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ABSTRACT

High power UV source development and its applications

Report Title

Dating back to the famous “kite” experiment by Benjamin Franklin, human beings (led by a

number of daredevils) have been fascinated by the prospect of interrogating, triggering and even

harvesting lightning. Advances in high-power laser technology have provided scientists a new

tool: when powerful enough, a laser beam can ionize atmosphere, create a plasma channel and

propagate as a non-diffracting light bullet called filaments”, which could promote and guide

lightning discharge. An ultraviolet (UV) laser would provide unique advantages due to a low

threshold of filament formation. However, a major bottleneck in conducting these experiments

is the lack of a powerful yet stable laser source in the UV spectral range. Here, we describe the

design and implementation of a high power UV source suitable for laser filamentation studies in

air. The system is capable of producing 200 ps, � 0.3 J pulses at 266 nm. This corresponds to

a peak power of 1 GW, which is well above the critical power required for filament generation.

The system includes four critical components: Nd:YAG oscillator, 6-stage amplifier chain, pulse

compressor and frequency conversion unit. We optimize each component for maximum energy

throughput with an emphasis on stability and reproducibility. At each stage, the optical output

is characterized experimentally and compared to theoretical modeling of the corresponding

physical processes. A number of technical innovations have emerged during the construction

of the system. First, we invented a novel feedback-based cavity stabilization scheme for singlemode

operation of the Nd:YAG oscillator. Our scheme eliminated mode beating in � 100% of

the output pulses over a time scale of hours under noisy environments. Second, we developed

a systematic optimization approach for high-energy pulse compression using stimulated Brillouin

scattering. Our method achieved temporal compression close to the theoretical limit with

unparalleled pulse-to-pulse reproducibility and elucidated the role of a number of overlooked

parameters in the literature. Third, we laid down a set of design rules to avoid optical damage

as a result of back re ection in a multi-stage amplifier chain. We illustrate the application

of the system with preliminary UV filamentation and laser-induced discharge studies. Future

directions are discussed.
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Abstract

Dating back to the famous “kite” experiment by Benjamin Franklin, human beings

(led by a number of daredevils) have been fascinated by the prospect of interrogating,

triggering and even harvesting lightning. Advances in high-power laser technology

have provided scientists a new tool: when powerful enough, a laser beam can ionize

atmosphere, create a plasma channel and propagate as a non-diffracting light bullet

called “filaments”, which could promote and guide lightning discharge. An ultraviolet

(UV) laser would provide unique advantages due to a low threshold of filament

formation. However, a major bottleneck in conducting these experiments is the lack

of a powerful yet stable laser source in the UV spectral range.

Here, we describe the design and implementation of a high power UV source

suitable for laser filamentation studies in air. The system is capable of producing

< 300 ps, ∼ 0.3J pulses at 266 nm. This corresponds to a peak power of ∼ 1 GW,

iv



which is well above the critical power required for filament generation. The system

includes four critical components: Nd:YAG oscillator, 6-stage amplifier chain, pulse

compressor and frequency conversion unit. We optimize each component for maxi-

mum energy throughput with an emphasis on stability and reproducibility. At each

stage, the optical output is characterized experimentally and compared to theoretical

modeling of the corresponding physical processes.

A number of technical innovations have emerged during the construction of the

system. First, we invented a novel feedback-based cavity stabilization scheme for

single-mode operation of the Nd:YAG oscillator. Our scheme eliminated mode beat-

ing in ∼100% of the output pulses over a time scale of hours under noisy environ-

ments. Second, we developed a systematic optimization approach for high-energy

pulse compression using stimulated Brillouin scattering. Our method achieved tem-

poral compression close to the theoretical limit with unparalleled pulse-to-pulse re-

producibility and elucidated the role of a number of overlooked parameters in the

literature. Third, we laid down a set of design rules to avoid optical damage as a

result of back reflection in a multi-stage amplifier chain.

We illustrate the application of the system with preliminary UV filamentation

and laser-induced discharge studies. Future directions are discussed.
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Chapter 1

Introduction

For ages, the perception of lightning has been associated with awe and fear by the

human race. In ancient Chinese culture, lightning is produced by the “God of Thun-

der”, a fearsome man-bird hybrid with blue face and sharp claws, to punish evil

crimes, secret guilt and polluted spirits. Even to this day, when scientists are ca-

pable of manipulating individual atoms and molecules [1] and sending folks on the

moon, we still do not understand every detail about lightning. Part of the reason

lies in the fact that we have to wait (or by pure serendipity [2]) for lightning to spon-

taneously take place. This makes ground observation difficult. For example, even

in Florida, the lightning capital of United States, discharge happens only about 40

times per kilometer squared per year. Moreover, only 25% of those lightning events

are cloud-to-ground, the rest are cloud-to-cloud and intra-cloud.

Naturally, we ask the question, can mankind any kind of control over lightning?

For example, instead of passively waiting for it to happen, can we “trigger” the

discharge? This has been the central theme of human investigation, from Ben-

jamin Franklin’s famous “kite” experiment [3], to protective lightning rod and recent

“lightning-harvesting” rockets.
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Chapter 1. Introduction

The invention of lasers provided scientists a brand new way to study and inter-

act with lightning. This leverages on the fact that high-power lasers are capable

of ionizing the basic constituent molecules (O2, N2) of the atmosphere, creating

plasma channels that act as “wave-guides” of lightning. In fact, at the early stages

of laser development, high power CO2 and Nd:YAG lasers were already used to in-

duce breakdown in gases (see ref [4] and the references within). Because typical

ionization energy of most gases range from 10eV to 20eV, multi-photon ionization

processes are required, which calls for lasers with enormous peak intensities. As an

example, in order to ionize O2, which has an ionization energy of 12 eV [5], an in-

tensity of ∼ 1013 (W/cm2) at 800 nm (1.5 eV) is required to produce a reasonable

ionization rate of 106 s−1 via an eight-photon process.

One additional requirement to make “laser-guided” lightning feasible is the gener-

ation of laser “filaments” in the atmosphere. These are “non-diffracting” beams that

maintain highly localized electromagnetic energy over long propagation distances

(∼km). When a high intensity laser propagates in a transparent medium such as

glass or air, the intensity-dependent refractive index of the medium creates a “Kerr

lens” which tends to focus the beam. On the other hand, when the beam is focused,

it creates ionized plasma in the medium which then defocuses the beam. Balancing

of the two effects leads to a “filament” beam that maintains its width over distances

much longer than the Rayleigh range. The physics of laser filamentation has been

extensively studied [6] during the past 20 years and fascinating new application has

emerged along with theoretical development. Braun et al. [7] were the first to exper-

imentally observe filamentation in air. Zhao [8] demonstrated triggering and guiding

electrical discharge using fs UV pulses and Tzortzakis [9] showed laser guided dis-

charge by fs infrared pulses. One notable example is the teramobile project [10]. The

“teramobile” is a femtosecond system suitable for field measurements. It is capable

of delivering 70 fs, 350 mJ pulses (peak power ∼ 5 TW) at 800 nm. Filaments can be

formed in the atmosphere at predetermined distances. The team has used the system

2



Chapter 1. Introduction

to investigate constituents of the atmosphere using the white-light continuum from

such a powerful source [11], trigger water condensation [12] and recently, observe

correlated lightning [13].

Figure 1.1: Artist’s conception of laser induced lightning experiments From Diels et al.

1.1 Motivation for high-power UV lasers

Most experiments were conducted in the NIR at 800 nm, utilizing the matured tech-

nology of Ti:Sapph systems. It has been realized early that UV light should provide

many advantages for laser-guided lightning. For example, with 266 nm pulses, the

3



Chapter 1. Introduction

ionization of O2 is reduced to a 3rd order process. The Diels research group pioneered

the use of UV filaments to create laser guided plasma channels. Zhao [8] was the

first to investigate mechanism of UV laser induced discharge in gases. Rambo [14]

studied extensively induced discharge by UV femtosecond pulses at 248 nm and pro-

posed heating up the plasma by a second laser via inverse bremsstrahlung process.

Schwartz [15] worked out an analytical solution to describe UV filament generation

and propagation in air. Chalus [16] conducted pilot experiments to generate UV fil-

aments in air using sub-nanosecond pulses. However, detailed research on filaments

characterization and application were thwarted by the lack of reproducibility and

frequent optical damage resulting from the high peak power. The current thesis thus

describes a revamped design of the UV source for filamentation and laser-induced

lightning studies. We focus on the design, implementation and characterization of a

stable laser system which successfully generates < 300 ps UV pulses with ∼gigawatt

of peak-power.

1.2 Existing strategies to generate sub-ns

UV pulses

Before a detailed description of the entire system, it is helpful to put our work into

context and provide some motivation. Here we briefly review the existing technologies

for generating high-power UV pulses.

1.2.1 Excimer lasers

Excimer lasers uniquely produce coherent light emission in the ultraviolet region.

Its gain medium is a gas mixture, generally containing a noble gas (e.g. Xe, Ar)

and a halogen (e.g. Cl2, F2). It is pumped by a powerful electron beam (e-), which

4



Chapter 1. Introduction

generates dimeric (excimer) species between the noble gas and the halogen (e.g.

ArF). The excimer complexes, however, is only metastable and quickly dissociate

(∼ns) to yield a spontaneous or stimulated UV photon.

Perhaps the best known example of the excimer laser is its use in LASIK oper-

ations. In this scenario a 193 nm laser of 1mJ and ∼10ns pulse duration is used to

ablate a thin layer (∼10um) of the cornea stroma for restoration of corrected vision.

Other important application of the excimer lasers is in deep UV lithography. Tech-

nological development in this area is actively being pursued by companies such as

Cymer Inc to keep up with Moores law.

Can excimer lasers be used to generate filament in the UV? Not quite, at least

for commercial products. For example, the high-power line from Coherent (VYPER)

lases at 308 nm with 2 J per pulse and pulse width about ∼29 ns. This corresponds

to a peak power of 0.07 GW, about 10 times lower than the required power of

∼0.65 GW [17] for stable filament generation. Excimer lasers also suffer from the

disadvantage of limited operation lifetime.

1.2.2 Free electron lasers

The free electron laser has emerged as a versatile source capable of producing coherent

radiation from x-ray to terahertz [18]. It works by wiggling relativistic electrons

and harvesting their radiation. It is an attractive source for otherwise hard-to-find

wavelengths, such as x-ray and extreme UV (from 10 nm to 100nm). However, it

requires dedicated large facilities for operation and currently are limited to ∼100

MW of peak power.

5



Chapter 1. Introduction

1.2.3 Harmonic generation

The most straightforward approach is to start with an oscillator in the visible or near

infrared and use nonlinear frequency conversion to reach the UV spectral region. In

early experiment, Zhao [8] generated femtosecond, 200 uJ, 248 nm pulse using the

third-harmonic from a Ti:Sapph oscillator at 744 nm.

Perhaps the most spectacular UV source of this kind is the laser system designed

and constructed at the National Ignition Facility (NIF). There, a total of 1.8 MJ, 351

nm light with 5 ns pulse duration, combined from 192 independent beam lines, were

delivered to ignite fusion, producing a peak power of ∼500 TW. The final output

wavelength (351 nm) is produced by second harmonic generation (SHG) followed by

sum frequency generation of the fundamental 1053 nm light.

The harmonic generation approach offers a number of advantages. First, high

power Ti:Sapph systems and Nd:YAG, Nd: glass lasers are readily available, offering

an excellent fundamental source for harmonic generation. Second, pulse shaping

techniques that rely on light-matter interactions are much easier to implement at

visible or NIR wavelengths than at the ultra violet due to their small linear and

multi-photon absorption. Third, high quality UV optics are expensive and difficult

to manufacture. Thus, producing the UV pulse at the last harmonic generation stage

seems most effective and economic. The laser system described in this thesis follows

the harmonic generation approach.

6
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Nd:YAG 

Q-switch 

oscillator
(Chapter 2)

6-stage 

amplifier

(Chapter 4)

SBS pulse

compressor

(Chapter 3)

266 nm
< 300 ps
~ 300 mJ
~ 1 GW
1.25 Hz

frequency

conversion

(Chapter 4)

Figure 1.2: Laser system schematic

1.3 System layout based on Q-switched Nd:YAG

system

Our laser system is consisted of the following components (Fig. 1.2). The first is

an injection-seeded, Q-switched Nd:YAG oscillator producing pulses of 8 ns at its

FWHM and 120 J/pulse. Unique to our system is a novel feed-back stabilization

scheme developed to produce pulses with a clean single mode at every laser shot.

The details of the oscillator design will be described in Chapter 2. The 1064 nm

light coming out of the oscillator then goes through a six-stage Nd:YAG amplifier

system, which boost the energy at 1064 nm by a factor of 45 to 5.4 joule per pulse.

The amplifier design and characterization will be summarized in Chapter 4. After

the amplifier, we further increase the peak power of the output by pulse compres-

sion. Our pulse compressor, discussed in depth in Chapter 3, is based on the well-

established principle of stimulated Brillouin scattering but extensively optimized in

energy throughput for our applications. Finally, light is frequency converted to the

7



Chapter 1. Introduction

4th harmonic at 266 nm. We discuss design considerations in Chapter 4. Finally, we

show some preliminary UV filament and induced discharge studies using our laser

system and point to future directions in Chapter 5.

8



Chapter 2

Single mode operation of an

injection seeded Q-switched

Nd:YAG laser

2.1 Introduction

Single mode high power pulse lasers have many applications in spectroscopy and

nonlinear optics, such as high energy pulse compression by stimulated Brillouin scat-

tering. For the latter, a smooth temporal profile with no spikes, typical of single

mode operation, is required. There are generally two ways to obtain single mode op-

eration in high energy Q-switched lasers. One is to introduce mode selecting elements

(e.g. etalons) inside the cavity to add extra loss for undesired modes. Meanwhile, the

Q-switch build-up time is increased (pre-lase or pre-pulse) to ensure large enough pas-

sages through the mode selecting elements for good mode discrimination before the

Q-switch opens [19, 20, 21]. Injection seeding is another popular method [22, 23]. By

injecting an external field to enhance mode discrimination during the pulse build-up,

9



Chapter 2. Single mode operation of an injection seeded Q-switched Nd:YAG laser

no intra-cavity mode selecting element is needed. With a narrow-linewidth injected

field that is close to the center of the gain curve, the cavity mode that coincides

with the injected frequency builds up faster because of its higher initial condition

(starting from the injected signal instead of fluorescence noise), and because of the

vectorial field addition at each round-trip at an early stage of the build-up. This

seeded mode then reaches the saturation level of the gain before other modes, and

depletes the population inversion, leading to single mode operation. In this chapter,

we use the injection seeding method.

Since the first demonstration of injection seeded Q-switched Nd:YAG lasers [23],

several cavity stabilization schemes [24, 25, 26, 27] have been deviced to match the

cavity mode to the injected mode for long term single mode operation. The build-

up-time minimization method [24] measures the build-up time of the laser output

and predicts a cavity length adjustment for the next output. Because it relies on

previous laser shots to correct the laser resonator, it becomes inaccurate at low rep-

rate and high gain where shot-to-shot variation of the cavity length becomes critical.

