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DEVELOPMENT OF COMPACT LASERS FOR LASER REMOTE SENSING
APPLCATIONS
Shuo Li, PhD

University of Pittsburgh, 2018

Laser-induced breakdown spectroscopy (LIBS) is a powerful laser sensing technique to determine
elemental compositions. It has been widely used in laboratories. There is increasing focus on the
development of field-portable LIBS instruments as stand-off sensing tools for harsh or dangerous
environments. In this dissertation, we focused on developing field-portable, compact lasers for
LIBS applications, using both conventional and advanced manufacturing methods.

We first demonstrated the development of a compact actively Q-switched laser, followed
by the development of a double-pulse laser based on the same optical design. Several LIBS
experiments were successfully performed using these two lasers. We also investigated the
advantages of using double-pulse LIBS during the early plasma stage. Significantly signal
improvement had been observed. We also demonstrated selective signal enhancement which is
usually achieved by using bulky and expensive high power tunable laser in the lab. The low-cost
instrument and innovative technology we demonstrated here make it possible to extend such
improvement to field-portable LIBS applications.

Next, we introduced the development of a compact unibody laser enabled by addictive
manufacturing and its advantages compared with laser made by conventional method. The
technology exploits the flexibility of the bottom-up manufacturing schemes to produce entire laser
photonic systems made of flexure alignment structure and cellular cooling structures. We also
explored the 3D printing of advanced diamond/metal composites with excellent thermomechanical

property. This innovation in the digitization of laser manufacturing process and the utilization of



new materials and structures will allow rapid design modification and radical design innovation in
developing laser and photonic systems, which can be deployed on mobile drone platforms for a

wide array of industrial, consumer, environmental, and military applications.
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1.0 INTRODUCTION

Laser-induced breakdown spectroscopy (LIBS) is a powerful technology to determine elemental
composition. It offers many advantages over conventional atomic emission spectroscopy
techniques, such as the ability to detect all elements, simultaneous multi-element detection, real-
time and in situ analysis, no sample preparation and simply setup.>? These merits make LIBS a
good candidate for the remote sensing applications. A typical LIBS system usually contains two
parts, a laser source and a spectrometer. In laboratory LIBS setup, commonly used laser sources
are high power Q-switched Nd: YAG lasers that side pumped by flash lamp. These lasers not only
are bulky due to their complex electronics and the need for water cooling, but also have very low
wall-plug efficiency, making them unsuitable as portable laser sources for LIBS applications.
Besides laser performance itself, dimension, weight and efficiency are the key
requirements for portable lasers. Considerable progress has been achieved in the miniaturization
of lasers, such as the development of fiber lasers, microchip lasers and compact flash lamp pumped
solid-state lasers.® Recently, a new type of compact Q-switched laser that end pumped by vertical-
cavity surface-emitting laser (VCSEL) array has been developed.* It has intrinsic advantages over
conventional flash-lamp pumped lasers in terms of efficiency, compactness and reliability. The
potential advantages of such compact lasers for LIBS application is studied in this thesis, where
several compact laser systems based on VCSEL end-pumping were designed, built and tested for

LIBS applications.



Compared with other spectrometric methods, LIBS still suffers from a relatively poor
sensitivity. Lots of researchers have devoted their work to improve LIBS performance. But not all
of them is suitable to be adapted to field-portable LIBS. Among these various methods, double-
pulse LIBS have been proved to be a very effective approach for improving LIBS performance in
terms of enhanced emission intensities, lower limits of detections, improved signal-to-noise ratio
and having the potential to perform field-portable LIBS experiment.® Despite of the intensive
researches in double-pulse and field-portable LIBS, very few researches have been performed on
double-pulse LIBS using field-portable laser system because of lacking suitable laser source.
Therefore, a field-portable double-pulse laser system based on VCSEL end-pumping was also
developed for LIBS application in this thesis.

Both the single-pulse and double-pulse laser systems developed here have been proven to
be an effective laser sources for LIBS application in terms of dimension, weight, efficiency and
the ability to improve LIBS performance. These two laser systems were made using conventional
laser manufacturing methods, where commercial available off-the-shelf and CNC machined parts
are used. To further explored the possibility of building compact laser system, 3D printing, also
known as additive manufacturing, was used to develop a compact unibody laser system with total
weight less than 150 g. Its performance was also improved using advanced cellular and flexure
structure. We also explored the 3D printing of advanced diamond/metal composites with excellent

thermomechanical property.



1.1  ORGANIZATION OF THE DISSERTATION

The rest of the dissertation is organized as follows. Chapter 1 will introduce the fundamental of
LIBS as well as an overview of compact laser sources. Chapter 2 introduces the development of a
field-portable actively Q-switched laser end-pumped by VCSEL including both optical and
electrical design. Several LIBS experiments have also been performed to test its performance.
Chapter 3 introduces the development of a field-portable double-pulse laser which shares the same
cavity design as the laser in previous chapter but with several advances. Significant improvements
have been achieved in LIBS experiments using such double-pulse laser compared with single-
pulse laser. Chapter 4 introduces the development of a compact unibody laser enabled by additive
manufacturing and its advantages compared with laser made by conventional method. Chapter 5
discuss 3the D printing of advanced diamond/metal composites with cellar structure. Chapter 6 is

the conclusion and future direction.

1.2 LASER-INDUCED BREAKDOWN SPECTRUM

Laser-induced breakdown spectroscopy is a powerful diagnostic technique for the determination
of elemental compositions of specimens in gaseous, liquid and solid phases.>® It belongs to the
family of atomic emission spectroscopy (AES). The basic steps are: atomization of samples to
produce high energy atomic species, detection of the emitted light from these species and
determination of the concentration in the sample. The dielectric breakdown of gases had been
known for at least 100 years, where discharges can be produced in low-pressure gas by applying

AC voltage. The production of dielectric breakdown by optical radiation wasn’t achieved until the



discovery of Q-switched laser in 1963. This kind of laser has the capability of producing high peak

power laser pulse to generate plasmas, which symbolizes the birth of LIBS.

1.2.1 Fundamental of laser-induced breakdown spectrum
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Figure 1.1 LIBS technique overview.

Figure 1.1 shows a typical setup of LIBS experiment. A LIBS measurement is carried out by first
focusing an intense laser pulse on sample surface. This strong laser radiation will generate plasmas
which contain characteristics atomic and ionic emissions. Such optical emissions will then be
collected by lens into spectrometer which shows the signal’s components in frequency domain. By
analyzing these signals, the information on element composition can be obtained. Compared with
other AES techniques that use adjacent physical devices (e.g. electrodes, coils, flame) as
vaporization/excitation source, LIBS is more suitable as a remote sensing technique since laser

can be easily focused onto far way target.
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Figure 1.2 Time evolution of various optical signals in LIBS.

Since plasma is generated by a short laser pulse (~ns), its spectrum evolves rapidly in time.
The temporal behavior of laser-induced plasma spectrum is illustrated schematically in Figure 1.2.
At the very beginning, spectrum is dominated by a continuum background emission caused by
Bremsstrahlung emission.* Such broadband emission doesn’t provide any useful information on
the sample element composition. After the continuum background disappears, characteristic ionic
and atomic lines begin to show up. These shape line emissions come from the electron transition
between various energy levels. They provide critical information on the element composition.
Therefore, they are chosen to identify element in LIBS. As plasma further cools down, atom

recombines and forms molecule which gives broadband molecules emission.



