization of the discharge channel evo-

lution via time-resolved interferograms. Additionally, a high-speed framing camera allowed for

visual characterization of discharge formation on both long and short timescales.

Plasma interferometry shows that at 1 kHz repetition rate the relaxation time of the medium

is longer than the time delay between pulses. This leads to a cumulative air density depression

that can be expected to lower the breakdown voltage, though it is shown that for the conditions

investigated here this effect is secondary to single pulse effects in lowering the breakdown voltage.

For discharges triggered by 200mJ laser pulses, a reduction of the breakdown voltage by 4.2 X

was measured, which to our knowledge is the largest discharge threshold lowering reported for

filament-initiated discharges with DC biased electrodes. The breakdown voltages measured at 100

Hz and 1 kHz repetition rates are nearly the same. This is consistent with the fact that interferome-

try shows that the filament formed by a single laser shot causes a deep density depression that can

reach 75%, compared with the 20% density depression that is measured 10 µs prior to the arrival

of a laser pulse in a sustained 1 kHz sequence.

The laser pulse arrival and filament formation are observed to cause the immediate onset of

current flow between the biased electrodes, the magnitude of which is proportional to the laser

pulse energy. This current that precedes the full breakdown is typically of the order of several

tens of milliamps depending on the voltage applied. The impedance of the discharge at this time

ranges from 0.1 MΩ to a few MΩ. The gaps between the filament and the discharge electrodes

are observed to play a significant role in the breakdown. Axial interferograms taken at this pre-

breakdown time do not observe any evidence of concentrated current flow between the filament and

the electrodes. This suggests that during this phase the current across these gaps is conducted by

a diffused glow that subsequently collapses into an arc, followed by full breakdown characterized

by a collapse of the impedance and a rapid orders of magnitude increase of the current. Full

breakdown is measured to occur a few hundred ns to a few µs after the arrival of the laser pulse,

depending on the laser pulse energy and voltage applied. As the current increases the diameter of
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these channels rapidly grows. The electrode spacing is also shown to play a role in the breakdown

delay. When the applied electric field is kept constant, minimum delay is achieved for the longest

discharge channels. This again is indicative of the significant role played in the breakdown by the

gaps between the filament and the electrodes.

These results contribute to the physical understanding of laser-filament guided discharges gen-

erated at high repetition rates, which is of interest for applications.
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