The “Ramp-hold-fire” method [25], although immune to noisy environment, needs

high injected power (∼500mW) to detect an error signal over a large fluorescence

background. Moreover, the tens of µs time jitter inherent in this method makes

it unsuitable for operation requiring external synchronization. In section 2.4 we

describe and demonstrate a robust stabilization scheme suited for low repetition rate

operation in a noisy environment, requiring only mW injected power. The time

jitter is less than 2 ns. Additional advantages are that the control system is simple

and easy to implement, requiring only a photo detector, a data acquisition card

and a computer with LabVIEW program. Similar real-time feedback control system

has been successfully demonstrated for mode-locking optimization [28]. Before that,

in section 2.2 we characterize the cavity length changes due to heating from the

flashlamp pumping at different repetition rate. A custom-built cavity stabilization

scheme based on minimizing the Q-switch pulse build-up-time is also demonstrated

10



Chapter 2. Single mode operation of an injection seeded Q-switched Nd:YAG laser

in section 2.3.

In spite of variations in different injection schemes and cavity stabilization meth-

ods, it is generally acknowledged that slowing down the Q-switch speed is necessary

to achieve clean single mode pulses [25, 29, 26]. However, the mechanism had, up

to now, not been elucidated. In section 2.5 we demonstrate the dependence of seed-

ing performance on the opening speed of the Q-switch and present a quantitative

model for its explanation. The simulation fits the experiments well and also predicts

the mode selectivity for a broad range of parameters: finite Q-switch opening time,

injected power (from several mW to hundreds of mW), and gain.

2.2 Cavity length breathing by heating from flash-

lamp pumping

The Nd:YAG crystal is pumped by flashlamps filled with a mixture of krypton (90%)

and xenon (10%) at 1200 torr. Both the Nd:YAG rod and flashlamp are cooled by

circulating water. The flashlamp emits a broad spectrum ranging from 200 nm to

1100 nm, while the Nd:YAG absorbs from around 500 nm to 900 nm. The effective

absorption for lasing at 1064 nm is centered at 808 nm. As a result, the majority

of absorption from the flashlamp emission is transferred into heat. Heating changes

the refractive index of the Nd:YAG crystal and is the dominant contribution to the

effective cavity length fluctuation. Non uniform heating causes in addition thermal

birefringence.

11



Chapter 2. Single mode operation of an injection seeded Q-switched Nd:YAG laser

2.2.1 Analysis method

To tailor an effective cavity length stabilization method to our application (high

energy flashlamp pumping at low repetition rate), we analyze the transient cavity

response to an applied elongation. This is done by monitoring the transient trans-

mitted power of the injected CW seed laser through the cavity, without opening

the Q-switch, i.e. without laser action. We first measure the cavity transmission in

a)

c)

b)

Ambient noise

Index jump right after flash lamp flashes

Figure 2.1: a) Cavity transmission response to cavity length changes. The cavity
length is scanned by adding ramp voltage on the piezo element attached on the
cavity end mirror; b) Monitoring the cold cavity length fluctuation from ambient
noise; c) Cavity length variation under flashlamp pumping. There is a rapid change
of cavity transmission right after each flashlamp shot, indicating a rapid change of
cavity length. It then relaxes slowly until the next shot.

response to cavity length changes, as shown in Figure 2.1 (a). The cavity length is

scanned by adding ramp voltages on the piezo element attached to the cavity end

mirror. Variation of the transmission from minimum to maximum corresponds to
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a cavity length change by λ/4. Figure 2.1 (b) shows the cavity length drift under

ambient noise. In figure 2.1 (c), the cavity length undergoes a jump right after the

flashlamp flashes, indicating a rapid index changes of the rod from heat. After the

flashlamp pulse (last for 210 µs), the cavity length relaxes gradually until the next

flashlamp pulse. However, the cavity length does not usually relaxes to the same

value as the previous shot due to the inefficient and inaccurate water cooling. As

shown in figure 2.1 (c), the cavity length drifts by λ/4 after 7-8 shots.

2.2.2 Cavity length breathing at different pumping and rep-

etition rates

With the method we describe in section 2.2.1, we can analyze this cavity length

“breathing” motion in different experimental conditions. Figure 2.2(a) shows the

transient cavity length at different pumping power. The higher the pump power, the

higher the rod temperature after the flashlamp pulse, thus the more dramatic the

cavity length variation. Figure 2.2(b) shows the transient cavity length at different

repetition rates. The shot-to-shot variation is calculated for three different repetition

rates, in which 100% variation corresponds to the cavity transmission changes from

minimum to maximum. The shot-to-shot variation is as high as 10% at low repe-

tition rate, making it difficult for any shot-to-shot based cavity length stabilization

method to work, such as the build-up-time minimization method. In section 2.3,

we demonstrate the build-up-time minimization method. The repetition rate of the

laser is increased from 2 Hz to 7 Hz, which is a compromise between moderate shot

to shot variation and thermal lensing effect. In section 2.4, we demonstrate a new

method, the real-time resonance tracking method, with which the Q-switched cavity

outputs single longitudinal mode pulse in every shot.

13
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a) b)

Figure 2.2: a) Cavity length breathing motion at 10 Hz with different pump power; b)
Cavity lenght breathing motion at different repetition rates. 100% of variation cor-
responds to cavity transmission changes from its minimum to maximum, i.e. cavity
length changes by λ/4.

2.3 Cavity length stabilization by build-up-time

minimization method

2.3.1 Basic principle

The build-up time of a Q-switched pulse, time interval between the Q-switch opens

and the emission of a giant pulse, is reduced when the cavity is injection seeded with

a seeder whose frequency coincides with the peak of the gain curve. The build-up

time is further reduced as the cavity (resonator) is tuned from being off resonance to

at resonance with the injected frequency, because the vectorial electric field addition

becomes most efficient when the cavity mode and the injected frequency are the

same. Figure 2.3 demonstrates this effect. The black curve is the measured high

voltage switching applied to the Pockels cell. There are two groups of Q-switched

pulses. The red arrow points to the group representing single mode pulses when the

cavity is at resonance with the injected frequency, which is smooth and has little

14
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modulation in time. The green arrow points to the group representing multi-mode

pulses when the cavity is off resonance with the injected frequency, where strong

temporal modulation caused by mode beating is shown. These two groups of pulses

are measured in time relative to the same Q-switch trigger. A clear time of arrival

difference of about 7 ns can be seen between these two groups.

Q-switch 

voltage

Single mode

pulses

multi-mode

pulses

Build-up-time difference

Figure 2.3: Build-up-time difference between single and multi-mode, when the cavity
mode is either at- or off- resonance with the injected frequency. Black curve: high
voltage applied to the Pockels cell. Single mode pulses and multi-mode pulses are
measured at the same time. The arriving time difference between them represents
the build-up-time difference.

The idea of the build-up-time minimization method is based on the fact that the

build-up-time (BUT) reaches its minimum when the cavity is fine tuned to be at

resonance with the injected frequency [24]. For a high gain Q-switched cavity, it

takes only a couple of round-trips to build-up a giant pulse, with pulse width of 6 to

10 ns. In this case, the build-up-time difference between resonance and off resonance

case is only 1-2 round-trips, which is 3.5 to 7 ns for a cavity of 50 cm long.
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2.3.2 Experimental method and results

To measure such a small time difference with sub-ns accuracy and use it as the

error signal to feed-back control the cavity length, we custom-built a time-to-voltage

conversion circuit, which converts the time interval between a start pulse and a

stop pulse into voltage. The circuit first converts the time interval into the width

of a square pulse. The start pulse comes from the Q-switch trigger; a TTL signal

generated by a function generator. The stop pulse comes directly from a fast optical

detector which detects the Q-switched pulse. The square pulse, of which the width

corresponds to the build-up time, then triggers the start and stop charging of a

capacitor. The final voltage across the capacitor is proportional to the build-up

time. The circuit measures a time delay as short as 7 ns, with resolution of 500 ps,

and the scalable capacitor allows measurement of different ranges of time delay.

Figure 2.4(a) shows the measured build-up time voltage in response to the cav-

ity length changes. The cavity length is scanned by adding ramp voltage on the

piezo electric element attached on the cavity end mirror. Periodic oscillation of

BUT voltage can be seen, indicating the BUT is oscillating as the cavity mode is

scanned across the injected frequency. A data acquisition card controlled by Lab-

VIEW is externally triggered to read the BUT voltage when it is ready, and send it

to LabVIEW as an error signal for feedback control calculation. We tried different

algorithm and the following one works the best. As it is shown in figure 2.4(b), the

periodic oscillation of BUT voltage in response to ramp voltage can be modeled as

a sinusoidal function plus a noise dependent phase: BUT = A sin( V
V0

2π + φ) + B.

A, B and V0 is predetermined by scanning the BUT for 100 oscillation. φ is a noise

dependent phase. Figure 2.4(c) shows the drifting of phase during 180 s of scanning

time. For each measured BUT and the piezo voltage of the previous pulse, BUT1

and V1, the algorithm estimates a phase according to the model and then applies a

new feedback voltage that corresponds to the minimum of the sinusoidal function:
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a) b)

d)c)

Figure 2.4: (a) Build-up time (BUT) changes in response to cavity length changes. Black:
build-up time voltage that is proportional to the build-up time. Blue: ramp voltage applied
to the piezo attached to the cavity end mirror. (b) Model the BUT response to ramp
voltage on piezo as a sinusoidal response plus a noise dependent phase. (c) Monitor the
phase variation versus time. Scanning ramp voltage on the piezo for 180s. Each phase
(black square) is extracted from a sinusoidal fit of 10 successive shots. Blue: a sinusoidal
fit to the phase variation. (d) Single mode performance when the feedback is turned on.
2000 shots are sampled and about 85% of them are considered single mode (BUT voltage
below 13.2). On the right of the data, a histogram quantifies the spread of data.

Vnew = V1 − arcsin(BUT1−B
A

)/2π. Figure 2.4(d) shows the performance of this algo-

rithm. 2000 shots are sampled and about 85% of them considered single mode, of

which the build-up time voltage is below 13.2.

As a comparison, we simulate the performance of the new algorithm and the

conventional gradient descent algorithm (to find the minimum). BUT is generated

using the above model. Under the same noise level, figure 2.5 shows that our new

algorithm has better result in controlling the BUT to its minimum. However, because
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of the high noise level of the system (from shot to shot variation), and low contrast of

the error signal (only 9%), the BUT is not 100% locked to minimum and the output

pulses are not 100% single mode.

Figure 2.5: Simulation of the performance of two different feedback algorithms. Left: The
gradient descent Method for looking for minimum. Feedback voltage is proportional to the
negative slope. Right: New method based on the sinusoidal modeling of BUT v.s. Voltage.
Update the phase for each BUT measurement and feed back a voltage that corresponds to
the minimum of the sine function. Under the same noise level, the new feedback method
controls the average BUT 2% lower and the standard deviation of BUT is only 55% of the
gradient descent method.

2.4 Cavity length stabilization by real-time reso-

nance tracking method

2.4.1 Real-time resonance tracking method

High energy flashlamp pumping results in a significant change in the temperature

distribution in the laser rod after the Q-switched pulse. Therefore, the higher the
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pumping energy and the longer the time interval between pulses, the less reliable the

information on optical length of the cavity derived from prior pulses in the build-up-

time minimization method [24]. We choose instead, via realtime feedback control,

to have the cavity mode continuously track the seed wavelength in the time interval

between pulses, as it is explained in figure 2.6.

a)

c) d)

b)

Figure 2.6: Idea of the real time resonance tracking method. Vertical axis are seed
intensity reflected from the Q-switched cavity. (a) Cavity reflection signal. The spikes
are fluorescence from the gain medium when the flashlamp flashes. After the fluorescence
pulse, the cavity reflection varies in between pulses as the cavity length ”breathes”. (b)
The real-time resonance tracking method tracks the cavity reflection signal and adjust the
cavity length to lock the reflection to its minimum, i.e. lock the cavity to be at resonance
with the injected frequency. (c) Since the fluorescence spike provides no information about
the cavity resonance in this method, it is blocked by a synchronized shutter. (d) The
cavity reflection with shutter and real-time feedback control. That reflection is locked to a
minimum value in the time interval between pulses, while the shutter is open.

The idea of this method is, instead of letting the cavity length relax to some
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random value after the flashlamp pulse, to continuously track the cavity resonance

and lock it to be resonant with the injected seed frequency. As shown in figure 2.6(c),

the fluorescence pulse is actually noise on the error signal for this slow resonance

detection. A synchronized shutter that closes for a short period of time can be used

to block the fluorescence pulse. While the shutter is open, the signal is used as the

error signal for feedback control.

This method is effective, because the Q-switched pulse builds up and leaves the

cavity (within 200µs) before the heat shock from the flashlamp pumping takes notable

effect on the cavity length.

2.4.2 Experimental setup

Seeder

Real-time tracking and feedback

Shutter

(a)

Shutter closed

Shutter open

Apply feedback voltages on PZT

(b)

g  (I-I  )sp*
Isp

Figure 2.7: (a) Experimental setup. Pol: polarizer; PZT: piezo; P.C. : Pockels cell;
λ/4: quarter wave-plate; λ/2: half wave-plate; O.C.: output coupler; F.R.: Faraday
rotator. (b) Real-time cavity reflected signal measured from leakage of a polarizer,
after a synchronized shutter and with feedback on.

Figure 2.7 (a) shows the injection and detection setup for realtime resonance

tracking method. An unstable resonator configuration is used, with a R0 =12%

reflectivity Gaussian output coupler [30] providing an output with single spatial

mode. With a flashlamp pump energy of 40 J at 5 Hz, Q-switched pulses of 120
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mJ, 9.5 ns FWHM are generated. A 60 mW CW seed beam (linewidth <10MHz)

is injected into the Q-switched laser cavity through two isolators and the Gaussian

output coupler. The purpose of the isolators is (i) to inject the seed laser via the

output coupler, and (ii) to decouple the seed cavity from the high power Q-switched

cavity. Two cross-axis quarter-wave plates are placed on both sides of the Nd:YAG

medium to create a “twisted mode” inside the gain medium for spatial-hole-burning

elimination [31]. The switching time of the cavity (controlled by switching the high

voltage applied on the Pockels cell) is slowed down to 24.6 ns.

For real-time resonance tracking, we monitor the reflection of the injected signal

off the Q-switched cavity via the leakage from a polarizer. The reflection reaches a

minimum when the cavity is resonant at the injected optical frequency. As the cavity

is tuned across the resonance, we measured 63% fringe visibility, 6 times higher than

using the build-up-time method or “Ramp-hold-fire” method. To prevent “blinding”

the detector with the strong fluorescence generated from population inversion and the

Q-switched pulse, a synchronized shutter closes for about 20 ms when the flashlamps

are activated. At any other time the shutter is open, a data acquisition card samples

the signal from the photo detector at 1 kHz and sends it as input to the feedback

loop realized in LabVIEW. The input value is then compared to a minimum set

point and the difference serves as an error signal. Different control algorithms can be

implemented in the feedback loop to suit different systems. For our system, a simple

proportional control method works best and is very robust. The change of output

voltage on the piezo element attached on the cavity end mirror can be expressed

as ∆V = g × (I − Isp), in which g is the gain, I is the input signal, Isp is the

set point. The loop time is about 7 ms, including 5 ms for the piezo element to

settle down in its new position. During a pulse period of 200 ms, this algorithm can

provide 20 feedback corrections to the cavity, more than enough (3 to 4 corrections

are enough) to adjust the cavity to the resonant condition before the next Q-switched

cycle begins, as shown in Figure 2.7(b).
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2.4.3 Experimental results

To evaluate the performance of our method, we sample 104 shots of the laser for half

an hour with a fast Si avalanche photodiode (Hamamatsu S2831) and oscilloscope

(Tektronix TDS620B). We record the normalized Fourier amplitudes of the temporal

pulse shapes at 285 MHz (the longitudinal mode spacing of the cavity), as a measure

of the temporal modulation depth.