1.2.2 Methods to improve LIBS performance

However, a conventional LIBS using a single-pulse laser suffers from a relatively poor sensitivity
with respect to other spectrometric methods. Since 1990s, several enhanced LIBS schemes have
been studied to improve the sensitivity and reliability of the LIBS technique through temporal,
spatial, and spectral engineering of plasmas interactions. These enhancement methods have been
summarized in Table 1.1. These efforts have yielded significant success to improve the

performance of LIBS.

Table 1.1 Methods to enhance LIBS performance.

Reference  Method Advantages Disadvantages Field
work
> Double- 10~100 times signal ~ Can’t selectively Easy
pulse LIBS  enhancement enhance an emission
line
810 LIBS-LIF 100~1000 times Require expensive Hard
signal enhancement. tunable laser and
Selectively enhance precision timing
an emission line control.
1112 Confined 10~50 times signal Can’t selectively Easy
LIBS enhancement, simple  enhance an emission
setup line
13,14 Spark 6 times signal Require specialized Hard
discharge enhancement instrument
assisted
1516 Flame 4 times signal Can’t selectively Easy
enhanced enhancement, simple  enhance an emission
LIBS setup line
17,18 Microwave 20 times signal Require specialized Hard
enhanced enhancement instrument
19-21 Effect of Reduce background Require specialized Hard
Atmospheric  emission, 3~10 signal  instrument
Conditions enhancement




1.3 COMPACT LASER SOURCES FOR LIBS

As the performance of LIBS evolves in laboratories, there is increasing demand on the
development of portable LIBS instruments for use in the field as stand-off sensing tools for harsh

or dangerous environments.®2223

1.3.1 Compact laser sources review

In laboratory LIBS setup, commonly used laser sources are high power actively Q-switched flash
lamp pumped Nd: YAG lasers which delivers nanosecond pulse with pulse energy ranging from
10 to 1000 mJ. These lasers not only are bulky due to their complex electronics and the need for
effective cooling system, but also have very low wall-plug efficiency, making them unsuitable as
portable laser sources. For a field-portable LIBS system, compact, high efficiency, and highly
reliable laser should be used. Over the last decade, a number of miniaturized solid-state lasers have
been demonstrated to deliver sufficient laser pulse energy with necessary peak intensity to perform
LIBS analysis. The detail is listed in Table 1.2. Among these lasers, diode pumped solid-state laser

offers the best overall performance.



Table 1.2 Overview of portable LIBS lasers.

Reference Laser Type Performance
24 Kigre MK-367 Passive Q-switch solid-state 15 mJ/Pulse,
laser, flash lamp pump 4ns
25 Ultra CFR, Big Actively Q-switched laser, flash 50 mJ/Pulse,
Sky Laser lamp pump
26 SPI Laser Passive amplified fiber laser 0.5 mJ/Pulse, 15~200
ns
21 JDS Uniphase Diode-pumped passively Q- 0.007 mJ/Pulse

switched laser (Mircochip laser)

28 Customized Flash-lamp pumped actively Q- 45 mJ/Pulse, 4.5 ns
switched laser

29 Customized Passively diode-pumped passive- 8 mJ/Pulse, 6 ns
Q-switched laser

1.3.2 VCSEL end pumped Q-switched laser

Recently, a new class of high-power VCSEL devices have been developed as laser pump sources.
Comparing with the edge-emitting laser stacks, VCSEL have high efficiency (>40%).%° The
narrow linewidth of VCSEL (1 nm, FWHM) enables strong and resonate absorption of Nd: YAG
crystal.3! These two factors guarantee a high overall electrical-to-optical efficiency of the lasers.
The cooling scheme for the VCSEL chip is straightforward. This ensures a far smaller overall
packaging size than those of edge-emitting laser stacks, making them suitable as a pump source
for compact lasers. VCSEL also have a uniform output profile, which enable good laser beam
profile. 4

To explore the application of compact laser sources for LIBS application, we developed
several compact laser sources for LIBS applications. The first one is a compact actively Q-
switched laser pumped by VCSEL. It operates at the wavelength of 1064 nm with a maximum

pulse energy of 12.9 mJ. The second laser is a compact field-portable double-pulse laser system
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that can dramatically improve LIBS performance. The third laser is a compact passively Q-

switched laser enabled by additive manufacturing.

1.4  LASER ENABLED BY ADDITIVE MANUFACTURING

3D printing technology, known more formally as additive manufacturing, has been developing
very fast in recent years, attracting much attention in both the industry and academic society. It
has been used in such fields as industrial prototyping®?, bone tissue in medical research®,
specialized electronic®*®, and reaction ware for chemical synthesis and analysis*®. However, this
technology has not yet been addressed in manufacturing laser systems, which remains largely
unchanged since its founding. For a typical laser system, many discrete mechanical mounts and
stages are bolted individually on a laser platform, making it sensitive to mechanical disturbance.
To ensure a stable operation, solid and heavy material is used for construction. However, the use
of heavy material is the most primitive and least effective way to ensure mechanical stability,
adding unnecessary weight to the laser system. Besides, traditional manufacturing methods place
restriction on the geometry of the laser system, which limits the design of laser systems.
Motivated by the idea that 3D printing offers many advantages over traditional manufacturing
methods 37 by revolutionizing the way that materials turned into functional devices, we aim to
improve laser manufacturing process by introducing 3D printing. First, the laser designs are no
longer limited by commercial-off-the-shelf mechanical components. Many mechanical designs
can be implemented to reduce the size and weight and to improve functionality, which are
particularly useful for portable laser systems. Furthermore, the additive layer-by-layer approach

enables multiple laser components to merge into a single solid piece, not only reducing the



requirement of post-machining and assembling, but also improving the rigidity of laser systems.
Moreover, the modification of laser designs can be easily achieved digitally using computer-aided
design (CAD) software, and the modified design can be manufactured using the same 3D printing
process. Thus, diverse and distinct scientific needs can be met without incurring additional
manufacturing cost.

Here, we explore the possibility to develop laser system using 3D printing technology. The
entire laser frame is built as a single aluminum piece, featuring advanced mechanical and thermal
designs. Passive air cooling and active water cooling mounts based on cellular structure are built
into the frame. Meanwhile, two adjustable flexure optical mounts are printed for laser cavity
alignment. The laser can deliver a maximum output energy of 9 mJ with pulse width of 12 ns. Our

results pave the way towards manufacturing laser system using 3D printing technology
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20 COMPACT VCSEL END-PUMPED Q-SWITCHED LASER

In this chapter, we describe the development of a compact actively Q-switched Nd: YAG laser
end-pumped by a high-power VCSEL chip. The design of this compact laser and its performance
were also studied. The laser operates at the wavelength of 1064 nm with a maximum pulse energy
of 12.9 mJ. The repetition rate can be varied from 1 to 200 Hz. The laser performance including
output power, pulse width, timing jitter, pulse stability and Q-switch delay were studied. Figure

2.1 shows the photo of laser with its controller.
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SetTi3@.4 ActT:3.@
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Figure 2.1 Photo of compact VCSEL pumped Q-switched laser system.
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21 LASERSYSTEM OVERVIEW

Over the last decade, several miniaturized solid-state lasers have been demonstrated to deliver
sufficient laser pulse energy with necessary peak intensity to perform LIBS analyses.® Most of
these laser systems are Q-switched solid-state lasers. Besides the laser performance itself,
dimension, weight, and efficiency are the key requirements for portable laser applications. Despite
advances in these compact laser sources, some compromises must be made. For example,
microchip lasers usually have low pulse energies and work in the passively Q-switch mode,
making them inappropriate to perform time-resolved measurements due to their poor jittering.?” In
order to achieve a breakdown threshold using microchip lasers, tight focusing is essential, which
drastically reduces the stand-off distance. Compact flash-lamp pumped lasers, on the other hand,
have high pulse energies and can be synchronized with spectrometers to perform time-resolved
measurements. However, pumping with a spectrally wide flash lamp is not as efficient because
most of the pumping energy is turned into heat instead of pumping the gain medium. A more
energy-efficient pumping scheme is the diode laser pumping enabled by high-power edge-emitting
diode laser stacks and vertical-cavity surface-emitting lasers (VCSEL).