Feedback on

(a)

(b)

(c)

Figure 2.8: (a) Pulse temporal-modulation-depth analysis for 104 shots with feedback
off and on. Purple: sample of temporal pulse shapes with different modulation depth.
(b) Histogram of intensity modulation depth with feedback off and (c) with feedback
on, insert: overlapping of 20 pulses shows a time jittering of 1.6 ns.

The modulation depth of the Q-switched pulses is plotted as a function of the

pulse index (from 1 to 104), with the feedback turned off (squares) or on (dots).

With the feedback off, the cavity-length drift from shot to shot results in a scattered

distribution of modulation depth. This shot to shot variation comes from the thermal

effect from high energy flashlamp pumping, inefficient water cooling and ambient

thermal fluctuation at the low repetition rate. As the feedback is turned on, the laser

outputs a smooth pulse in almost every shot (>95% of the pulses have a modulation

depth ≤ 6.3%, or an intensity contrast >1000, all of the pulses show an intensity
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contrast >500, as indicated in Figure. 2.8(c)). Within the half an hour of sampling

time, a maximum time jitter of 1.6 ns (see Figure 2.8 (c) insert) is measured, 1000

times smaller than that of the “Ramp-hold-fire” method. Cavity length fluctuation

away from resonant conditions are responsible for the jitter in the arrival time of the

Q-switch pulse. Knowing that the pulse build-up time difference between the on- and

off-resonance condition is about 7 ns, a 1.6 ns time jitter indicates a cavity length

control (at the time of the Pockels cell opening) to be within 11.4% of a wavelength.

As the cavity is detuned from resonance, the range over which the intensity

contrast is >500, or the mode selection range, is measured to be 53 MHz, 18.6%

of the cavity free spectral range. This measurement is comparable to that reported

elsewhere [32] and to the frequency bandwidth of a 9.5 ns Fourier-transform-limited

pulse (46 MHz).

Within at least 8 hours of daily usage of the Q-switched laser, single mode op-

eration is maintained without a need for adjustment once a suitable set point is

chosen.

2.5 Mode purity dependence on Q-switch speed

The results in section 2.3 and 2.4 are achieved with a cavity Q-switch opening time

of 24.6 ns. We’ve noticed that a clean single mode can be achieved only when the

Q-switch speed is slowed down to a certain value. In order to study the underlying

mechanism and to optimize the Q-switch speed, we investigated the relationship

between switching speed and the resulting single mode quality by both experiments

and theoretical modeling.
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2.5.1 Q-switch speed modification and measurement

The switching speed is modified by adding different resistors in series with an elec-

trode of the Pockels’ cell. It is characterized by a time constant τQ, the cavity Q

switching time, in which the cavity Q is switched to 1/e of its maximum value. It

is measured by detecting the 60 mW seed laser after double passage through the

quarter-wave-plate and the Pockels cell, and an analyzing polarizer. We focus the

beam on a Si detector DET-210 from Thorlab, which has a rise time of 1 ns, active

area of 0.8 mm2, responsivity of about 0.02A/W at 1064nm. With a 50 Ω termina-

tion, we are able to measure a signal of about 30 mV while there is no voltage applied

on the Pockels’ cell. When the 4 KV high voltage on the Pockels’ cell is switching,

the detector, however, picks up electronic noise from the Pockels’ cell driver. We

measure this background noise by blocking the seeder and subtract it from each

measurement for 5 different switching time settings. 10 measurements are made for

each switching time settings and the averaged and normalized results are shown in

figure 2.9 with blue dots. The red lines are fitted exponential curves.

2.5.2 Mode purity measurement at different switching speed

Slow Q switch brings loss to cavity and leads to low energy output. However, in the

injection seeded Q-switched cavity with not very high injected power (e.g. with a

CW seeder), the switch needs to be slowed down to get a clean temporal pulse shape.

With the original Pockels’ driver from Coherent, we measure the Q-switching time

to be 2.6 ns, as shown in figure 2.9. In this setting and with our 60 mW seeder, the

cavity always outputs a pulse with spiky temporal profile, even though the cavity is

tuned to be on resonance with the injected frequency. This indicates that there are

more than one longitudinal frequency that are lasing simultaneously. To quantify

the mode purity, we use the same method as in section 2.4.3. From the modulation
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Figure 2.9: Q-switching speed measurements. Different resistors are wired in series
with the high voltage electrode of the Pockels’ cell in order to modify the the high
voltage switching speed. Blue dots: experimental data; Red line: exponential fit to
extract the switching time τQ

depth of the temporal pulse shapes, assuming the resonant seeded mode and its

adjacent mode are lasing simultaneously, we calculate the intensity contrast of these

two frequency components.

The blue curves in Figure 2.10(b) on the left are measured temporal profiles at

different Q-switching speed when the cavity is locked on resonance with the injected

frequency. The blue dots in Figure 2.10(a) are the corresponding intensity contrast

of the resonant seeded mode over its adjacent mode. With 60 mW of injected power,

even though with zero detuning, the single mode quality is still poor at very fast

Q-switch opening (2.6 ns switching time). As the Q-switch opening becomes slower,

the pulse shows less temporal spikes and becomes smoother. The intensity contrast

increases almost by two orders of magnitude as the switching time is slowed down

from 2.6 ns to 24.6 ns. The red curves are from simulation using the model described

in the next sub-section.
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(a) (b)

2.6 ns

8.4 ns

13.1 ns

18.5 ns

24.6 ns

Figure 2.10: (a) Intensity contrast of the resonant seeded mode over its adjacent
mode at different Q-switch opening times. (b) Temporal pulse shapes at different
Q-switch opening time. The temporal positions of theses pulses show their relative
arriving time. Blue on the left: experimental measurement with zero detuning; Red
on the right: simulation.

2.5.3 Theoretical model

In presence of a externally injected field Ein(t) exp[i(ω0t−kz)], we describe the intra-

cavity field by a plane wave Es(t) exp[i(ωt−kz)](seeded mode), with a time dependent

envelope Es(t) and a time dependent frequency of which the initial value equals the

injected frequency: ω(0) = ω0, rattling back and forth in a cavity with mirror reflec-

tivity R1 and R2 for the end mirror and the output coupler, respectively, and a gain

α = σ∆N(t)`. The gain medium is characterized by a gain cross section σ, a time

dependent inversion ∆N(t), and has a length of `. Assuming a constant injected

field amplitude Ein (value inside the resonator), the evolution of the seeded mode
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then is given by [33, 22]:

Es(t+ τRT ) = Es(t)
√
R1R2TQ(t)eσ∆N(t)`e−i∆ωτRT + Ein. (2.1)

TQ(t) is the internal transmittance which includes the time dependent losses intro-

duced by the Pockels cell and polarizer. The Q-switch transition is modeled as having

an exponential time dependence with a characteristic time constant τQ:

TQ(t) = TQf − (TQf − TQi)e
− t
τQ . (2.2)

TQi and TQf are the initial and final internal transmittance. ∆ω = ω0 − ωc is the

detuning of the injected frequency ω0 from the nearest cavity mode ωc. Since we are

only interested in the resonant case, we choose a zero detuning frequency. As shown

in reference [22], Eq. (2.1) is equivalent to the differential equation:

dEs
dt

= m(t)Es +
m(t)

emτRT − 1
Ein, (2.3)

where m(t) is the net gain per round-trip:

m(t) =
1

τRT
[ln

√
R1R2TQ(t) + σ∆N(t)`] (2.4)

The injected field affects the field evolution in two ways. The first one is to offer a

higher initial condition for the seeded mode as compared to the mode that evolved

from spontaneous emission. The second one is the in phase addition of the seed

field at each round trip, as described by the second term of the right hand side of

Eqs. (2.1) and (2.3). The latter effect manifests itself as a regenerative amplification

of the injected field before the cavity reaches its threshold, which is critical for mode

selection, as will be detailed below.

Since there is no coherent external field at any other frequency, the evolution

of non-seeded modes that build up from spontaneous emission can be described by

Eq. (2.3) but without the second term.

dE(t)

dt
= m(t)E(t) (2.5)
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As the gain depletion occurs in tens of ns, we consider only the stimulated emission

and ignore the spontaneous decay, which has a life time of 230 µs:

d∆N(t)

dt
= −2σcΦ(t)∆N(t) (2.6)

where Φ(t) is the photon flux. Both the seeded mode and un-seeded mode fields

contribute equally to the photon flux Φ(t) for stimulated emission in the Nd:YAG

medium, in which homogenous broadening is the dominant broadening mechanism.

Φ(t) =
ε

2hν
(|Es|2 + |E(t)|2) (2.7)

Table 1 is a summary of the parameters that we use in the simulation, matching

closely our experimental condition. The injection intensity is calculated from the 60

Table 2.1: Parameters used in simulations
mirror reflectivity: R1, R2 0.99, 0.12

internal transmittance at low Q: TQi 0.06
internal transmittance at high Q: TQf 0.86

round-trip time: τRT 3.5137 ns
gain medium length: l 0.115 m

gain cross-section: σ 5×10−23m2

initial gain above threshold: r 2
CW injection intensity 1300 W/m2

peak fluorescence intensity per mode 300 W/m2

mW seed laser, being expanded to 5 mm FWHM, and passing through the output

coupler with 12% reflectivity. The intensity of the fluorescence at the non-seeded

mode is estimated from measurements. We measure the ratio of the peak fluores-

cence to the reflection of injected CW seed from the cavity, after passing through a

bandpass filter for 1 µm. The intensity ratio is 129 in resonant condition. From the

cavity mirror reflectivity and internal loss information we know that the peak fluo-

rescence intensity is 18 times that of the injected intensity. Consider the bandwidth

of each cavity mode to be 50 MHz and the fluorescence bandwidth at 1 µm to be 20

GHz, we estimate the peak fluorescence intensity per mode to be 4.5% of the injected
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intensity, which is about 60 W/cm2. The fluorescence intensity per mode that we

use in our simulation is instead 300 W/cm2. We believe this is reasonable because

the mode just next to the seeded mode is always preferred to other modes since it

is closer to the seed frequency. We don’t have a model to describe this preference so

we justify it by increasing the initial intensity of that nearest mode by factor of 5,

which matches our experimental observation.

2.5.4 Numerical results

Using the parameters in Table 1, we numerically solve Eq. (2.3), (2.5) and (2.6)

with different characteristic Q-switch opening time τQ that we measure. The mode

contrasts obtained from simulation are shown in Figure. 2.10 (a) with red crosses.

The possible temporal pulse shapes are shown in Figure. 2.10 (b) on the right in

red. The trend of increasing Q-switching opening time leading to increasing mode

selectivity on the seeded mode matches well with experimental data.

To better illustrate the effect of Q-switch opening time on mode selectivity, the net

round-trip gain and the corresponding Q-switched pulse are plotted at two switching

times, shown in Figure. 2.11 (a). The blue solid line is the fast switching case and

the black dashed line is the slow switching case. The red dotted line indicate the

cavity threshold condition, i.e. net round-trip gain=0. The rising edge of the net

gain indicates the Q-switching process and the fall edge indicates the gain depletion.

Before the cavity reaches its threshold, the seeded mode is regeneratively amplified

because of the cumulative seed field addition at each round trip (second term of

Eq. (2.3)). The non-seeded mode, however, experiences loss until the cavity reaches

its threshold. As the Q-switch opening time is slowed down, the time of threshold

gets delayed and so does the build-up of the non-seeded mode. The seeded mode,

because of the regenerative amplification before threshold, suffers less delay in its
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build-up. This leads to an overall increase of build-up time difference between the

seeded mode and non-seeded mode. When the build-up time difference is longer than

one temporal pulse width, the seeded mode depletes the population inversion before

the non-seeded mode builds up to a comparable level, resulting in a high contrast

single mode output.

Figure 2.11: (a) Net round-trip gain evolution and Q-switched pulse with different
switching time. The red dotted line indicates the cavity is at threshold, i.e. net
round-trip gain =0. (b) Phase diagram for high contrast single mode operation.
When the laser is pumped at twice above threshold (single pass small signal gain
=9.8), the red area shows where the mode contrast >1000:1 can be achieved. At
lower gain, this area becomes bigger and the blue area shows where the mode contrast
is less than 1000:1.

Figure. 2.11 (b) shows the phase diagram for high contrast single mode opera-

tion under different pumping conditions, injection intensities and Q-switch opening

time. For pumping twice above threshold, which is typical for high energy flashlamp

pumped Q-switched Nd:YAG laser, with a CW seeder with power of a couple mW to

a couple tens of mW corresponding to intensity of 102 to 103W/m2, the Q-switching

opening time should be slowed down to 20 to 40 ns in order to achieve mode contrast

of 1000:1. Lowering the gain makes the single mode window much wider, as shown

in the blue curve.
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2.5.5 Energy reduction problem

We observe an energy reduction of about 10% when the laser is injection seeded and

working in single mode. Similar phenomena was also mentioned in literature [32].

The reason is, instead of owing to the in-homogeneously broadening of two transitions

a) b)

c) d)

Figure 2.12: (a) Measured Q-switch voltage and pulse in fast switching case. (b)
Measured Q-switch voltage and pulse in slow switching case. (c) Simulated cavity
internal transmission and Q-switched pulse in fast switching case. (d) Simulated
cavity internal transmission and Q-switched pulse in slow switching case.

of 1.064 and 1.0645 µm in Nd:YAG [32], due to the slow Q-switch that is necessary

for good single performance. We measure the seeded and un-seeded Q-switched pulse

in both fast and slow switching case, as shown in figure 2.12 (a) and (b). Only in

the slow switching case we observe energy reduction, while the cavity is operated in
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seeded mode. The high DC voltage applied on the Pockels cell is also measured at

the same time, using a high voltage probe with 2 ns response time, and plotted in

figure 2.12 (a) and (b). As measured in figure 2.12 (a), the pulse leaves the cavity

after the loss is switched to its minimum in both seeded and un-seeded modes. All

the population inversion is dumped in both cases and the pulse energies are the same.

In figure 2.12(b), however, as the voltage is switched on slowly, the pulse leaves the

cavity before the loss is switched to its minimum. The pulse builds up faster and

leaves the cavity earlier in injection seeded mode , thus ”see” more cavity loss than

the pulse in un-seeded mode and has less energy. The energy reduction problem due

to slow Q-switch can also be explained in the model we describe in section 2.5.3, as

shown in figure 2.12(c) and (d).

The reduction of output energy, is the compromise of high gain, high single

mode purity and low injection power. We can keep the same pulse energy and good

single mode quality with high injection power and fast Q-switch, as we analyzed in

section 2.5.3. However, when the relatively low power, CW single mode seeder is

more convenient and accessible, 10% energy reduction is okay for good single mode

Q-switched laser.
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Chapter 3

Pulse compression by Stimulated

Brillouin Scattering

3.1 Introduction

The efficiency of many nonlinear light-matter interaction processes critically depends

on the peak power of the laser pulse. This is particularly true in the cases of higher-

order processes such as multi-photon ionization of gaseous nitrogen and filamentation

in air, where the required peak power exceeds gigawatt. Pulse compression is a family

of techniques commonly used to increase the peak power of laser pulses. In the ultra-

short (<ps) regime, method such as chirp compensation compresses an optical pulse

to the Fourier-transform-limited duration. These methods are however generally not

feasible for ns pulses.