Both side and end pumping schemes have been used to achieve lasing using diode pump
lasers. However, the end pumping scheme has been widely used for compact solid-state lasers for
its high-energy absorption efficiency. The pumping light profile can be adjusted to coincide with
the cavity resonator mode to yield good laser beam quality.®® Recently, a new class of high-power
VCSEL devices have been developed as laser pump sources. Comparing with the edge-emitting
laser stacks, VCSELs have high efficiency (>40%).%° The narrow linewidth of VCSEL (1 nm,
FWHM) enables strong and resonate absorption of Nd: YAG crystal.*° These two factors guarantee

a longer running time when powered by battery. The cooling scheme for VCSEL chips is
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straightforward. This ensures a far smaller overall packaging size than those of edge-emitting laser
stacks, making them suitable as a pump source for compact lasers. VCSELS have a uniform output
profile, which enable good laser beam profile. Because of these advantages, VCSEL laser chips
have become popular pumping sources for compact solid-state laser developments and

applications such as mid-IR conversion** and laser spark plugs*.

(a) Output Pockels High-Power Nd:YAG

Polarizing
coupler cell Beamsplitter crystal

Quarter Focusing Pumping
waveplate lens VCSEL
b
( ) Laser head Laser controller
e Laser cavity e Timing control
e Pumping VCSEL e Temperature control
* Q-switch e User input/output
* Cooling mount * Power system

Figure 2.2 Laser system overview (a) Schematic of laser head, (b) Overview of laser head and controller.

Here we describe the development of a compact actively Q-switched Nd: YAG laser end-
pumped by a high-power VCSEL chip as shown in Figure 2.2. To our best knowledge, this is the

first time such type of laser is utilized in LIBS applications. The compact laser system is consisted
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of two parts, a laser head and a laser controller, the system overview of which can be found in

Figure 2.2 (b).

2.2 LASER OPTICAL DESIGN

Laser optical design (laser head) can be divided into four section, laser cavity, pumping VCSEL,
Q-switch and cooling system. It weighs about 0.7 kg. The length of its cavity is about 14 cm. All

opto-mechanic components of the lasers are housed in a 30 mm cage system

2.2.1 Laser cavity design

(a) (b) Non Radiative aF
Transition .- A 2
= 4Fs/2
L ] Laser Output Radiative VCSEL pumping
at 1064nm Transition at 806.9nm
Output Laser crystal HR
coupler rod mirror 4Fiir
4lgr2

Figure 2.3 Schematic of laser cavity and energy level of gain medium (a) Schematic of laser cavity, (b)

Schematic of Nd: YAG energy level.

Figure 2.3 (a) shows the schematic of laser cavity that features a “plane-parallel” design®®, where
two ends of laser cavity are flat. The major advantage of this design is output beam has a good M?

number. But such cavity is very sensitive to misalignment. There is a trade-off between output
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beam quality and robustness of laser cavity. For LIBS applications, especially those stand-off
measurement, a good output beam quality is preferred. Therefore, we choose the beam quality over
robustness of laser cavity. At the same time, we will improve the robustness of laser cavity by
using a more stable optomechanical design.

The gain medium used here is a Neodymium-doped yttrium aluminum garnet (Nd: YAG)
crystal rod. Nd: YAG crystal is by far the most commonly used solid-state laser gain medium
because of its unique properties favorable for laser operation. The YAG itself has both a good
optical quality and a high thermal conductivity. Its structure is very stable against high temperature
up to the melting point. The hardness and strength of YAG are also very good for fabrication. The
active ion is the Nd®*, a trivalent rare earth ion. In our laser system, the 4Fz; — 4I11/2 transition®
is used with transition wavelength centered at 1064 nm as shown in Figure 2.3 (b). This is the
transition with the highest emission cross sections. The absorption band is around 808 nm which
has been chosen as the pumping wavelength. The upper-level lifetime is about 230 ps that is much
longer than the upper-level lifetime (~10ns) of pumping VCSEL. This long upper-level lifetime
allows Nd: YAG laser to work in Q-switch mode, where pumping VCSEL can only works in quasi-
continuous-wave mode. Commercially available Nd: YAG crystals are grown exclusively by the
Czochralski method with limited crystal size. In our application, the crystal is 40 mm in length and
4.3 mm in diameter. The curved cylinder surface is roughly grinded to reduce reflection which will
reduced feedback in the radial direction. Therefore, the feedback can only be achieved in the axis
direction. The two flat cylinder surfaces are finely grinded to a mirror finish and then coated with
anti-reflection or anti-transition coating layers. Since our laser is end pumped, one flat surface of

the crystal rod is coated with high transition for 808 nm pumping wavelength and high reflection
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for 1064 nm lasing wavelength. On the other flat surface, the crystal is only coated with high

transition for 1064 nm lasing wavelength.

2.2.2 VCSEL end-pumping

As pumping source, VCSEL array, shown in Figure 2.4 (a), belongs to the family of surface
emitting semiconductor lasers where laser beam emission is perpendicular from the top surface.
Figure 2.4 (b) shows that VCSEL laser resonator consists of two distributed Bragg reflector (DBR)
with active gain layer in between. The wavelength can be tuned by adjusting the DBR. The VCSEL
used in our experiment outputs a wavelength of 808 nm that falls in the center of Nd: YAG crystal
absorption band. Since the cavity length of VCSEL is very small, the out power of a single VCSEL
is quite limited. To achieve high out power, VCSEL array that contains lots of single VCSEL units
is used as pump source. In quasi-continuous-wave operation, as shown in Figure 2.4 (c), total pump
energy equals pump power times pump time. In our application, the VCSEL arrays can inject a
pulse energy up to 240 mJ into gain medium at a time interval of 300 ps with peak power of 800
W.

For solid-state lasers, many different optical designs have been proposed to effectively
transfer energy from pumping source to gain medium. Figure 2.4 (d) shows two major pumping
geometries, side pumping and end pumping.*® For side pumping, the pump light is injected into
gain medium from the side, a direction that is perpendicular to the laser beam. The key advantage
is that it allows the use of pump sources with very low spatial coherence such as flash lamp.
Besides, multiple pump source can be combined in side pump thus offering a high output power.
For these reasons, side pumping is mostly used in high power solid-state lasers. However, high
gain, good beam quality and high-power efficiency are very difficult to obtain in side pumping.
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This is because gain at the edge of laser modes, leading to a poor extraction efficiency and

encouraging high-order lasing mode.

Spectral width: 1 nm
Wavelength shift: 0.065 nm/°C
Divergence: 0.15 rad Bragg reflector

Gain

(a) Center wavelength: 808 nm (b) (C) 4 Pump power
I Output

ANODE (+) Bragg reflector

CATHODE (-)

Figure frem Princeton Optronics

»
>

Pump time

Pump source

(d)  Pumpsource L
Back mirror Back mirror Lens
¥
Lens Front mirror Front mirror
A
End pump Side pump

Figure 2.4 Laser pumping system. (a) Schematic of VCSEL array, (b) Schematic of a single VCSEL, (c)

Pumping chart, (d) Schematic of end pump v.s. side pump.

In end pumping, the pump light is injected along the laser beam. The pump beam is usually
focused by a lens on laser end-face where pump beam can overlap with lasing mode of laser
resonator. In this case, higher-order modes have very low gain compared with fundamental mode.
Thus, single mode operation is often possible. High power efficiency can also be achieved. The
limitation of end pumped is that the pump light can only be injected through two end faces, which
limits the laser output power.

Another factor to be considered here is cooling. In Nd: YAG laser crystal, about 40% of

the pump energy will be converted into heat.® Temperature gradient will cause thermal lensing in
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laser crystal. Strong thermal lensing effect will cause the breaking up of the lasing mode. For side
pumping, cooling is complicated since the side of laser crystal is not only used for pumping but
also for cooling. It is very difficult to design a compact device that can effectively cool laser
crystal. For end pumping, on the other hand, only two crystal end faces are used for pumping, the
side of laser crystal can be used for effectively cooling. This allows laser to be made in a very
compact size. Since our laser will be used for field application where high energy efficiency and

compactness are preferred, end pump configuration is chosen.

2.2.3 Actively Q-switch based on polarizing device

Q-switching is a technique to obtain high energy pulses from lasers by modulating the Q-factor of
laser resonator. The Q factor (quality factor) is a measure of the strength of damping cavity energy.
It is defined as 2m times the ratio of the stored energy to the energy dissipated per oscillation cycle.
In our laser, shown in Figure 2.5 (a), the Q-switch is based on polarizing devices consisted of a

Pockels cell, a 1/4 wave-plate and polarizing beam splitter.
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Activefy Q-switch

(a)
Output Pockels Polarizer Laser crystal
coupler cell waveplate beam splitter rod mirror
(b) Circular Horizontal
larization polarization
o]
P Q-switch off:
Cirnfula_r _Ci@ula_r Veltticql Raqdom High loss in cavity, energy
polarization polarization polarization polarization build-up, no output
Circular Vertical
l olarization polarization i
P Q-switch on:
Horizontal,___Circular ___ Vertical Random low loss in cavity, energy
polarization polarization polarization polarization damped, pulse output

Figure 2.5 Laser Q-switch system (a) Schematic of actively Q-switch within in laser cavity, (b) Working

principle of Q-switch.

When VCSEL starts to pump the laser crystal, the Q factor is kept low. Light emitted from
laser rod is linearly polarized by the polarizer. When it will pass the ¥ waveplate twice after
reflected from mirror, the polarization will be rotated by 90 degrees. Thus, it won’t pass the
polarizer and no feedback will be formed. When enough energy is stored in laser crystal, a voltage
will be applied to the Pockels cell, the total polarization will be rotated by 180 degrees. Thus, it
will pass the polarizer and the feedback will be formed. At this moment, the Q factor is very large.
The pulse energy will build exponentially from spontaneous emission. A strong pulse with narrow

pulse width will be emitted. The entire process is shown in Figure 2.5 (b).
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2.2.4 Laser thermal management

Figure 2.6 shows the laser thermal management system which can be divided into two parts,
passive crystal cooling and actively VCSEL cooling. For Nd: YAG crystal, about 40% of the pump
power will be converted to heat®, causing its temperature to increase. The increased temperature
may not damage crystal itself, but will cause thermal lensing effect that will compromise laser
performance.®® Besides, if heat can’t be dissipated effectively, the crystal mount will expand
unevenly because of end pumping, leading to cavity misalignment. A heavy-duty laser crystal
mount made from Aluminum with integrated fin structure is used to effectively dissipate heat.
The pumping VCSEL has an efficiency of 30% at its full power of 800 W and a pumping
duration of 300 us. Therefore, 1.4 J heat will be generated when it works at 10 Hz. If such amount
of heat can’t be dissipated effectively, VCSEL temperature will increase 2.24 °C each minute.
Even if VCSEL itself can be operated at a high temperature up to 80 °C, inappropriate thermal
management can lead to wavelength shift and even the breakdown of VCSEL. In our application,
an actively temperature control system based on Peltier cell was developed. It features a close-
loop design that can maintain VCSEL temperature at 30°C at normal working condition. The
proportional-integral-derivative (PID) control constant in the temperature controller was

optimized for this application.
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Figure 2.6 Laser cooling system (a) Photo of laser passive and active cooling systems, Working principle

of (b) passive and (c) active working systems.

2.3 LASER ELECTRICAL DESIGN

The electrical part of laser system (laser controller) has a dimension of 80 mm x 200 mm x 200
mm and a weight of 2.5 kg. It is equipped with some user-interface electronics (screen, knobs, and
buttons) and contains all the associated electronic components such as VCSEL drivers, timing
control and temperature control system. The whole system is powered by 24 V DC, making it

suitable for field application. All the electrical components are commercially available. A PCB
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board hosting all these components was designed and built. The software development was based

on an open source platform called Arduino.

2.3.1 Timing control system

The successful operation of an actively Q-switched laser depends on precise timing. The VCSEL
pumping signal and Pockels cell triggering signal must be precisely synchronized. To achieve
optimized laser performance, the electrical signal should have low jitter and high resolution. The
chip used here is a 16 MHz, 8-bit ATmega328 microprocessor that has a time resolution of 62.5
ns with +/- 5 ns jitter. The Arduino microcontroller (ATmega328) has a 16-bit built-in timer that
has three output ports. One of them was used to trigger VCSEL, while another was used to trigger
Pockels cell. This timer is the heart of controlling laser timing. The clock source from the internal
clock sends pulses to the pre-scaler which divides the pulses by a determined amount. For a 16-bit
timer, the maximum count is 65536. If the minimum step is set at 62.5 ns, the maximum laser
period will be 4 ms, which is too small. The period should be 100 ms for our experiment. Therefore,
we need to set the pre-scale on the timer, which will extend the period to 100 ms. There are several
working modes in the timer. CTC mode is chosen here. Figure 2.7 (a) and (b) shows a timing chart
of Q-switch process and its corresponding electrical triggering signal. Figure 2.7 (c) shows the

photo of microcontroller with two signal pins from Timer 1 indicated in red arrow.
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Figure 2.7 Laser timing control system (a) Timing chart of Q-switch, (b) Timing chart of triggering signal,

(c) Photo of microcontroller.

2.3.2 Temperature control system

Since the output wavelength of VCSEL depends on temperature, it is crucial to maintain a constant
VCSEL temperature. The core of temperature control system is the temperature controller (HTC
4000, wavelength electronics), as shown in Figure 2.8. A single resistor sets the maximum output
current. A potentiometer (10K) was used to control the temperature set point. A thermistor was
used to measure the temperature. A Peltier cell was used to heat or cool the VCSEL depending on
the difference between real and set temperature. By calculation, a 10 KQ resistor and 5 uF

capacitor was chosen to set the PID constant. The detailed pin mapping can be found in Figure 2.8

@).
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Figure 2.8 Laser temperature control system (a) Pin map of temperature controller (b) Schematic of

temperature controller.

2.3.3 User input and output system
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GND 5V Analogpin  GND Digital pin SCL connects to A5 pin

Figure 2.9 User input/output system (a) Potentiometer, (b) Switch, (c) LCD controller.