Pulse compression from ns to the sub-ns regime is commonly achieved by utilizing

nonlinear light-matter interactions. Stimulated Brillouin scattering (SBS) is a classic

example of this type of technique. In its simplest realization, a high-energy laser

pulse is focused into a SBS active medium. At the focus the field is strong enough to
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initiate a backward scattered “Stokes” field which interferes with the remaining of the

incoming field and produces a standing wave. Due to electrostriction, through which

the material tends to concentrate where the light field is stronger, the standing wave

generates a density grating (i.e. phonon field). Meanwhile, the expanding phonon

field, acting like a “moving” mirror, back scatters more energy from the incident field

into the Stokes field, leading to depletion of the incident pulse and a compressed

Stokes pulse with a sharp rising edge. The result is an optical pulse with most of the

initial energy but with much reduced temporal width.

Pulse compression by SBS was first demonstrated by Hon [34]. Kmetik [35]

showed stable SBS compression in liquid fluorocarbon FC-75 at 1064 nm. The liquid

fluorocarbon family has remained the medium of choice in subsequent studies [36,

37, 17, 38, 39] for its short phonon lifetime, high SBS gain and low absorption in a

broad spectral range from the visible to near infrared. Schiemann et al [40, 41, 42, 43]

showed that water can also be used as a SBS medium at 532 nm. However, their study

was limited to low energy and therefore low peak power amplification. Dane [44]

pioneered a parallel two-cell configuration for SBS pulse compression which increased

the energy capacity of the method to more than 1 J and achieved a peak power of 1

GW in 1 ns pulses.

The SBS pulse compressor is a critical component in our UV source. A huge

amount of effort has been spent on designing and optimizing its performance for

UV filamentation experiments and the results are summarized here. This chapter is

organized as follows. We first describe the theory behind SBS pulse compression and

numerical methods to simulate the process. We then focus on experimental realiza-

tion using liquid fluorocarbon (FC72) as the SBS active medium. Two geometries,

the single-cell and the generator-amplifier configuration, were extensively studied,

optimized and compared. It was then realized that the unfavorable thermo-optic

property of FC72 ultimately limits the energy capacity of the setup. To address this,
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we switched to water as the SBS gain medium and discuss the tradeoffs. Ultimately,

we achieved output pulses of ∼ 500ps, 1 J at 1064 nm (using FC72) and ∼ 300 ps,

1.2 J at 532 nm (using water) which, after converting to 266 nm, meet the theoretical

requirements for filamentation in air.

3.2 Theoretical modeling

3.2.1 Principle of SBS pulse compression

tim
e

Figure 3.1: Illustration of pulse compression process by Stimulated Brillioun Scattering
(SBS), see text for details

Since its first demonstration in 1980 [34], SBS pulse compression has evolved

from the tapered waveguide geometry [45, 46], the single long focusing setup [45] to

the cascaded-two-cell arrangement [47] and eventually the parallel-two-cell configura-

tion [44]. The principle of SBS pulse compression is based on the strong interaction

between the pump and the Stokes and depletion of the pump. The Stokes pulse
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is either generated from the pump pulse’s leading edge via SBS (i.e. the tapered

wave-guide, single focusing and cascaded-two-cell setup), or pre-generated using a

separated pump pulse (i.e. the parallel-two-cell setup). As illustrated in Fig. 3.7(a),

the pump pulse (blue, from left to right) and the Stokes pulse (red, from right to

left) are counter-propagating inside the SBS medium (shaded area). The interference

between them creates a growing density grating that scatters the energy from the

pump into the leading edge of the Stokes, which, with sufficient interaction length,

leads to a compressed, amplified Stokes pulse with a sharp leading edge.

Here, we layout a comprehensive theoretical treatment of the SBS generation

which is the foundation for numerical simulations. Our treatment is based on the

pioneering work of Veltchev [48] with modifications. The following derivation is in

SI unit.

3.2.2 Optical and density waves coupled equations

The spatial evolution of the optical fields is described by the following wave equa-

tion [49],

∂2Ẽi
∂z2

− 1

(c/n)2

∂2Ẽi
∂t2

=
1

ε0c2

∂2P̃i
∂t2

, i = 1, 2 (3.1)

where Ẽ1 is the incoming(pump) wave and Ẽ2 is the reflecting(stokes) wave. The

two fields are counter-propagating according to

Ẽ1(t, z) =
1

2
E1(t, z)ei(ω1t−k1z) + c.c. (3.2a)

Ẽ2(t, z) =
1

2
E2(t, z)ei(ω2t+k2z) + c.c. (3.2b)

For Brillouin scattering induced by electrostriction, the nonlinear polarization which

gives rise to the source terms for the pump and stokes fields comes from the change of
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dielectric constant by electrostriction (i.e. change of dielectric constant from change

of material density). Thus the total nonlinear polarization on the right hand side of

Eq. 3.1 is [49]

P̃ = ε0∆χẼ = ε0∆εẼ = ε0γe
ρ̃

ρ0

Ẽ (3.3)

where γe = ρ0(∂ε/∂ρ) is the electostrictive constant of the material. The density

wave ρ̃, which describes the spatio-temporal material density distribution, can be

written as

ρ̃(t, z) = ρ0 + [
1

2
ρ(t, z)ei(Ωt−qz) + c.c.] (3.4)

where ρ0 represents the mean density of the medium. For Stimulated Brillouin scat-

tering, the density wave is induced by the interference between the pump and Stokes

field. ρ(t, z) is the induced density fluctuation distribution. From the conservation

of momentum and energy, the k vector and frequency of the density wave satisfy

q = qB = k1 − k2 ≈ 2k1 (3.5)

Ω = ΩB = ω1 − ω2 (3.6)

Consequently, we have

ρ̃(t, z) = ρ0 + [
1

2
ρ(t, z)ei(ΩBt−qBz) + c.c.] (3.7)

The material density obeys the acoustic wave equation

∂2ρ̃

∂t2
− Γ′∇2∂ρ̃

∂t
− v2∇2ρ̃ = ∇ · f (3.8)

where b is the sound velocity in the material, Γ′ is the damping parameter and f is

the electrostrictive force per unit volume given by

f = ∇pst, pst = −1

2
ε0γe < Ẽ2 > (3.9)
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and pst is the electrostrictive pressure. Ẽ is the total electric field. The time average

should be understood as averaging over many optical cycles since the material density

can only respond to low frequency components of the field (GHz).

The total electric field is the sum of the pump and Stokes fields and we have

Ẽ2 = (Ẽ1 + Ẽ2)2

= Ẽ1
2

+ Ẽ2
2

+ 2Ẽ1Ẽ2

Ẽ1
2

= (
1

2
E1(t, z)ei(ω1t−k1z) + c.c.)2

=
1

4
E2

1e
2i(ω1t−k1z) +

1

4
E∗21 e

−2i(ω1t−k1z) +
1

2
E2

1

Ẽ2
2

= (
1

2
Eei(ω2t+k2z) + c.c.)2

=
1

4
E2

2e
2i(ω2t+k2z) +

1

4
E∗22 e

−2i(ω2t+k2z) +
1

2
E2

2

Ẽ1Ẽ2 =
1

4
E1E2e

i(ω1+ω2)tei(k2−k1)z +
1

4
E1E∗2ei(ω1−ω2)te−i(k1+k2)z + c.c.

and their time averages are

< Ẽ2
1 > =

1

2
|E1|2

< Ẽ2
2 > =

1

2
|E2|2

2 < Ẽ2
1Ẽ

2
2 > =

1

2
E1E∗2ei(ω1−ω2)te−i(k1+k2)z + c.c.

=
1

2
E1E∗2ei(ΩBt−qBz) + c.c.

As a result, the right-hand-side of Eqaution 3.8 is

∇ · f = ∇2pst = −1

2
ε0γe∇2 < Ẽ2 >

= −1

2
ε0γe∇2[

1

2
E1E∗2ei(ΩBt−qBz) + c.c.]

=
1

4
ε0γeq

2
B[E1E∗2ei(ΩBt−qBz) + c.c.]
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∇ · f =
1

4
ε0γeq

2
B[E1E∗2ei(ΩBt−qBz) + c.c.] (3.10)

The treatment of density wave (Eq. 3.8) is similar to Refs. [43, 48]. First, we

note that the density wave is considered as a ultra short pulse because the Brillouin

bandwidth is comparable to the Brillouin frequency, the slowly-varying-envelope ap-

proximation does not applied here. Plug Eq. 3.7 into 3.8, we get

∂ρ̃

∂t
=

1

2
[
∂ρ(t, z)

∂t
+ iΩBρ(t, z)]ei(ΩBt−qBz) + c.c.

∂2ρ̃

∂t2
=

1

2
[
∂2ρ(t, z)

∂t2
+ 2iΩB

∂ρ(t, z)

∂t
− Ω2

Bρ(t, z)]ei(ΩBt−qBz) + c.c.

Assume that the phonon wave doesn’t move along z within the timescale we consider,

we make the approximation that

∇2∂ρ̃

∂t
≈ −1

2
q2
B[
∂ρ(t, z)

∂t
+ iΩBρ(t, z)]ei(ΩBt−qBz) + c.c.

∇2ρ̃ ≈ −1

2
q2
Bρ(t, z)ei(ΩBt−qBz) + c.c.

and Eq. 3.8 becomes

1

2

∂2ρ(t, z)

∂t2
+ (

1

2
Γ′q2

B + iΩB)
∂ρ(t, z)

∂t
+ (v2q2

B − iΩBΓ′q2
B − Ω2

B)ρ(t, z) + c.c.

= ∇ · f

=
1

4
ε0γeq

2
B(E1E∗2 + c.c.) (3.11)

The wave number, frequency and velocity of the density wave are related by

qB =
ΩB

v
(3.12)

so Eq. 3.11 becomes

∂2ρ(t, z)

∂t2
+ (ΓB + 2iΩB)

∂ρ(t, z)

∂t
+ iΩBΓBρ(t, z) =

1

2
ε0γeq

2
BE1E∗2 (3.13)

where we have defined

ΓB = Γ′q2
B (3.14)
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as the Brillouin line-width of the material.

We solve Eq. 3.13 in the Fourier domain. First, utilizing that ∂
∂t

= iΩ and

∂2

∂t2
= −Ω2, we have, in the frequency domain

−Ω2ρ̃(z,Ω) + iΩ(ΓB + 2iΩB)ρ̃(z,Ω) + iΩBΓBρ̃(z,Ω) =
1

2
ε0γeq

2
BẼ1E∗2 (3.15)

so

ρ̃(z,Ω) =
−ε0γeq2

BẼ1E∗2/2
Ω2 + 2ΩBΩ− iΓB(Ω + ΩB)

=
−ε0γeq2

BẼ1E∗2/2
(Ω + ΩB)2 − Ω2

B − iΓB(Ω + ΩB)
(3.16)

We subsequently define

g̃(Ω) =
ΩB

(Ω + ΩB)2 − Ω2
B − iΓB(Ω + ΩB)

(3.17)

as the gain profile of the SBS process, which has resonances at Ω + ΩB = ±ΩB. The

two resonances correspond to the Stokes and anti-Stokes of the Brillouin scattering

process. The density wave in the Fourier domain is

ρ̃(Ω, z) = −ε0γeq
2
B

ΩB

g̃(Ω)Ẽ1E∗2/2 (3.18)

Correspondingly, in the time domain,

ρ(t, z) = −ε0γeq
2
B

ΩB

g(t) ∗ E1E∗2/2 (3.19)

in which ∗ is the convolution. The gain profile in the time domain is

g(t) =
1√
2π

∫ ∞
−∞

ΩB

(Ω + ΩB)2 − Ω2
B − iΓB(Ω + ΩB)

e−iΩtdΩ (3.20)

To evaluate Eq.3.20, we examine the integrand

f(Ω) =
ΩBe

−iΩt

(Ω + ΩB)2 − Ω2
B − iΓB(Ω + ΩB)

=
ΩBe

−iΩt

[Ω− (−ΩB + iΓB
2

+

√
Ω2
B −

Γ2
B

4
)] · [Ω− (−ΩB + iΓB

2
−
√

Ω2
B −

Γ2
B

4
)]
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f(Ω) has two poles Ω1 and Ω2 in the upper half:

Ω1 = −ΩB +
iΓB
2

+

√
Ω2
B −

Γ2
B

4

Ω2 = −ΩB +
iΓB
2
−

√
Ω2
B −

Γ2
B

4

The integral of Eq. 3.20 equals to the contour integral:

g(t) =
1√
2π

∮
C

f(Ω)dΩ (3.21)

When t ≥ 0, the complete contour runs from −∞ to +∞ of the Re(Ω) axis and a

semi-circle in the upper half of the complex plane. The integral in Eq. 3.20 can be

evaluated using the Residue theorem,

g(t) =
1√
2π

2πi(Res(f(Ω))|Ω1 + Res(f(Ω))|Ω2)

=
1√
2π

2πi(
ΩBe

iΩ1t

Ω1 − Ω2

+
ΩBe

iΩ2t

Ω2 − Ω1

)

=

√
2πiΩB

Ω1 − Ω2

(eiΩ1t − eiΩ2t)

=

√
2πiΩB

2

√
Ω2
B −

Γ2
B

4

ei(−ΩB+i
ΓB
2

)t(e
i

√
Ω2
B−

Γ2
B
4
t − e−i

√
Ω2
B−

Γ2
B
4
t
)

=
−
√

2πΩB√
Ω2
B −

Γ2
B

4

e−iΩBte−
ΓB
2
t sin(

√
Ω2
B −

Γ2
B

4
t)

When t < 0, the complete contour runs from −∞ to +∞ of the Re(Ω) axis and a

semi-circle in the lower half. Since f(Ω) has no pole in the lower half, the Integral 3.21

equals zero. So the transient gain g(t) has an exact solution,

g(t) =


−
√

2πΩB√
Ω2
B−

Γ2
B
4

e−iΩBte−
ΓB
2
t sin(

√
Ω2
B −

Γ2
B

4
t) if x ≥ 0

0 if x < 0

(3.22)

and it decays with a characteristic time τp = 1/ΓB, which is the phonon lifetime.

The phonon wave is coupled with the optical waves via Eq. 3.19 and 3.22.
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For the optical waves, the slowly-varying-envelope approximation (S.V.E.A.) applies

since the pulse width of interest is hundreds of pico-seconds. With the S.V.E.A, the

optical wave (Eq. 3.1) can be rewritten as

ik1(
∂E1

∂z
+

1

c/n

∂E1

∂t
)ei(ω1t−k1z) + c.c. =

1

ε0c2

∂2P̃1

∂t2
(3.23a)

ik2(−∂E2

∂z
+

1

c/n

∂E2

∂t
)ei(ω2t+k2z) + c.c. =

1

ε0c2

∂2P̃2

∂t2
(3.23b)

Now choose only the phase-matched source terms on the right-hand-side of Eqs. 3.23,

meaning:

P̃1 =
1

2
P1e

i(ω1t−k1z) + c.c.

P̃2 =
1

2
P2e

i(ω2t+k2z) + c.c.

and continue on the nonlinear polarization source term in Eq. 3.3,

P̃ = ε0γe
ρ̃

ρ0

Ẽ

=
ε0γe
ρ0

[
1

2
ρe−i(k1+k2)zei(ω1−ω2)t + c.c.] · [1

2
E1e

i(ω1t−k1z) +
1

2
E2e

i(ω2t+k2z) + c.c.]