The laser controller has a user-friendly interface including knobs, switches and an LCD, the details

of which can be found in Figure 2.9. Figure 2.9 (a) shows a potentiometer that is used to set laser
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VCSEL temperature by changing its resistance. This potentiometer is also used to change laser
parameters such as frequency, pumping time and Q-switch time as well. Here the center output
pins are connected to the analog input of microcontroller, which converted the 0 to 5 V input
voltage to 1 to 1024 digitalized value. These values are then used to set laser parameters. For
setting laser output power, the laser diode driver needs analog input instead of digital input. A
voltage divider is designed with the potentiometer which can output 0 to 12 V to set the laser
output power from 0 to maximum. A push button, as shown in Figure 2.9 (b), is used to turn laser
on. It is not only connected to the laser diode driver but also connected to the microcontroller’s
digital input. When the button is pushed down, its output voltage will change from 0 to 5 V. So,
the microcontroller will be notified and updates the display to user. All system’s working
parameters are displayed in the LCD screen.

The software is developed using Arduino, an open source platform. The code is written in
C++. The program can be divided into two parts, an initial setup function and an infinite for-loop.
In the setup function, the system will be initialized. In the for-loop, the system will not only read
system parameters and display them to user on the LCD screen, but also change system parameters

accordingly.

2.3.4 Laser power system

One major advantage of our laser system is that it runs at 24 VV DC, making it a good candidate as
field-portable device when powered by battery. Unlike flash lamp driver that usually require 220
VAC, our VCSEL driver is powered by 24 V DC. A 24 V to 5 V DC convertor is used to drive
microcontroller, temperature controller and Pockels cell driver that all run at 5 V. The schematic
of laser power system is shown in Figure 2.10.
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Figure 2.10 Schematic of laser power system.

24  LASER PERFORMANCE

In this section, laser performances were studied in terms of output power, Q-switch delay, pulse

width and pulse stability.

2.4.1 Output power and Q-switch delay

The laser output power was first studied at various pump conditions with the laser running at 10
Hz. The output power was measured using a thermal power meter (Thorlabs, S302C). As is shown
in Figure 2.11 (a), the laser output power was characterized at different pump powers and
durations. The pump threshold was measured at 130 W. After reaching the pump threshold, laser
output power increases with the pump power and the slope also increases with the pump duration.
The maximum output power of laser is limited by the electronics used to power VCSEL, which
was capped at 425 W or 53% of the maximum output power of the VCSEL. This yields a maximum

output pulse energy of 12.9 mJ/pulse.
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Figure 2.11 (a) Output power v.s. pump power at various pump durations, (b) Q-switch delay v.s. pump

power at various pump durations.

An important parameter of the actively Q-switched laser for time-resolved LIBS
measurements is the Q-switch delay, which is defined as the delay between the triggering time of
the Pockels cell and the moment when the laser cavity emits a laser pulse. This is presented in
Figure 2.11 (b), where the Q-switch delays were measured for the VCSEL pump durations from
200 to 300 ps with pump powers ranging from 213 to 425 W. The Q-switch delay times were
found to be between 120 and 325 ns. At the peak pump power of 425 W, the Q-switch delay time
reduced to a minimal of 120 ns at a pump duration of 300 us. When pump duration was decreased
to 200 ps, the minimal Q-switch delay was measured as 136 ns. The result obtained here was used
to calibrate synchronization between the laser and spectrometer when performing LIBS

experiments.
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2.4.2 Pulse width measurement

Laser pulse width was also studied under various pump conditions. The laser pulse was attenuated
using a high-power polarizer, a half wave plate, and a neutral density filter to avoid damaging
photodiode. The attenuated pulse was then measured by a high speed InGaP photodiode (New
Focus 1544-B) that connected to a digital oscilloscope with a bandwidth of 2.5 GHz (DPO7254,

Tektronix).
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Figure 2.12 Laser pulse width measurement (a) Pulse width as a function of pump time at two different

pump powers, (b) Pulse width as a function of pump power at two different pump times.

Pulse width as functions of pump durations at two different VCSEL pump power of 425
W and 320 W are presented in Figure 2.12 (a). Output laser pulse width decreased when the
pumping duration increased from 180 to 300 us. The pulse width was reduced to 16.6 and 17.6 ns,
respectively. The output pulse width can be further reduced when the pump duration was

increased. Figure 2.12 (b) shows the relationship between the pulse width and the VCSEL pump
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power when the pump duration was set at 240 and 300 us, respectively. For a fixed pump time,

the pulse width decreases with increased pump power. Characteristics presented in Figure 2.12 is

consistent with a previous report 28,

2.4.3 Laser stability measurement
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Figure 2.13 Laser stability measurement. (a) Output power stability test without alignment, (b) Output power

stability test with realignment. Red shaded area shows where alignment happened. Room temperature was 22°C. Laser

ran at 10 Hz, (c) Stability measurement of laser pulse by comparing the envelope formed by 106 pulses and a single

pulse, (d) Laser timing jitter measurement by analyzing the pulse envelope formed by 106 pulses.
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Laser output power stability is very important for a successfully LIBS measurement. A laser with
low output power fluctuation can give more accurate and consistent LIBS results. To get a stable
output power, not only the laser needs a stable electrical system, but also a rigid optomechanical
build. Figure 2.13 (a) and (b) show laser output power as a function of time without and with re-
alignment. Without realignment, the laser output power dropped to 75% of its maximum power,
which is caused by the misalignment of laser cavity. However, if the laser cavity was realigned
after laser cavity reached thermal equilibrium, the laser outpower was very stable with a relative-
standard-deviation of 1% as shown in Figure 2.13 (b).

Laser shot-to-shot pulse stability and timing jitter are very important parameters to ensure
reliable LIBS measurements. A stable pulse shape and lower timing jitter infer a high performance
electrical design. Pulse stability was studied by recording continuous pulse shape as an envelope
using the oscilloscope. A pulse envelope formed by 106 pulses was plotted in Figure 2.13 (a) (blue
traces). It is compared with a pulse shape of a single laser shot (red dot). Result presented in Figure
2.13 (a) shows the peak intensity variation of 106 pulses are less than 1%, demonstrating that a
high stability of the laser pulses.

The timing jitter measurement was shown in Figure 2.13 (b), where a 10 Hz signal from
the microcontroller was sent to the oscilloscope channel 1 as trigger, while the pulse signal
measured by the photodiode was fed to the oscilloscope channel 2. 106 continuous pulses were
recorded to form a pulse envelope with the outline shown in blue dot. By studying the pulse
envelope width, timing jitter was estimated to be £2 ns, comparable to most commercial actively

Q-switched lasers.
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2.4.4 Fifth harmonic generation

To further test laser performance, we generated 213 nm laser light using three nonlinear crystals.
A linear configuration was chosen to simplify the experiment setup, so a more compact system
was developed. As show in Figure 2.14, laser beam with 1064 nm fundamental frequency passed
through a type | second harmonic generation crystal. The second harmonic of 532 nm with
perpendicular polarization was generated. Then such 532 nm laser beam passed a type Il fourth
harmonic generation crystal and a fourth harmonic of 266 nm was generated. Finally, the
fundamental frequency and fourth harmonic were mixed at the fifth harmonic generation crystal,
generating a fifth harmonic of 213 nm laser beam. Phase matching condition was achieved by

rotating crystal along the tilting axis as shown in red.

Mark 1064 266
1064 258 ] \ ] N\
pMaf 1064 \I 5320 213
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N = 532
532
& 5YHG
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Figure 2.14 Schematic of fifth harmonic generation.

After the fifth harmonic generation device, there are four different wavelengths. To

separate them, optical filter is not suitable since pulse energy is too high. Grating is also not
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suitable, since grating will not only mess up beam quality but also not convenient for real world
application. Therefore, a Pellin Broca prism made of UV fused silica is used. The fifth harmonic
was successfully separated from other wavelengths based on total internal reflection and
wavelength dispersion. UV fused silica is used to reduce absorption in UV wavelength range. If
N-BK?7 glass is used, the fifth harmonic is absorbed strongly. Almost no output can be detected.

The details of pulse energy of the harmonic generations can be found in

Table 2.1. The final fifth harmonic generation efficiency is 1.25%, which is comparable to
commercial lasers. Such high conversion efficiency is due to the high laser performance, especially

the good beam quality.

Table 2.1 Pulse energy of various harmonic generations

Wavelength 1064 nm 532 nm 266 nm 213 nm

Pulse energy 80 mJ 20 mJ 2mJ 1mJ

2.5 LIBS EXPERIMENT RESULT

In this section, several LIBS experiments were performed to test our laser performance. The test
results show that our laser is an effective and compact laser tool for laser remote sensing

applications.
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2.5.1 Experiment setup

The schematic of LIBS setup is shown in Figure 2.15. The compact laser operated at its
fundamental wavelength (1064 nm) with a pulse repetition rate of 10 Hz. The output pulse had a
pulse energy of 12.9 mJ and a pulse width of 16.6 ns. The Pockels cell’s triggering signal was also
used to synchronize with a spectrometer (Andor Tech., Shamrock 505i), which was equipped with
an intensified charge coupled device (ICCD) detector (Andor Tech., iStar, DT-334T). The 120 ns

Q-switch delay was considered for synchronization.

Table 2.2 Elemental concentrations (wt.%) of Mn and Cr in Al alloy sample.

Standard Reference Materials (wt %)

Elements 1255b 1256b 1240C 12581 No0.1259
Mn 0.0527 0.3857 1.2680 0.4810 0.0790
Cr 0.0150 0.0572 0.00054 0.0011 0.1730

The optical emissions from plasmas were coupled into a fiber bundle that connected to the
spectrometer by two lenses (6 and 10 cm focal lengths). The reason to use two lenses instead of a
single lens is to collect more light from plasma, because the effective light collection solid angle
of double lenses system can be much larger compared with a single one. The laser beam was
focused onto the sample surface by a single lens (20 cm focal length). The focused spot size is
around 0.3 mm. The sample itself was mounted on a computer-controlled motorized stage that
moved the sample during measurements to avoid over ablation. The sample used in this experiment

is shown in Table 2.2.
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Figure 2.15 Schematic of LIBS experiment setup.

2.5.2 Signal stability test

Shot-to-shot stability of LIBS signal is an indirect reflection of variations in laser performance
such as pulse energy stability and timing jitter. The laser pulse was focused on an aluminum alloy
sample (NIST 1259) to generate plasmas. The strong Al 394.4 nm and Al 396.2 nm atomic
emission lines were chosen to minimize the effect of inhomogeneity on precision. A series of 1000
sequential LIBS spectra were recorded to study the peak-to-base and peak-to-peak ratios. As can
be seen in Figure 2.16 (a), the Al 396.2 nm peak-to-base ratios had a relative standard deviation
(RSD) of 19%, which was comparable to a previous study** but obtained with only 10% of its
pulse energy. This RSD was mainly determined by the target surface quality at the point of analysis.
The peak-to-peak (Al 394.4/Al 396.2) atomic line emission ratios, as shown in Figure 2.16 (b),
had an RSD of 3%. Both shot-to-shot signal stability tests above have demonstrated that our laser

has excellent performance in terms of LIBS measurement repeatability.
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Figure 2.16 Shot-to-shot emission peak analysis. (a) Al 396.2 peak-to-base atomic emission ratios for a
1000-shot sequence, (b) Al 394.5/Al 396.2 peak-to-peak atomic emission ratios for a 1000-shot sequence. Each data

point is represented by a red/blue dot. The black dash lines show average value.

2.5.3 Crater profile and ablation efficiency

The experiments were performed without using any spatial filter to optimize beam profile. The
laser pulse was directly focused onto sample surface by a single lens (20 cm focal length). Craters
formed by 10, 50, 100, 200, and 500 consecutive laser pulses on a stainless-steel sample (NIST

304) were studied using a scanning electron microscope (SEM) and a white light interferometric

microscope (Zygo).

Table 2.3 Ablation efficiency.
Number of pulses 10 50 100 200 500
Ablation efficiency 1.76 0.52 0.42 0.20 0.20

(um3/mJ)
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SEM images of three craters formed by 100, 200, and 500 pulses are shown in Figure 2.17
(a, d, g), respectively, and the corresponding 3D images generated from the interferometric scope
are shown in Figure 2.17 (b, e, h). The crater profiles obtained here were prominently cone-like

because of the almost perfect Gaussian laser beam profiles.*
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Figure 2.17 Craters created by different numbers of focused laser pulses. (a,d,g) SEM image of craters
created by 100, 200 and 500 laser pulses, (b,e,h) 3D images of craters, (c,f,i) Craters cross sections obtained from 3D

images.

The spike structures around the edge of the craters were formed by the recondensation of
plasmas. Figure 2.17 (c, f, i) shows cross section views of these craters, which were then used to

estimate the crater volumes. The ablation efficiency is defined as the ratio of the crater volume to
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the laser pulse energy. The ablation efficiency of different numbers of pulses are shown in Table
2.3. As the number of pulses increased, the ablation efficiency decreased. The ablation efficiency

from the first 10 pulses was about 1.76 um®/mJ, which reduced to 0.2 um®mJ for 500 pulses.

2.5.4 Time-resolved emission spectra

Time-resolved measurements can provide a detailed diagnostic of the transient plasmas. Time-
resolved emission spectra for an Aluminum alloy sample (NIST 1259) is shown in Figure 2.18,
where Figure 2.18 (a) shows Mg ionic emission lines (279.6 and 280.3 nm) and Figure 2.18 (b)

shows Al atomic emission lines (394.5 and 396.2 nm).

Mn 279.6 nm 142000 Al 396.2 nm 24000

10000 = {\ 20000 5
Mn 280.3 nm 18000

Al 394.5 nm ’

Intensity (a.u.)

278 279 280 281 282 283 393 394 395 396 397 398
Wavelength (nm) Wavelength (nm)

Figure 2.18 Time-resolved emission spectra of an Al alloy sample. (a) Mg ionic line with gate width set at

100 ns, (b) Al atomic line with gate width set at 1000 ns. Each spectrum was averaged over 30 pulses.

A monoexponentially temporal behavior was observed for the emission peak intensity. An

exponential curve fitting algorithm was used to calculate the lifetime of each peak. ! The lifetimes
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of 279.6, 280.3, 394.5, and 396.2 lines were calculated to be 0.66+0.048, 0.62+0.023, 1.67+0.11,
and 1.62+0.11 us, respectively. The plasma lifetimes obtained here were at least a thousand times

longer than those obtained by a microchip laser?”.