=
ε0γe
ρ0

[
1

4
ρE2e

i(ω1t−k1z) + c.c.︸ ︷︷ ︸
P̃1

+
1

4
ρ∗E1e

i(ω2t+k2z) + c.c.︸ ︷︷ ︸
P̃2

+...] (3.24)

We introduce Eq. 3.24 into the optical wave equations 3.23, and apply the

S.V.E.A,

∂E1

∂z
+

1

c/n

∂E1

∂t
=
iγeω1

4ncρ0

ρE2 (3.25a)

−∂E2

∂z
+

1

c/n

∂E2

∂t
=
iγeω2

4ncρ0

ρ∗E1 (3.25b)

The coupled optical wave equations 3.25 and density wave equations 3.19, 3.22 are

to be solved numerically. The pump and Stokes frequency are very close since the

Brillouin shift is only sub GHz to GHz. So we can make the assumption ω1 ≈ ω2 = ω.
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The steady state Brillouin gain gB is a material property, the derivation of which

can be found in [49].

gB =
γ2
eω

2

nc3vρ0ΓB
(3.26)

With Eq. 3.26, the optical waves as well as the density wave equations can be

rewritten in the following forms
∂E1
∂t

+ c/n∂E1
∂z

= −iε0c2gBΓBρ
′E2

∂E2
∂t
− c/n∂E2

∂z
= −iε0c2gBΓBρ

′∗E1

ρ′(t) = 1
8
g(t) ∗ E1E∗2 = 1

8
√

2π

∫ t
0
g(t− τ)E1(τ)E∗2 (τ)dτ

(3.27)

Equations 3.27 are used to simulate the dynamics of the SBS process.

3.2.3 Numerical implementation

To solve Eqs. 3.27 numerically we use the split-step method (reference). By in-

troducing a propagation operator P̂ = c/n ∂
∂z

and a nonlinearity operator N̂ =

−iε0c2gBΓBρ
′, the optical wave equations in Eqs. 3.27 can be rewritten in a matrix

form as

∂

∂t

E1

E2

 =

 0 N̂

−N̂∗ 0

 +

−P̂ 0

0 P̂ ∗

E1

E2

 (3.28)

For a small time step ∆t, the propagation and nonlinearity operator can be treated

as acting independently on the field,E1(t+ ∆t, z)

E2(t+ ∆t, z)

 = exp

 0 N̂

−N̂∗ 0

∆t

 · exp

−P̂ 0

0 P̂ ∗

∆t

 ·
E1(t, z)

E2(t, z)


(3.29)
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Firstly we look at what the propagation operator does on the field. The propagation

operator in Fourier domain is
˜̂
P = ic/nkz so

exp

−P̂ 0

0 P̂ ∗

∆t

 ·
E1(t, z)

E2(t, z)

 = F−1

 eic/nkz∆tẼ1(t, kz)

e−ic/nkz∆tẼ2(t, kz)


=

 ∫∞
−∞ e

ic/nkz∆te−ikzzẼ1(t, kz)dkz∫∞
−∞ e

−ic/nkz∆te−ikzzẼ2(t, kz)dkz


=

E1(t, z − c/n∆t)

E2(t, z + c/n∆t)

 (3.30)

After a time step ∆t, the propagation operator shifts the field by ±c/n∆t in space.

We then look at the nonlinearity operator N̂ . 0 N̂

−N̂∗ 0

2

=

−N̂N̂∗ 0

0 −N̂N̂∗

 = −|N̂ |1̂

exp

 0 N̂

−N̂∗ 0

∆t

 = exp

i|N̂ |
 0 −iN̂

|N̂ |
−iN̂∗
|N̂ | 0

∆t

 = ei|N̂ |σ̂n∆t (3.31)

in which

σ̂n =

 0 −iN̂
|N̂ |

−iN̂∗
|N̂ | 0

 , σ̂2
n = 1̂ (3.32)

We can make use of the mathematical properties of matrix σ̂n and rewrite Eq. 3.31

as the following simplified form

ei|N̂ |σ̂n∆t = eiθσ̂n

= cos(θ)1̂ + i sin(θ)σ̂n (3.33)

By introducing a dimensionless θ = |N̂ |∆t, and with N̂

|N̂ | = −i ρ′|ρ′| ,
N̂∗

|N̂ | = i ρ
′∗

|ρ′| :

ei|N̂ |σ̂n∆t =

 cos(θ) −i sin(θ) ρ′

|ρ′|

−i sin(θ) ρ
′∗

|ρ′| cos(θ)

 (3.34)
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Plugging the simplified form of the propagation operator, Eq. 3.30, and the nonlin-

earity operator, Eq. 3.34 into Eq. 3.29, we arrive at a simple equation to propagate

electric field amplitude after a small time step ∆t,E1(t+ ∆t, z)

E2(t+ ∆t, z)

 =

 cos(θ) −i sin(θ) ρ′

|ρ′|

−i sin(θ) ρ
′∗

|ρ′| cos(θ)

 ·
E1(t, z − c/n∆t)

E2(t, z + c/n∆t)

 (3.35)

3.2.4 Simulation in Matlab

The simulation of SBS compression is realized in the Matlab environment. As de-

scribed in Eqn. 3.35, the simulation is to calculate the fields evolution in whole space

at every small time intervals ∆t. The Matlab code consists of one main .m file and

5 function .m files (REFERENCE APPENDIX).

The “SBSmain.m” is the main .m file for simulating conventional single-cell SBS

compression. It defines all the physical constants, the initial conditions (pulse width,

pulse energy, beam size, focal length of the lens, etc.), the time step, the temporal

space, spatial space, index and gain space(i.e. define the SBS gain medium dimen-

sion), and call the other 5 functions to complete the simulation.

The “gfunc.m” is a function .m file which calculates the transient gain describe

in Eq. 3.22.

The “MakePhonon.m” is a function .m file that calculates the phonon wave (den-

sity wave) in Eq. 3.19. The convolution is done by calculating the following sum

ρ′(t, z) =
t−N∆t∑
τ=t

1

8
√

2π
g(t− τ)E1(τ)E∗2 (τ)∆t (3.36)

starting from the current time τ = t back to some past time τ = t − N∆t. The

physical meaning of the convolution is that the memory of the system affects the

present value of the phonon wave. As shown in Eq. 3.22, the transient gain still

exists after the optical filed leaves and decays with a characteristic time 2/ΓB. So
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as long as the integer N is chosen such that N∆t > 2/ΓB, i.e., the history of the

system being considered is longer than the memory of it, the sum in Eq. 3.36 is a

good approximation of the convolution (Eq. 3.19).

The “Propagate.m” function calculates the effect of the propagation operator on

the pump and Stokes field amplitude after time ∆t. As shown in Eq. 3.30, the field

shifts by c/n∆t in space after time ∆t. The space step is chosen as ∆z = c/n∆t so

that the filed in space shifts by one step after ∆t:

E1shift[2 : end]] = E1[1 : end-1]

E1shift[1] = complex(0, 0)

For propagating the Stokes filed E2, the procedure is similar but with an opposite

direction.

The “Nonlinearity.m” function calculates the nonlinearity operator matrix of

Eq. 3.34.

The “genCorrection.m” function corrects the field after the propagator “shift” in

space by considering the geometric effect. It is necessary because the beam size at

different locations in space is different when a lens is used to focus the beam in the

SBS medium. The correction factor is only z dependent as long as the beam size and

focusing condition is known.

For our generator-amplifier setup, the “SBS2PulseInteraction.m” is used as the

main .m file and a function “seedGeneration.m” is called to generate a seed pulse as

the initial Stokes pulse (instead of using random noise with normal distribution).
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3.3 SBS Pulse compression with a single-cell and

cascaded two-cell setup

3.3.1 Experimental setups

TFP

CCD 

fast detector

CCD 

fast detector

(a)

(b)

Figure 3.2: SBS compression setup: (a) Single cell setup; (b) Cascaded two-cell setup.
TFP: thin film polarizing beam splitter. λ/4: quarter-wave plate.

The single-cell and cascade two-cell setups are commonly used optical configura-

tions when working with SBS compression and SBS phase conjugation, because they

are simple to implement and very effective. The initial design of the SBS compres-

sor for this project was a single-cell setup with liquid FC-72 as the SBS medium,

as sketched in Fig. 3.2(a). The focusing distance inside the SBS cell is designed to

match half of the spatial pulse length at its half maximum for effective compression.

The combination of a polarizer and a quarter-wave plate separates the pump and

the Stokes beams.
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The cascade two-cell setup, sketched in Fig. 3.2(b), consists of one generator cell

and one amplifier cell. The beam is collimated inside the amplifier cell to allow more

energy in the medium without triggering other nonlinear effect such as stimulated

Raman scattering. The beam is then focused into the generator cell with a short

focusing lens, in order to initial the SBS reflection in the very leading edge of the

pump pulse, without triggering optical breakdown around the focus. An attenuator

can be inserted in between the two cells to further limit the pump energy entering

the generator cell to avoid optical break down.

3.3.2 Experimental results with single cell setup

(a) (b)

(c) (d)

50 mJ 100 mJ

200 mJ 800 mJ

Figure 3.3: Compression results with a single cell setup at 532 nm using FC-72 as the
SBS medium. Blue: pump pulse shape; red: Stokes pulse shape.

Fig. 3.3 summaries the compression results with a single cell setup at 532 nm

using liquid FC-72 as the SBS medium. Here, the cell length is L = 130 cm and the

focal length inside the liquid is 120 cm, matching half of the spatial pulse length:
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cτp/n × 1
2
≈ 140 cm (pulse width τp=12 ns and index of refraction of the liquid is

n = 1.25). The Stokes pulse was compressed down to ∼ 1 ns with a pump pulse

of 50 mJ. As we increased the pump pulse energy (from panel a to d), the Stokes

featured a short leading pulse with multiple subsequent pulses. In the end, the

peak power amplification was limited because at higher pulse energies, an increasing

portion of the pulse energy was distributed in the secondary structures, instead of

being confined to a single peak.

We think this is due to the relatively short interaction length (∼ focal distance

inside the SBS medium) compared to the actual interacting pulse length. As the

pump energy increases, the SBS initiates earlier into the leading edge of the pump

pulse, also shown in the relative timing the Stokes pulses in Fig. 3.3, making the

actual interacting pulse longer than its FWHM. As the leading edge of the Stokes

exits the cell, there is still a significant portion of the pump that continues entering

the cell, reaching the focal area and generating a second Stokes pulse.

On the other hand, as we increased the pump energy, we observed more distortion

and modulation on the spatial intensity profile of the Stokes beam, shown in inset

of Fig. 3.3(d). This might be due to the on-set of other nonlinear effects such as

stimulated Raman scattering.

We then increased the cell length to 250 cm and the focal length to 230 cm

(∼FWHM of the spatial pulse length) inside the liquid. Fig. 3.4 shows the results

of using a 250 cm long cell and input pulse at 1064 nm. With an input pulse of 12

ns, 330 mJ, the Stokes pule was successfully compressed to a single pulse of 404 ps

with 79% conversion efficiency, as shown in Fig. 3.4(a). The compression ratio is

about 30X and the Stokes pulse width is below the phonon lifetime (∼1 ns [36]) of

FC-72. However, as we sent more energy into the SBS cell, the Stokes pulse shape

became fluctuating, shown in Fig. 3.4(b), and the beam profile became distorted as

well. We think this was the result of the on set of competing nonlinear effects due
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(a) (b)

330 mJ 840 mJ

Figure 3.4: Compression results with a single cell setup at 1064 nm using FC-72 as the SBS
medium. Cell length: L=250 cm; focal length: f=230 cm; input beam diameter φ=20mm.

to high intensity in the focusing geometry.
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Figure 3.5: Compression results with a single cell setup at 532 nm using water as the SBS
medium.Cell length: L=250 cm; focal length: f=230 cm; input beam diameter φ=30mm.

The same experimental configuration was applied to 532 nm pulses using water
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as the SBS medium and similar energy limitation was observed. In Fig. 3.5, we

plot the Stokes pulse width versus the input pump energies. The error bars repre-

sent the maximum and minimum pulse width that we observed over 80 shots. The

compression was very stable at input energies between 150 mJ and 350 mJ and the

compressed pulse width saturated to the phonon lifetime of water (≈ 300 ps [50]).

However, as the pump energy increased further (e.g. > 400 mJ), the compression

became unstable. At input energy of 498 mJ, noticeable stimulated Raman signal of

water at 649.5 nm was observed. Strong stimulated Raman was observed in every

shot when the input energy increased to 680 mJ.

3.3.3 Experimental results with cascaded two-cell setup
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Figure 3.6: Compression results with a cascaded two-cell setup at 1064 nm using FC-72 as
the SBS medium. Amplifier cell length: L=250 cm; focal length in generator cell: f=18.8
cm; input beam diameter φ=20mm.

The cascaded two-cell arrangement was also tried with 1064 nm pulses and liquid
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FC-72 as the SBS medium. With an input energy of 660 mJ, we observed stable

reflectivity of 83% and no beam distortion. However, instead of a single compressed

pulse, the reflected Stokes featured a multiple-pulse train with decaying amplitude,

shown in Fig. 3.6. Consequently, similar to the single-cell configuration, the maxi-

mum peak power in the Stokes pulse was severely compromised.

3.3.4 Conclusion

We demonstrated SBS pulse compression at 1064 nm and 532 nm with liquid FC-

72 and water as the SBS medium in two different configurations. We found that

both the single-cell and cascaded two-cell setup allow effective pulse compression for

energies up to several hundreds of mJ. In our hands, the interaction length needs

to be at least the FWHM of the spatial pulse length of the pump, instead of half

the FWHM as commonly used in the literature, for a complete compression at high

energy input. In this way, the Stokes pulse can be compressed to close to the phonon

lifetime limit of the SBS medium with ∼ 80% conversion efficiency.

However, we found that the energy capacity of both setups is limited to only

several hundreds of mJ due to competing nonlinear effects as well as the presence of

multiple pulses in the Stokes’s temporal profile. These severe limitations make both

configurations unsuitable for our high energy (> 1J) application.

3.4 Optimizing SBS Pulse compression with a

generator-amplifier setup

In this section, we show results of SBS compression using a different optical config-

uration: the generator-amplifier setup (or the parallel two-cell setup). We explore

52



Chapter 3. Pulse compression by Stimulated Brillouin Scattering

the limit of SBS pulse compression in liquid for high energy applications using this

configuration. Towards this end, we use a combination of theoretical modeling, com-

puter simulation and experiments to elucidate the critical parameters in the SBS

generation process and show how optimizing these parameters leads to ∼40X pulse

compression down to ∼300 ps with >1 J of energy after compression and a shot-

to-shot variation of the pulse width of ∼2%. To our knowledge, this represents the

highest peak power at 532 nm obtained using SBS technique with unprecedented

shot-to-shot reproducibility.

3.4.1 Motivation and basic principles of the

generator-amplifier setup

Although simple in implementation, for stable high energy application, the SBS pulse

compression by singe cell or cascaded two cell is strongly limited for stable high energy

application by its low energy capacity and instability due to thermal disturbance [35]

(see Section 3.3.2 and 3.3.3 ). Of all the SBS compression geometries, the parallel two

cell setup [44] has demonstrated the largest energy capacity. The idea of this setup

is to first generate a Stokes seed pulse with small energy in a single long focusing

configuration, then amplify the Stokes seed pulse in a amplifier cell where the beams

are collimated. The energy in the focusing generator cell can be controlled to the

minimum value needed for efficient energy extraction of the pump, without exceeding

the energy limit and with no further attenuation. The energy in the amplifier cell can

be scaled up by increasing the beam size while keeping the intensity under the SBS

threshold (empirically, the intensity-gain-length parameter should be IgL < 30). In

this way, the energy capacity can be greatly increased, limited only by the size of

the optics and the homogeneity of the SBS medium. Moreover, the energy density

can be even higher by choosing a SBS medium with smaller gain.
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Figure 3.7: Layout of the amplifier-generator SBS setup. Q-W: quarter waveplate, TFP:
thin film polarizer, H-W: half waveplate, ∆t1: optical path length delay. Dark red: pump
beam, light red: seed beam. Arrows: propagation directions.