2.5.5 Electron tempearture and density

The plasma temperature and electron density can be obtained through time-resolved emission
spectra. Atomic lines of Al 1 309.28 nm and Al 1 396.15 nm were chosen to evaluate the electron
temperature based on the assumption of local thermodynamic equilibrium.? As shown in Figure
2.19 (a), the plasma temperatures were estimated to be 5000 K to 8000K from 2 to 10 ps. Electron
density, on the other hand, was evaluated from the Stark broadening.! The Al 1 396.2 nm atomic
line was chosen to measure the full width at half-maximum (FWHM) line width for evaluating the
electron densities. As shown in Figure 2.19 (b), electron densities were on the order of 10'® cm=
from 1 to 10 ps. Since the property of the laser-induced plasmas depends on several factors such
as laser wavelength, laser energy, pulse duration and the sample itself, it is very difficult to
compare the results obtained here with other results. But the results generally appear similar to our

previous studies.!t
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Figure 2.19 Time evolution of (a) electron temperature and (b) electron density in laser-induced plasma. The

gate width was set at 1 ps. Each spectrum was averaged over 30 pulses.

2.5.6 Limits of detection measurement

Five Aluminum standard reference materials from NIST were used as targets in this study. The
concentration details are listed in Table 2.2. Limits of detection (LODs) were calculated according
to International Union of Pure and Applied Chemistry (IUPAC) criterion: LOD= 306/s, where ¢ is
the standard deviation of the background and s is the slope of the calibration curve. The emission
lines chosen to construct the calibration curves here were Cr | 367.87 nm, Mn | 403.07 nm, and

Al 1309.28 nm.
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Figure 2.20 Calibration curves for (a) Mn (403.08nm) and (b) Cr (357.89 nm) in Aluminum samples. A gate

delay of 1 ps and gate width of 10 us were used for acquisition. Total number of 30 pulses were accumulated during

each measurement.

Fifteen measurements were performed to produce the calibration curves. As shown in

Figure 2.20, the obtained calibration curves have good linear fitting (R>98%) within the

experimental uncertainty. The estimated LODs for trace elements of Cr and Mn were 101 and 192

ppm, respectively. The LODs obtained here were comparable to those reported in previous

researches using a commercial actively Q-switched Nd:YAG laser.*® The results obtained here are

specific to experiment setup. The main objective here is not to improve LODs but to evaluate our

laser performance in LIBS.

2.6

CONCLUSION

The new laser source developed here not only exhibits high laser performance but also meets the

dimension, weight, and efficiency requirements of a field-portable laser source for LIBS
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applications. Time-resolved LIBS measurements were successfully performed using this laser
combined with an ICCD detector. Reliable LIBS results were obtained from these experiments.

Although similar laser design has been demonstrated before, the work undertaken for this
study has resulted in a truly compact, lightweight, and high-performance laser. Furthermore, the
laser runs at 24 VV DC, making it possible to be powered by a battery. Most of the laser body is
built from commercially available parts. Its weight and dimensions can be further reduced by using
3D printing technology, making it more attractive for LIBS applications. The details will be
discussed in Chapter 4.0 .

In the following chapter, we will discuss the development of a double-pulse laser for LIBS
application. The double-pulse laser shares many designs with the current single pulse laser. Thus,

this chapter also serves as a foundation for the following chapter.
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3.0 FIELD-PORTABLE DOUBLE-PULSE LASER SYSTEM

In this chapter, we developed a compact field-portable double-pulse laser system and tested its
performance for LIBS applications. This double-pulse laser system has a total weight less than 11
kg, a total volume smaller than 0.02 m® and powered by 24 VV DC. Compared with the recently
developed commercially available double-pulse Nd:YAG system (EverGreen from Quantel-laser
inc), our laser has many advantages such as advanced VCSEL pumping, passive air cooling, built-
in pulse triggering system, higher efficiency, less weight, compact size and the ability to run on
battery. The laser system consists of two identical actively Q-switched lasers with a maximum
pulse energy of 12 mJ and a wavelength of 1064 nm. Two laser pulses are coupled together through
a collinear beam coupling device. We also tested this double-pulse laser in several LIBS

experiments, where significant improvement of LIBS performance was obtained.

3.1 DOUBLE-PULSE LASER OVERVIEW

Laser-induced breakdown spectroscopy is a powerful technology to determine elemental
composition. However, it suffers from a relatively poor sensitivity with respect to other

spectrometric methods. Double-pulse laser-induced breakdown spectroscopy (DP-LIBS) has been
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proved to be a very effective approach for improving LIBS performance in terms of enhancing
emission intensities, lowering limits of detections and improving signal-to-noise ratio.*’*** Up until
now, most of the double-pulse LIBS experiments are performed using benchtop lasers which are
not suitable for field-portable LIBS applications. Field-portable single-pulse LIBS systems
capable of real time and in-situ analysis?>?>* have been demonstrated by using compact laser
sources such as fiber lasers?®®152 microchip lasers?”>® and passively Q-switched flash lamp
pumped solid-state lasers °*. Despite of the intensive researches in double-pulse LIBS and field-
portable LIBS, very few double-pulse LIBS experiments were performed using field-portable laser

systems.?®

Max pulse energy 15mJ/Pulse

(a) F_ (b) Property value

Pulse widtgh 10ns

Pulse jitter +/-5ns
Pulse delay 0ns to 100 ms, 62.5 ns resolution
Laser head weight 5kg

Laser head size 85mm*215mm*450mm

Laser controller
weiaht

Laser controller size 170*240mm*270mm

5kg

Figure 3.1 (a) Photo of the double-pulse laser system that consists of a laser head and a laser controller and

(b) the laser system’s key parameters.

A real field-portable laser needs to fulfil the requirement of size, weight and energy
consumption. It should have a compact size, light weight and be powered with battery. The lasers
are also required to possess good beam quality for beam combining. Nevertheless, precise timing
control and low timing jitter are equally important to perform time-resolved measurement. Figure

3.1 shows the double-pulse laser system that fulfills all the above requirements.
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3.2 DOUBLE-PULSE LASER DESIGN

3.2.1 Optical design of laser head

The double-pulse laser system consists of a laser head that has all the optical components and a
laser controller that contains all the electrical components. In this section, we will focus on the
laser head design. Figure 3.2 (a) shows the schematic of the laser head. It consists of a collinear
pulse coupling device as shown in Figure 3.2 (b) and two identical actively Q-switched lasers as
shown in Figure 3.2 (c). We built our laser system based on Thorlabs 30 mm cage system
that features four rigid steel rods on which optical components can be mounted along a common
optical axis and an extensive selection of accessories for the cage system are also available. We
also designed and made parts that were not commercially available. Dovetail optical rails were
used to mount both lasers and beam coupling device to the laser case. The dovetail rails have the
advantage of low profile and easy release feature, making it a suitable candidate to build stable,

rigid mechanical assemblies. The optomechanics components are shown in Figure 3.3.

In double pulse LIBS, there are mainly two configurations, collinear and orthogonal. In
collinear configuration, the two laser beams share the same optical path while in orthogonal
configuration, one of the laser beam is directed perpendicular to sample surface and another is
parallel to the sample surface. The advantage of our collinear device is that it is suitable for field
LIBS applications, since it is more compact and there is no need for alignment. The collinear beam
coupling device, shown in Figure 3.3 (g). The % waveplates along with the polarizing beam splitter
are used to attenuate the output pulse power without compromising pulse performance, such as
changing pulse width and introducing pulse jitter. The pulse intensity attenuation is achieved by

rotating the %2 waveplate, as shown in Figure 3.3 (c). A focusing lens at the front of polarizing
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beam splitter is used to focus the pulses on sample surface. Knob 1 and Knob 2 are used to align

two focused laser pulses to the same spot.