The experimental arrangement used is sketched in Fig. 3.7. The input is from a

custom-built single mode Q-switched Nd:YAG oscillator and 6-stage single-pass am-

plifiers system operating at 1.25 Hz. A novel real-time resonance tracking method [51]

is implemented to ensure that every single shot from the injection seeded Q-switched

oscillator is single mode with a smooth temporal profile. The system output pulses

of 12 ns at FWHM, 5 J at 1064 nm and 3.5 J at 532 nm (doubling with a LBO SHG

crystal). A small portion of the laser is extracted by the combination of a half-wave

plate and a thin film plate polarizing beam splitter (TFP #1). The split output is

directed into a generator cell by TFP #2 and two directing mirrors. The largest

fraction of the source is sent into the Brillouin amplifier cell entering from the left

side in Fig. 3.7 and interacts with the Stokes seed pulse entering from the opposite

side. The quarter-wave plate Q-W #1 is used to ensure that the Stokes seed pulse

is reflected from the generator with its polarization angle rotated by 90o and trans-

mitted through TFP #2 into the amplifier. Two quarter-wave plates Q-W #2 and
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Q-W #3 are oriented with their fast axis aligned such that the depleted pump can

be reflected by TFP #2 without entering the generator and the amplified Stokes can

be extracted by TFP #3. The energy scaling is realized by a beam-size controlling

telescope before the half-wave plate. As will be detailed in the following discussion,

the meeting point of the pump and Stokes seed pulse, indicated by the solid blue

and red arrows, the intensity of pump and seed pulse, the interaction length inside

the amplifier and finally the thermal stability can be optimized to achieve efficient

and stable pulse compression. We measured the 1064 nm pulse by a 12.5 GHz GaAs

biased photodetector from Newport and the 532 nm pulse by a Hamamatsu R1328U-

52 biplanar phototube (rise time: 60 ps; spectral response: 185-650 nm; detection

area: 10 mm diameter) combined with an Agilent DSO90254A digital oscilloscope

(Bandwidth: 2.5 GHz; Sampling rate: 20 Gsa/s). As it was reported the compressed

pulse width is intensity dependent across the beam area [41], only center regions of

the beam sampled are shown below.

3.4.2 Experimental parameters optimization

Optimizing the relative delay between pump and seed pulse

Since the pump and Stokes seed pulse are counter-propagating, overlapping of them

in time is critical for efficient energy exchange. The amplifier cell needs to be posi-

tioned correctly with respect to the crossing point between pump and seed. Fig. 3.8

illustrates three simulated situations in which the leading edge of the pump and

Stokes seed meet at different locations relative to the SBS cell. In all three panels,

the vertical axis on the right (blue) represents the pump intensity, the vertical axis on

the left (red) represents the Stokes intensity, both in arbitrary unit. The horizontal

axis represents the spatial dimension. The SBS medium is 2.5 m long and is located

in space from 0 to 2.5 m. The solid red pulses are the amplified Stokes while the
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dotted blue pulses are the input pump and the solid blue with shaded area are the

depleted pump. The arrows point to the propagation directions. The rectangle with

a blue and red arrow pointing at opposite directions in the inset indicate the SBS

medium relative to the meeting point of the pump and Stokes seed. When the two

Figure 3.8: Optimizing the delay between the pump and seed pulse is critical for optimal
SBS compression. Simulated compression result as the pump and seed pulse meeting loca-
tion (top right schematic) is varied with respect to the SBS medium. Solid red: amplified
Stokes; dashed blue: input pump;solid blue with shaded area: depleted pump.

pulses meet outside the right entrance of the SBS amplifier cell, as shown in the left

panel of Fig. 3.8, the Stokes pulse interact with only a portion of the pump pulse,

leaving a large amount of energy un-depleted (shaded area). The overall result is a

low pump energy extraction efficiency and therefore a small peak power amplifica-

tion. As shown in Fig. 3.8 middle panel, meeting at the right entrance of the cell

ensures persistent interaction with the SBS medium throughout the spatial-temporal

overlap of the pump and Stokes pulses, leading to an efficient energy exchange and

high peak power amplification. If they meet inside the cell as indicated in the right

panel, although the Stokes still extracts most of the energy from the pump, the en-

ergy goes to its trailing edge instead of its leading edge as the leading edge exit the

cell. This leads to a low peak power amplification and compression ratio due to the

short interaction length. In conclusion, there is an optimal delay ∆t between the

pump and the Stokes pulse for best compression performance.

Other than the optical path length difference ∆t1 shown in the setup Fig. 3.7(b),
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we found that the extra delay during the Stokes seed generation process ∆t2 should

also be taken into account:

∆t = ∆t1 + ∆t2 (3.37)

To visualize the effect of ∆t2 which is coupled into the seed energy, we use an input

pulse of 16 ns and a fixed optical path length delay. We measured the amplified

Stokes(red)and the depleted pump(blue with shade area) as shown in Fig. 3.9. As

the seed energy increases, the energy transfer between the pump and Stokes starts

earlier. However, the peak power of the Stokes increases and then decrease, with

more energy distributing in its “tail”. This counter-intuitive result was also shown

in the result of reference [44] but with no explicit explanation.

Figure 3.9: Solid red: amplified Stokes; dashed blue: input pump;solid blue with shaded
area: depleted pump

The energy dependent ∆t2 is due to the threshold property of stimulated Brillouin

scattering: the stimulated process initiates only when the intensity at the focus
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reaches its threshold. Therefore, the SBS starts at the peak of the pulse at low input

energy and advances to the leading edge as the input energy increases. Fig. 3.10(a) is
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Figure 3.10: (a) Direct experimental measurement of the extra delay (∆t2) during seed
pulse generation at different seed energies. Colored curves: seed pulse shapes with energy
from 3.4 mJ to 45 mJ. Inset: quantified ∆t2 versus seed energy. (b) Peak power (blue
axis) and ”tail” energy (red axis) of the amplified Stokes pulse as a function of seed pulse
energy. Inset: ∆t2 as a function of seed energy, a 16 ns seed was used in this experiment.

a direct experimental measurement of ∆t2. The black dashed line is the input pulse

shape and the colored solid lines are reflected Stokes pulses with different input

energies. The arrival time difference of the Stokes with different energy is as long

as the FWHM of the input pulse,which is several nano seconds, as plotted in the

inset of Fig. 3.10(a). Fig. 3.10(b) shows the quantified results in Fig. 3.9: the peak

power of the amplified Stokes and the energy in its “tail” as function of the Stokes

seed energy. The mapping of seed energy to ∆t2 is plotted in the inset. As the seed

energy increases, the peak power of the amplified Stokes increases and then decreases

with more energy distributed in the trailing edge.

With both ∆t1 and ∆t2 taken into account, an optimal delay can be found by

using a fixed Stokes seed energy and adjust ∆t1 to make sure the pump and Stokes

seed meet at the right side of the cell’s entrance for maximum power amplification.
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Optimizing pulse intensity for best energy extraction

As a χ(3) nonlinear process [49], the higher the intensity, the more efficient the SBS

interaction inside the amplifier. However, the intensity of the pump should not be

too high to initiate SBS back reflection by the pump itself.
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Figure 3.11: Optimizing seed intensity for best pump energy extraction. Magenta: sim-
ulated relation between extraction efficiency versus seed/pump intensity ratio; solid black
triangles: experiment in water at 532 nm.

The empirical intensity-gain-length parameter for the SBS threshold is IgL = 30.

In the experiment, this empirical number is very well matched by simply adjusting

the beam size until the reflected signal is just about to grow exponentially.

In order to search for an optimum Stokes seed intensity to achieve efficient energy

extraction from the pump, we carried out both simulation and experiment in water

at 532 nm. In both ways the pump intensity is at threshold intensity for SBS in
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the amplifier cell. In the experiment, to avoid time-energy coupling as discussed in

section 3.4.2, we send a fixed input energy of 120 mJ into the SBS generator (220

cm focusing distance into water used here as SBS medium), creating a compressed

Stokes seed of 87 mJ and 325 ps at its FWHM. The actual Stokes seed energy

that enters the amplifier cell is adjusted by an extra half-wave plate and a thin

film polarizing beam splitter in between Q-W #3 and TFP #2. The results are

plotted in Fig. 3.11. The extraction efficiency increases quickly as the seed intensity

increases and saturates to a maximum value when the seed intensity is comparable

to the pump. Our measurement in water shows the similar trend (full triangle in

Fig. 3.11). The smaller measured SBS extraction efficiency (as compared to the

simulation) is due to the smaller intensity at the beam edge. In simulation a ideal

flat top beam is used.

In summary a Stokes seed with the same peak power as the pump is desired to

effectively extract energy from the pump. The energy of the seed needed is relatively

small if a long focusing generator is used to get a highly compressed seed pulse. In

our experiment in water, with a compression ratio of 37 in the generator, a seed with

less than 3% of the pump energy is enough for optimum energy extraction.

Optimizing the interaction length

The interaction length is the length of the amplifier cell, provided the delay between

pump and Stokes has been optimized. As it is shown in Fig. 3.8, a short interaction

length gives rise to incomplete compression with a long tail in the Stokes pulse. How-

ever, long interaction length brings in loss due to absorption and makes the system

inefficient as well as bulky. Our goal is to find an amplifier cell length that is at the

saturation point for power amplification,which represent the optimum combination

of compression ratio and efficiency. In Fig. 3.12, the power amplification is plotted

as a function of relative delay, ∆t between pump and Stokes at different amplifier
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Figure 3.12: Searching for optimum amplifier length for best power amplification. Color
lines: simulated power amplification ratio versus delay (∆t) at amplifier lengths of, from
front to back: 120 cm, 180 cm, 240 cm, 300 cm and 360 cm. Black dashed line: power
amplification ratio at optimum delay as a function of amplifier length. The zero delay
refers to the peak of the Gaussian pump reaching the left entrance window when the seed
enters the cell from the right.

lengths. The black dashed line tracks the peaks of power amplification curves. The

colored curves are a quantitative representation of the effect of delay, which were

shown in Fig. 3.8. As the amplifier length increases, the output peak power becomes

less sensitive to the delay and the peak of it also saturates to a maximum value. One

can imagine that, for an infinitely long cell, the pump and Stokes can always overlap

in the medium and the delay is negligible. The peak power amplification reaches a

saturation point when the amplifier length is more than 250 cm (≈ FWHM of the

spatial pulse length). This is the length we used in our experiments.
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Minimizing thermal disturbance

Thermally induced motion in the SBS medium strongly limits the stability of the

compressed Stokes seed pulse generation. The same limitation applies for the long

focusing single cell setup and the cascade two cell setup [35, 38]. As for the amplifier

cell in the parallel two-cell setup, thermal fluctuation induces inhomogeneity of the

medium due to thermal-optical effect, which introduces aberrations to the Stokes

wavefront. This effect is extremely significant in the FC-72 liquid, the temperature

dependent refractive index of which is six times higher than water (-4.7×10−4/K

compared to -0.8×10−4/K). After propagating through the 2.5 m long liquid cell with

no thermal control, a round beam becomes elliptical with its major axis parallel to the

optical table and also deflects downwards in the vertical direction. The thermal effect

can be modeled by ABCD propagation of Gaussian beam in lens-like medium[52]. As

the temperature of the environment around the cylindrical cell increases, an positive

index gradient from the center to the side of the cylinder develops because of the

negative dn/dt, making the liquid cell act like a positive lens. At the presence of

gravity, “hot” medium rises to the top while “cool” medium stays at the bottom,

leading to a vertical index gradient. The overall effect of temperature variation and

gravity gives rise to an asymmetric lens with shorter focal length in the vertical

direction, which makes a round beam elliptical and bending downward.

To quantify the thermal effect and evaluate thermal isolation performance, we

sent a beam of 2.5 mm in diameter through the 2.5 m long liquid cell and measured

the beam deflection angle. We compared the results on cells filled with liquid FC-

72 and water with different thermal isolation methods in laboratory with active

temperature controlled to within 2oC.

The result plotted with solid triangle in Fig. 3.13 shows the performance of a FC-

72 cell with one-layered styrofoam housing (made of 1” thick styrofoam with windows
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Figure 3.13: Minimizing thermal disturbance for long-term stability. Beam deflection
angle versus experimental time in hours under different test conditions.

at the entrance and exit. 1” air gap in between the styrofoam and the glass cell is

designed to have air as extra layer of thermal insulation but with a minimum of air

convection.) The deflection angle changes by 2 mrad after three hours, corresponding

to an index difference of 5.3×10−4 between the center of the 48 mm diameter cell to

the bottom of it. This is good enough for stable compression within 3 hours. An

extra layer of styrofoam housing slows down the thermal effect on the FC-72 cell,

shown in blue cross in Fig. 3.13. Without any thermal control, the beam deflects

quickly by 2 mrad within half an hour in the lab (data not shown), and the SBS

compression is very unstable even at low input energy of several tens of mJ.

A significant improvement was achieved when water was filled in a special design
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double-walled glass cell, shown in empty circles in Fig. 3.13. The inner tube of the

double-walled glass cell is filled with pure water as the SBS medium. The space

in-between two walls is filled with circulating water allowing active temperature sta-

bilization. The combination of water and the double-walled cell successfully controls

the beam deflection angle to be below 30 µrad for hours. This is almost two orders

of magnitude smaller than the result in a FC-72 cell. We also expanded the beam to

32 mm and monitored the far field pattern of it after propagation through the water

cell. No significant aberration was observed on the beam wave front.
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Figure 3.14: Beam distortion measurement with liquid FC-72 and water. Left panels:
input beam profiles; Right panels: output profiles after propagating through the 2.5 m
long liquid cell and about 7 m of air. Upper panels: measurements with liquid FC-72;
Lower panels: measurements with water. Both at room temperature.

The enclosed styrofoam housing with windows and air gap provides good thermal

isolation for the FC-72 liquid cell and ensures stable pulse compression. However, we

still noticed distortion on the Stokes beam caused by the amplifier cell from ambient

temperature fluctuations, see Fig. 3.14. Beam distortion measurements were taken
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with both liquid FC-72 and water. The left panels are the initial beam profiles

and the right panels are the beam profile after propagating through the 2.5 m long

liquid cell and 7 m of air. The upper panels shows the results of liquid FC-72

and the lower panels shows the results of water. Both measurements were taken at

room temperature. Asymmetric focusing effect from the FC-72 cell is clearly seen

while water shows no significant distortion on the beam. If a beam with high far

field quality is critical, SBS medium with small temperature dependent refractive

index such as water is desired. Engineered thermal isolation housing such as the

double-walled glass cell also minimizes the thermal disturbance inside the medium

and therefore minimizes aberrations on the Stokes beam.

Pulse compression results in FC72

As we optimized the energy scalable two-cell setup discussed in section 3.4.2, stable,

efficient high energy SBS compression is achieved. A representative pulse of the

amplified Stokes is plotted in Fig. 3.15a. At 1064 nm, the final output is compressed

down from a 1J, ∼12 ns pump (inset, blue dotted line) to a FWHM width of ∼580

ps. Note that this value is below the phonon lifetime of FC-72 (∼ 1 ns [36]). The

overall energy reflectivity in this case was 73.5%. We have thus achieved a peak

power of ∼1 GW which represents a factor of 11 enhancement compared to pre-SBS

compression. To quantify the stability of the setup, we measured the shot-to-shot

fluctuation in pulse width to be below 2 % and shot-to-shot energy fluctuation to be

below 1.3 %

Also clearly visible in the experimental pulse shapes shown in Fig. 3.15a is sig-

nal resurgence at ∼ 2 ns. We understand this interesting phenomenon as energy

exchange between the pump and Stokes under the condition of transient SBS com-

pression [46]. As the leading edge of the Stokes pulse gets amplified, it depletes the

pump quickly (panel a, depleted pump between -5 to 3 ns). The tail of the Stokes
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pulse continues to interact with the phonon field and transfer its energy back into

a “regenerated” pump, as indicated by the peak near 5 ns in the depleted pump

trace (panel a inset). This Stokes-to-pump back transfer sharpens the falling edge

of the Stokes pulse, resulting in a highly compressed pulse shape. As the Stokes

is compressed down to below the phonon lifetime of the SBS medium and its tail

gets depleted, pump-to-Stokes transfer resumed domination, giving rise to a weak

secondary pulse in the amplified Stokes after its main peak. This process continues

as they propagate across each other, therefore creates a Stokes pulse with modulated

tail. In panels (b) of Fig. 3.15, we show the calculated pulse shapes of the amplified

Stokes. Our theoretical modeling successfully reproduced the relative pulse width in

the two cases as well as the position and relative amplitudes of the secondary pulse

when compressing in the FC-72. The second pulse contains∼ 25% of the pulse energy

and presents a limit to the peak power enhancement. It can be avoid by choosing

a medium with short phonon lifetime (wavelength dependent) or compressing the

Stokes to be above the phonon lifetime.

Pulse compression in water

One drawback of liquid fluorocarbon is its high sensitivity to thermal fluctuations

(due to its high temperature dependent refractive index, ∂n/∂T ∼ −4 ∗ 10−4K−1 at

25oC), which gives rise to unstable compression. Although a better thermal isola-

tion scheme help alleviate the problem (Fig. 3.13), the less favorable thermo-optical

property of liquid fluorocarbon ultimately limits its application in high energy SBS

compression. Other than liquid fluorocarbon, water has also been explored in SBS

applications [40, 41]. Water shares many of the favorable properties of liquid fluoro-

carbon for SBS pulse compression applications, such as short phonon lifetime, high

SBS gain and chemical stability. It is also cheaply and widely available, even at

the highest purity. Moreover, water has a much smaller thermal-optical coefficient,
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(a)

(b)

second pulse

Figure 3.15: (a) Experimental output pulse shapes using FC-72 as the SBS medium at
1064 nm. Inset: pulse shape of the pump before (dotted blue) and after (filled magenta)
interaction with the seed. (b) Theoretical output pulse shape of the experimental condition
in a.

from (∂n/∂T = −0.8 ∗ 10−4K−1 at 20oC [53]) down to 0 at 4oC. This low coeffi-

cient alleviates the hydrothermal perturbation effect. One drawback of water is its

enhanced absorption in the vis-NIR range, as compared to liquid fluorocarbon, so

compression has to be carried out with 532 nm pulses. The green beam is expanded

to 32 mm diameter in order to keep light intensity just below the SBS threshold in

the amplifier. For thermal isolation, we designed a SBS cell with two concentric glass

tubes. Water from a temperature stabilized chiller is circulated through the outer
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mantel to ensure temperature uniformity and stability in the inner tube. The inner

tube is filled with high purity water (OmniSolv, EMD Milipore) as SBS medium.

Thermal isolation successfully reduced the pointing fluctuation of the pump beam

to be below 40 µrad within 4 hours. This is about 70X better than using FC72 as

the SBS medium as shown in Fig. 3.13.
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Figure 3.16: Output energy of Stokes seed (solid diamond) and corresponding energy
efficiency (solid circle) with different generator input energy; Inset: Ratio between input
standard deviation (Std) and input energy (solid triangle); Ratio between seed standard
deviation and Stokes seed energy (solid star).

To assess the performance of the setup, we start by characterizing the seed pulse

from the generator. As illustrated in Fig. 3.16, the energy reflectivity of the generator

saturates at about 73%, for an input energy above 90 mJ. We measure the relative

energy fluctuation in the generated seed pulse to be around 2%, which matches the

amount of fluctuation in the input beam (Fig. 3.16 inset). This observation implies

that the SBS process in the generator is extremely stable. The stability is further
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demonstrated by the small fluctuation in pulse width (Fig. 3.17), when the input

energy exceeds 90 mJ. The maximum deviation of pulse width, measured for 80 laser

shots, is about (±)10 ps. We achieve a minimum compressed pulse width of 309 ps

at the highest input energy of 160 mJ. Larger input energy will drive this compressed

pulse width even closer to the phonon lifetime limit (295 ps) of water at 532 nm,

but the reflected Stokes will also become strong enough to trigger stimulated Raman

scattering (SRS), making the SBS unstable. An input energy of 120 mJ, which

produces seed pulses with ∼90 mJ and ∼325 ps from the generator, is chosen for

subsequent compression experiments.
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Figure 3.17: Pulse width evolution of Stokes seed with respect to generator input energy.
Solid circles denote measurements of seed pulse width and the solid curve is a fit to the
measurements; Error bar shows the maximum deviation of pulse width from the mean
value; Three insets show typical compressed pulse shapes for corresponding input energy.

The seed pulse enters the amplifier cell and interacts with the pump pulse, during

which energy gets transferred from the high energy pump pulse to the low energy

69



Chapter 3. Pulse compression by Stimulated Brillouin Scattering

seed pulse through the transient phonon field created in the SBS medium. The seed

pulse eventually exits the amplifier cell as a sharpened and amplified pulse with a

temporal width close to the phonon lifetime of the SBS medium. To determine the

minimum seed energy required to extract a pump energy of ∼2.2 J, we varied the

input seed energy (by inserting a half-wave plate and a polarizer in between TP2 and

QW2 in Fig. 3.7) and monitored the output (amplified Stokes pulse). As shown in

Fig. 3.18, the maximum extracted energy is close to 1.2 J and with a stability of 2%

energy fluctuation (not shown in figure). The total losses L (sum of water absorption

and loss from optics) of amplification process was measured by subtracting from the

total input energies (pump Ep and seed Es) the sum of the transmitted (depleted)

pump Ed and the amplified Stokes pulse EAS. The SBS energy extraction efficiency

is then defined as ηex=EAS/(Ep + Es − L) and is also plotted in Fig. 3.18. The

maximum of ∼75% extraction efficiency is comparable to the literature [44]. Both

extracted energy and extraction efficiency saturated at a seed energy of ∼90 mJ. At

this point, the peak intensity of the seed pulse (due to compression in the generator

cell) matches that of the uncompressed pump pulse, leading to most efficient non-

linear interactions

Finally, a typical temporal trace of the amplified Stokes pulse is shown in Fig. 3.18

(a), together with the initial pulse shape (inset). Fig. 3.18(b) is the calculated pulse

shape. We achieved ∼40 fold compression in pulse width (from ∼12 ns to ∼300 ps)

and a peak intensity of >3 GW at 532 nm. The maximum compressible energy of

the current setup is around 2.4 J, limited by SBS return of the pump beam itself

in the amplifier cell and stimulated Raman scattering in the generator cell, both of

which can be further improved by switching to larger optics.

In the end, SBS compression in a generator-amplifier setup with water as the non-

linear medium provided the most promising result. The output optical pulse, when

further converted to UV (266 nm), is well suited to pump the three-photon ioniza-
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Figure 3.18: (a) Amplified Stokes energy and extraction efficiency for SBS amplification
process. Solid diamonds denote measured output energy ; Solid circles denote extraction
efficiency. The solid and dashed curves are a fit to the data. The energy of the input pump
pulse is fixed at 2.2 J. (b) Amplified output pulse of 300 ps and 1.2 J. The inset shows the
input pulse of 12 ns.

tion process of oxygen, the four-photon ionization process of nitrogen and eventually

facilitate the creation of ionized plasma channels in air for laser guided discharge. It

will also serve as an improved UV/VIS source for laser-induced breakdown studies.
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(a)

(b)

300 ps

Figure 3.19: (a) Amplified output pulse of 300 ps and 1.2 J. The inset shows the input
pulse of 12 ns. (b)Theoretical output pulse shape of the experimental condition in a.
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Chapter 4

6-stage single-pass Nd:YAG

amplifier and harmonic

generations

In this chapter, we describe the amplifier and the harmonic generation units of our

laser system. Since the physical principles of these modules are well established,

here we focus on practical design considerations and beam characterization. First

we describe our engineering efforts to maximize the energy extraction efficiency from

the gain medium (i.e. flash-lamp pumped Nd:YAG rods). This includes selecting the

optimal spatial mode and beam expansion. We then give a simple design recipe to

avoid optical damage from unintentionally focused back reflections. This is followed

by engineering considerations in the harmonic generation unit, where we compared

the performance of different SHG crystals.
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4.1 Super-Gaussian beam generation

In a laser amplifier, energy stored in population inversion needs to be efficiently

extracted via stimulated emission. Consequently, for optimal amplification, the pop-

ulation inversion distribution needs to overlap with the optical fields in both space

and time. While temporal overlap can be achieved by synchronizing the flash lamp

pump to the master oscillator, optimal spatial overlap is less straightforward to ac-

complish. Ideally one would want a “top-hat” spatial profile that matches perfectly

the spatial extent of the YAG rod. However, such a beam produces ringing (e.g. high

spatial-frequency modulation) in the far field due to the “knife-edge” diffraction ef-

fect. To achieve maximum overlap between the beam and the rod while avoiding

intensity ringing, a super-Gaussian spatial mode can be used.

In essence, a super-Gaussian mode is an “apodized” top-hap mode: intensity

is flat near the beam center but near the edge, instead of abruptly dropping to

zeros as in a “top-hat” beam, a super Gaussian mode smoothly tapers off to zero.

Mathematically, it is described as

Ii(r) = I0 exp(−2(
r

w
)n) (4.1)

where n is the super-Gaussian order. The higher the order, the sharper the near-edge

transition is and the more it looks like a “top-hat” beam.

A super-Gaussian beam can be generated by a unstable cavity with a tapered

reflectivity mirror such as a mirror with a super-Gaussian reflectivity profile [54] .

The reflectivity of a GRM mathematically can be described as:

R(r) = R0 exp(−2(
r

wm
)n) (4.2)

where n is the Gaussian order of the reflectivity profile and wm denotes the 1/e2 radius

of reflectivity on the GRM. It can be shown that the self-repeating fundamental mode
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of the cavity is a super-Gaussian with the same order, i.e.

Ii(r) = I0 exp(−2(
r

wi
)n) (4.3)

where wi is the intra-cavity mode size and can be calculated by

wi = wm(Mn − 1)1/n (4.4)

and M is magnification factor of the cavity.

r21 = 2200 mm

r22 = 1500 mmr1 = 3400 mm

Figure 4.1: Schematic of the oscillator design. The output coupler on the right is a
graded reflectivity mirror (GRM).

The output of the cavity can be derived to be

Iout(r) = I0[1−R0 exp(−2(
r

wm
)n)] exp(−2(

r

wi
)n) (4.5)

Note that once coupled out, the mode is no longer super-Gaussian with the same

order and its intensity profile depends on R0 and M. In other words, super-Gaussian

mode is straightforward to generate inside a cavity but difficult to maintain during

its propagation through the amplifier chain. Our goal is to keep the intensity as close

as an approximated super-Gaussian during beam amplification.
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As can be shown by Eq.4.5, when R0 > 1/Mn, an intensity dip appears at beam

center. To generate a “flat-top” near the beam center, we need R0 = 1/Mn. This is

our design goal of the optimal GRM.

Several additional factors need to be taken into account. For example, in a cav-

ity with saturated gain, the magnification factor is not the same as the geometrical

magnification factor but usually bigger. The higher the gain, the bigger the M. The

diffraction from the small area of reflective coating also make the effective magnifi-

cation factor bigger [reference]. These need to be taken into account when designing

the GRM.

The cavity design is illustrated in Fig. 4.1. It is a confocal unstable cavity with

geometric magnification M = 1.55. The end mirror on the right-hand-size is a GRM.

Two different GRMs, whose measured reflectivity profiles are shown in Fig. 4.2,

were tested. The one on the left has a higher R0 and produces an output with a

Figure 4.2: Measured reflectivity profile of two different GRMs. Left: a GRM with a
super-Gaussian order n = 2.0 and a peak reflectivity of 13.7%. Right: a GRM with
a super-Gaussian order n = 2.5 and a peak reflectivity of 11.6%.
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bigger dip. The one on the right we can still see a small dip (see Fig. 4.4). As the

beam propagates, the beam profile changes and the central dip becomes a peak, as

shown by measured profile in Fig. 4.3b. This was mostly due to the fact that the

real magnification factor is much bigger than the geometrical magnification factor

(measured M = 2.65 compared to 1.55). Such local intensity inhomogeneity in the

beam profile is undesirable during the amplification and SHG stages.

Using the measured magnification factor (M = 2.65) we simulate the output from

a) b)

Figure 4.3: Beam profile of the oscillator output, using the GRM on the right of
Fig. 4.2. a)10 cm from the output coupler; b) 70 cm from the output coupler

the two GRM shown in Fig. 4.4. A central intensity dip is clearly seen in both cases.

We designed a new GRM mirror to improve the output beam profile. The simulated
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output profile is shown in Fig. 4.5. It remains to be seen how much improvement

the new design brings to the laser system.

a)a) b)

Figure 4.4: a) Simulated output spatial intensity profile with GRM1 b) Simulated output
spatial intensity profile with GRM2
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Figure 4.5: Simulated output spatial intensity profile with a new GRM mirror: R0=20.6%,
wm=1.89, n=2.85

4.2 Beam expander design

Before each amplification stage, a beam expander is used to (slightly) expand the

beam for maximum filling of the rod without clipping. The original design of the
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beam expander is a three-lens system shown in Fig. 4.6a. Varying the distances

between the three lenses allows magnification tuning from 0.5 to 2. Despite of its

flexibility to match a rod of arbitrary size, this design suffers from a number of

disadvantages. We found that a simple Galilean telescope, shown in Fig. 4.6b is

more suitable for our applications. Here we discuss the design considerations and

compare the two geometries.

4.2.1 Back-reflection consideration

In a high-power laser system, careful control of the back-reflected beam is critical.

If the back reflection focuses on an upstream optics, it causes optical damage. If the

back reflection focuses in air, it can create a “plasma bubble” that strongly scatters

and distorts the pulse. In our application, for example, even a 0.5% back reflection

is powerful enough to induce damage when unintentionally focused. To address this,

we used ABCD beam propagation method to back trace the reflection from very

surface. This procedure allowed us to identify all possible “ghost spots”.

For example, in the telescope shown in Fig. 4.6, there are three back reflection

paths that might cause problems: the flat surfaces of L1, L2 and L3. Reflection off

L1 focuses at around f1/2 to the left of L1. Reflection off L2 focuses to the left of

L1 as well, but at a distance much closer to L1. Where reflection off L3 focuses

depends on the alignment: for a well-aligned telescope that produces a collimated

output, the back reflection will go through L2 before focusing. In this case, a focused

spot is avoided. On the other hand, when the output is slightly converging, the

back reflection could focus somewhere in the return path, posing damage threat to

upstream optics. In practice, problems from back reflection are mitigated by a)

always placing the beam expander at least 15 cm away from the previous YAG rod

and b) making sure that output of the telescope is collimated or slightly diverging.
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However, satisfying a) increases the distance between amplifiers and worsens the

beam profile due to propagation effects of the non-Gaussian beam (Fig. 4.3b.)

f1 = +15 cm f2 = -5 cm f3 = +15 cm

f- f+

a)

b)

L1 L2 L3

L- L+

Figure 4.6: Two beam expander designs. a) the three-lens geometry with tunable
expansion ratio. b) the single Galilean design, the focal lengths of the two lenses
depends on the desired expansion ratio.

In the Galilean telescope geometry (Fig. 4.6), back reflections do not focus and

each telescope can be placed as close as physically allowed to the previous rod to

limit propagation effects.

4.2.2 Aberration consideration

Spherical aberration prevents the laser beam from achieving diffraction-limited spot

size, thus limiting the efficiency of the nonlinear processes (e.g. SBS and SHG). The
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three-lens telescope design introduces a lot of spherical aberration to the system,

mainly by L2 due to the large curvature of the spherical surface. Previously it was

suggested that replacing L3 with a gradient index lens help reduce the spherical

aberration [55]. However, we found the effect to be quite minimum.

The Galilean telescope design is intrinsically superior in aberration performance.

By design, the spherical aberration coefficients of L− and L+ are of opposite sign so

the contribution from the two lenses tends to cancel each other [56].

In the end, with the super-Gaussian cavity (Fig. 4.1) and the beam expander

design in Fig. 4.6b, we achieved a fill factor of ∼64% (i.e. the beam size is about

80% of the size of the rod). A super-Gaussian beam with a higher order may fur-

ther improve the fill factor, although commercial GRM that satisfies the design is

currently unavailable.
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Figure 4.7: Amplification gain (left, magenta axis) and extracted energy (right, black
axis) as a function of the energy density of the input, at a constant flash-lamp energy
of 75 J. a) First amplifier stage with a 8 mm rod. b) Second amplifier stage with a
12 mm rod.
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4.3 Energy extraction measurements of Nd:YAG

amplifiers

In this section we show actual measurement result of our amplifier stage. Fig. 4.7

shows the amount of extracted energy (right axis) as a function of input energy

density (or equivalently, input energy density normalized to the saturation energy

density, which, for Nd: YAG is Es = 660 mJ/cm2). The corresponding gain, which

clearly shows the saturation behavior as Ein/Es approaches 1, is plotted on the left

axis. At the first amplifier stage, we achieved an overall extraction efficiency ∼50%

with our design.

Figure 4.8: Energy input-output relation of the final two amplification stages (com-
bined). Black squares, the case with slight under filling of the laser rod (φ = 12.7
mm, beam diameter). Magenta triangles, the case with optimal filling ratio (φ =
12.7 mm).

To illustrate how beam fill factor influences the energy extraction efficiency, we

plot in Fig. 4.8 the output energy as a function of pumping energy for the final two
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amplification stages (combined), for two different beam sizes. Here, the rod diameter

is about 19 mm and a better filling factor (beam size of 15.3 mm compared to 12.7

mm) led to ∼28% more extracted energy. Since a further increase in beam diameter

causes clipping near the edges, we decided φ = 15.3 to be optimal.

4.4 Spatial-temporal coupling of the amplified

pulses
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Figure 4.9: Spatial-temporal coupling measurement of the amplified pulse. Magenta:
intensity distribution; Black circles: relative arriving time.

One very interesting observation was made regarding the spatial-temporal prop-

erties of the output pulse. Here, we scan a pinhole across the beam profile to map

out the intensity and arrival time as a function of spatial coordinate. In Fig. 4.9,
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the result along one dimension through the beam center is shown. In the intensity

channel (magenta, left axis), we observed a super-Gaussian like profile as designed.

Intriguingly, the arrival time of the pulse also depends on the spatial coordinate and

it has a shape that follows the intensity profile. More specifically, the center of the

beam arrives earlier than the edge of the beam, and the time difference is as large

as ∼8 ns!

We understand this interesting phenomenon as arising from gain saturation dur-

ing the amplification process. First, consider the high-intensity portion of the beam,

as it propagates through the amplifiers, the gain may saturate at the leading edge of

the pulse and later becomes depleted for the falling edge of the pulse. The net effect

is the beam gets “pushed forward” and appears to be propagating faster than its

phase velocity in the medium. On the other hand, the low-intensity portion of the

beam experiences less (or no) saturation effect and propagates close to its nominal

phase velocity.

4.5 Two strategies of producing 266 nm pulses

We tried two different strategies of generating 266 nm from the 1064 nm fundamental.

In strategy one (see Fig. 4.10 for schematics and Fig. 4.11 for actual lab photos of

the modules), light produced by the oscillator (∼ 120 mJ) was first boosted by

4 amplifier stages to ∼ 1 J. Then, the amplified 1064 nm pulse was compressed

using SBS in FC-72. The SBS process reduced pulse width from 12 ns to ∼670 ps

with ∼73% conversion efficiency. The compressed pulse (1064 nm) was then further

amplified by 2 amplification stages. The measured beam profiles before and after

the final 2 amplifier stages are shown in Fig. 4.12a and b, respectively. After the last

amplifier, the laser beam was frequency doubled into 532 nm with a LBO crystal

(see section 4.6) and then further doubled into 266 nm with a KDP crystal (see
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Figure 4.10: Schematic of the laser system in configuration 1, see text for details.

section 4.6).

The second strategy is illustrated in Fig. 4.13 (see Fig. 4.14 for lab photos).

Output from the oscillator is first boosted by all 6 amplifiers, resulting in 12 ns

pulses with up to 7 J per pulse. The 1064 nm pulse is then frequency doubled
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into 532 nm with a LBO crystal (see section 4.6). SBS pulse compression in this

configuration is achieved at 532 nm using water as the nonlinear medium. Finally,

the compressed 532 nm pulse (∼1.2 J, ∼300 ps) is frequency-doubled into 266 nm

with a KDP crystal (see section 4.6).

Both strategies produced 266 nm pulses with similar pulse energy and peak power

(Fig. 4.17 right panel and Fig. 4.18 right panel). The main experimental consider-

ation that prompted us to switch from the first configuration to the second is the

thermal stability of the SBS compression process. As discussed in Chapter 3, water

has a much lower thermo-optic coefficient as compared to FC-72. This makes the spa-

tial profile of the output beam much better in the second configuration, as evidenced

by burn paper recording of the output profiles in Fig. 4.16. A slight temperature

gradient inside the liquid would cause astigmatism in the output beam and this effect

is much more pronounced in the case of FC-72 (Fig. 4.16). However, water has a

large absorption cross section at 1064 nm, due to overtones of vibronic transitions.

As a result, SBS compression in water was not conducted at 1064nm but at 532 nm.

Even though absorption loss in water at 532 nm is still larger compared to FC-72 at

1064 nm, our results showed that the advantages of water outweigh its drawbacks.

4.6 Second harmonic generation

The SHG unit is relatively straightforward. We designed the crystals using the SNLO

software (http://www.as-photonics.com/snlo). Fig. 4.17 plots the measurement re-

sult of the two SHG stages in configuration 1. In the case of 1064-to-532 conversion,

three different crystals were tested and compared. As shown in the conversion effi-

ciency plot in the left panel of Fig. 4.17, for KDP, the efficiency first increases but

then decreases as the input pulse energy increases. Similar behavior is observed in

532-to-266 conversion as well. The decrease at high input energies is due to two-
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photon absorption at the second harmonic wavelength and is of particular concern

in the 532-to-266 conversion. This can be eliminated by using a bigger input beam

size and longer SHG crystal. Fig. 4.18 shows the results for configuration 2.
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Figure 4.11: Lab pictures of configuration 1.
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a) b)

Figure 4.12: Beam profile of configuration 1. a) Beam profile after the compressor. Pulse
energy: 730 mJ, pulse width: 670 ps b) Beam profile after two single-pass amplifiers, 3.7
J, 670 ps.

266 nm output

Figure 4.13: Schematic of the laser system in configuration 2
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Figure 4.14: Lab pictures of the laser part in configuration 2
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Figure 4.15: Laser beam profile from the 6-stage single pass amplifier on a burn paper.

a) b)

Figure 4.16: Far field patterns of two configurations. a) Configuration 1; b) configuration
2.
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LBO: 25 x 5mm, type I, AR coated
KD*P: 20 x 20 x 15mm, type II, un-coated
KD*P: 20 x 20 x 20mm, type II, un-coated

KDP: 50 x 50 x 5mm, type I, un-coated

Figure 4.17: SHG performance of configuration 1. Left: 1064-to-532 conversion, φ,
beam size, τp, pulse width. Right: 532-to-266 conversion

LBO: 13.5 x 13.5mm x 12.5, type I, AR coated KDP: 50 x 50 x 10mm, type I, un-coated

Figure 4.18: SHG performance of configuration 2. Left: 1064-to-532 conversion, φ,
beam size, τp, pulse width. Right: 532-to-266 conversion
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High power UV source:

applications and future work

Our GW UV source provides physicists a new tool to explore nonlinear optics in the

atmosphere. Application of the source is the focus of current research and includes

laser-guided discharge and filament generation in air. Here we summarize some early

results and point to possible future work.

5.1 UV pulse guided discharge

5.1.1 Experimental arrangement

To observe high-voltage discharge in air, we used metallic spheres, 16” in diameter,

as the terminal electrodes. Positive and negative DC high voltages can be applied

on the two spheres independently with tunable electrical potentials. Two small holes

( ∼5 mm in diameter) were drilled across the center of the spheres to let the laser

beam pass through. We manually tune the distance between the two spheres.
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5.1.2 Preliminary results

Figure 5.1: UV laser pulse guided discharge between two high DC voltage electrode.

Without the UV laser and at a separation distance of 12 cm, discharge between

the two metal spheres happens when the voltage exceeds∼250 kV. This is reasonable,

considering that the self breakdown voltage is about 20 kV/cm in air. When we

switched on the UV pulse (here, 12 ns pulses were used), we immediately observed

a factor-of-two decrease in the breakdown voltage (the minimum voltage needed to

observe discharge). As we dial up the energy from ∼40 mJ to ∼270 mJ (per pulse),

the breakdown voltage further decreased and saturated to about 100 kV (Fig. 5.2a).

Apparently, the presence of the UV pulse facilitated the onset of discharge.
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a) b)

Figure 5.2:

In a separate experiment, we varied the distance between the two metal spheres

and recorded the corresponding breakdown voltages (the energy per pulse is fixed at

300 mJ). The result is plotted in Fig. 5.2b. Also plotted is a theoretical model of self

breakdown voltage in air (i.e. no UV pulse). With the guiding laser, the breakdown

voltage has a much weaker dependence on the air-gap distances.

We also studied the time-domain behavior of the electric discharge. Interest-

ingly, the discharge lags the guiding UV pulse by a few microsecond (Fig. 5.3 inset).

Moreover, as the spacing between the two spheres increases, the discharge-to-pulse

delay first remains constant, and then starts to increase once the spacing exceeds

∼40 cm. This observation raises the possibility that two different mechanisms might

be needed to explain the behavior below and above 40 cm.

The exact mechanism of UV laser induced discharge is currently being investi-

gated. Previously, similar experiment has been conducted in near IR and a thermal

model was proposed [9]. In this model, the lowering of discharge threshold is caused

by heating followed by decreased pressure near the center region of the beam. This

model is reasonable in predicting a large delay (µs) between the laser pulse and

discharge. On the other hand, our UV pulse is capable of delivering much more
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Figure 5.3:

energy compared to the near IR pulse, it would be interesting to conduct a detailed

quantitative modeling for our experiment.

5.2 UV filament in air

To generate UV filament in air, the output 266 nm beam of the laser system is first

focused in vacuum to avoid premature filament generation. The focused beam then

goes through an aerodynamic window, where the filament initializes. The high air

flow rate creates a natural gradient from vacuum (∼ 10 Torr) to atmosphere pressure

(630 Torr).
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Figure 5.4: Direction imaging of UV filament in air.

Fig. 5.4b shows an image on a CCD camera at 2.5 m from the focus (attenuated

by 106 using glazing incident on a UV-coated mirror). We observed a highly localized

intensity spot with a FWHM of∼1mm. If the beam propagates by normal diffraction,

it would be the same size as the white dashed circle.

5.3 Future work

Our laser system is capable of stable generation of UV filaments in air. This repre-

sents an important first step in investigating extreme nonlinear interactions between

air molecules and 266 nm photons. A number of exciting future experiments wait

ahead.
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5.3.1 Filament diagnostics and characterization

The high degree of stability and pulse-to-pulse reproducibility enables detailed sta-

tistical characterization of the generated filaments. Below we outline a number of

interesting parameters to measure.

Filament width and length

The width of the filament determines the degree of energy concentration during prop-

agation while the length of the filament determines how far the concentrated energy

can be delivered. It is of practical importance to measure those two parameters as a

function of the following experimental conditions: input pulse energy, air turbulence,

temperature gradient and atmospheric humidity.

Temporal filament splitting

Niday et al [57] predicted that the temporal evolution of a nanosecond, UV filament

might be unstable under reasonable experimental conditions. According to their

model, one pulse would split into multiple picosecond sub-pulses. This can be directly

measured by our current apparatus.

Time resolved light-plasma interactions

A distinctive feature of our UV filament is its sub-nanosecond duration. This is

about four orders of magnitudes longer than conventional femtosecond NIR filaments.

The long temporal duration will allow us to study the transient interplay between

photons and plasma fields with fine details. A possible experimental approach is

time-resolved diffractometry, where a weak probe beam interacts with the formed
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filament and its time-dependent spatial profile provides direct information of the

time-varying refractive index.

Optical signals generated by filaments: Raman and fluorescence

For potential remote sensing applications, it is important to analyze the optical

signal generated by the UV filament. Radiation from a UV filament includes (but

not limited to) Raman and fluorescence from molecules in air. These experiments can

be conducted by collecting signal orthogonal to filament propagation and analyzing

the spectral components using a high-resolution grating spectrometer. Time-resolved

fluorescence measurement, which probes population evolution of ionized nitrogen [58]

in air with sub-nanosecond resolution, might provide additional insight to transient

plasma dynamics during filament formation.

5.3.2 Nested IR and UV filament

Due to loss by conical emission, one single IR filament generally can only propagate

less than one meter in air. It might be possible to co-propagate a UV filament

with an IR filament and use the energy in the UV filament as an energy reservoir

that continuously replenish the IR. Energy exchange between the IR and UV might

be accomplished by a parametric four-wave mixing process. Recently, a similar

idea, which uses a Bessel “dressing” beam to supply energy to the central filament

beam has been realized experimentally [59]. The authors successfully extended the

longevity of a single IR filament by ∼10 fold.
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5.3.3 Outdoor experiments

Eventually, outdoor experiments should be possible if long propagation distances can

be realized. Remote sensing and analysis of atmosphere contents would be an impor-

tant application. Previously, LIDAR (LIght Detection And Ranging) experiments

have been conducted with IR filmanent produced by the teramobile laser. Recently,

it has been shown that UV-based sensing gives much clearer signature when trying

to detect explosive materials [60].
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Appendices

A Proving E = MC2 4

B Derivation of A = πr2 5
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