External

Internal

Figure 3.2 Laser head design. (a) schematic of double-pulse laser system, (b) schematic of collinear beam

coupling device, (c) schematic of actively Q-switched laser, (d) photo of laser head external and internal view.

These two Q-switched lasers have similar design as described in the previous chapter but
with a few improvements. For example, the output coupler is replaced by an updated version with
adjustment knob, shown in Figure 3.3 (a). Since the laser body is protected by an enclose, the
adjustment knob won’t be accidently touched, which may lead to cavity misalignment. The
focusing lens mount, as shown in Figure 3.3 (d), has a fine adjustment knob that allows precision
control over pumping energy injection. For laser crystal holder, as shown in Figure 3.3 (e), an

updated version is made with weight reduced by at least 50%.
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Knob 1

¥ waveplate 2

Figure 3.3 Laser optomechanics components. (a) Output coupler mount, (b) Pockels cell mount, (¢) ¥
waveplate mount, (d) Focusing lens mount, (e) Laser crystal mount, (f) High power polarizing beam splitter, (g)

Collinear beam coupling device.

Thermal management system is also improved compared with the laser developed in the
previous chapter. In our previous single pulse laser, VCSEL heatsink is cooled by a mechanical
fan that may induce vibration. In our current double-pulse laser system, VCSEL heatsink, as shown
in Figure 3.4 (a), features a fanless design. The heatsink is bolted to the aluminum enclosure so
that heat can be conducted to the enclosure and then dissipate to the environment. A crystal holder
made of Al is made to hold and cool the crystal. A loss fit is chosen to hold laser crystal to avoid
damaging. Thermal grease is used to fill the gap between crystal and its holder to effectively
transfer heat. During the testing, both cooling structures work very well. No VCSEL overheating

or crystal thermal lensing is observed.
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" Crystal holder

Figure 3.4 Laser thermal management system. (a) Photo of VCSEL cooling design, (b) Photo of laser

crystal cooling design.

3.2.2 Electrical design of laser controller

The laser controller contains all the key electronics to drive the laser. It features a user-friendly
interface electronics (screen, knobs and buttons) as shown in Figure 3.5 (a). The detailed
description of this interface is shown in Figure 3.5 (b). Figure 3.5 (c) shows the internal structure
of laser controller, which can be divided into four units, as shown in Figure 3.5 (d), temperature
control unit, VCSEL driver unit, timing control unit and user input unit. The temperature control
unit and VCSEL driver unit are the same as the single pulse laser controller. But the timing control
unit and user input unit are completely new designs. A more powerful microcontroller
ATmega2560 is used here. A PCB board is used to hold all the key electronics components, such
as microcontroller, temperature control units, resistors and capacitors. Even with lots of electrical
components, the laser controller has a compact dimension of 170 mm x 240 mm x 270 mm and
weighs only 4.5 kg.

The core component of laser controller is a Mega 2560 microcontroller board based on the

ATmega2560 chip. It can monitor laser status, read user input, and change laser parameter
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accordingly. The detailed pin mapping is shown in Table 3.1. The programing language used here
is also C++. Since ATmega2560 chip is much more powerful than ATmega326 chip, it allows us
to write more complex program (about 1000 lines in our software). The software flowchart is
shown in Figure 3.6 (a). The LCD can display key laser parameters, such as VCSEL pumping

power and temperature, laser on/off status, pumping time and pump delay.

(a) |
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Select laser parameter
Laser one temperature
Laser one power
Laser two on/off
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0N !B ow N Rl
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Figure 3.5 Laser controller design. (a) Photo of laser controller panel, (b) Knob function, (c) Photo of laser

controller internal view, (d) Laser controller overview.

The successful operation of actively Q-switched lasers depends on precise timing. This is
especially true for double-pulse laser where four triggering signals are needed. Two of the signals
are used to trigger VCSEL driver and the other two are used to trigger Pockels cell drivers. Low
time jitter and adjustable time delay should also be possible among these signals. The powerful
microcontroller ATmega2560 has several 16-bit timers that can fulfill these requirements. There
are several parameters needed to be set up for laser to work properly. These parameters can be set

up in laser controller using knobs and buttons shown in Figure 3.6 (a). No additional digital delay
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generator is required for triggering and syncing both lasers. The detailed timing chart is shown in

Figure 3.6 (b). The timing resolution of laser controller is 4 us, which is enough to perform LIBS

experiment. The resolution can also be further improved to 62.5 ns.
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Figure 3.6 (a) Laser controller software flowchart and (b) Timing diagram of triggering signal from

microcontroller.
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Table 3.1 Pin mapping of microcontroller Mega 2560 and its function.

Mega 2560 Pin Function
11 Provides trigger signal to VCSEL 1
12 Provides trigger signal to Pockets cell 1
Timing output 5 Provides trigger signal to VCSEL 2
2 Provides trigger signal to Pockets cell 2
3 Provides trigger signal to ICCD
18 Reads increase signal from Encoder 1
19 Reads decrease signal from Encoder 1
Encoder reading
20 Reads increase signal from Encoder 2
21 Reads decrease signal from Encoder 2
A0 Reads VVCSEL real temperature from temperature controller 1
Al Reads VCSEL set temperature from user input 1
A2 Reads VCSEL real temperature from temperature controller 2
Power and temperature
A3 Reads VCSEL set temperature from user input 2
Ad Reads VVCSEL driver current 1
A5 Reads VVCSEL driver current 2
7 Reads Laser 1 on/off state
Laser state
6 Reads Laser 2 on/off state
13 Provides display signal, connected to LCD SCK
LCD display 24 Provides display signal, connected to LCD SID
22 Provides display signal, connected to LCD CS

3.3

3.3.1 Experiment setup

The schematic of double-pulse LIBS experiment setup is shown in Figure 3.7. There are two types
of configurations, one used for plasma imaging, another used for plasma spectrum. In the plasma
imaging configuration, as shown in Figure 3.7 (a), the plasma was imaged by a single lens (50

mm) at the spectrometer entrance slit, which is wide-open to avoid cropping image. The grating is

DOUBLE PULSE LIBS EXPERIMENT
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set at its zero order which act as a mirror. The plasma will finally be imaged at ICCD and then
recorded. In the plasma spectrum configuration, as shown in Figure 3.7 (a), the light emission from
plasma was collected by a two-lens system (lens 1 with 60 mm focal length, lens 2 with 100 m
focal length, effective magnification of ~0.6). A bundle consisted of 19 optical fibers (200-um
diameter) was used to transmit the collected light to the entrance slit of a spectrometer (Andor
Tech., Shamrock 505i). The spectrometer was outfitted with a 1024x1024-pixel intensified charge
coupled device (ICCD) detector (Andor Tech., iStar, DT-334T) that allowed us to perform time-
resolved measurement. The grating used here was 1200 line/mm. The complete detection system

had a spectral range of approximated 20 nm with a resolution of 0.06 nm.

Table 3.2 Elemental concentrations (wt.%) of Mn and Cr in Al alloy sample.

Standard Reference Materials (wt %)

Elements 1256b 1240C 1258l No.1259
Mn 0.3857 1.2680 0.4810 0.0790
Cr 0.0572 0.00054 0.0011 0.1730

For a conventional DP-LIBS system, a digital delay generator with at least 4 triggering
outputs is needed to synchronize two lasers and perform time-resolved measurement. Since our
laser controller has a built-in signal synchronize system, no such digital delay generator is needed.
The synchronizing signal of two lasers and the spectrometer triggering signal are both provided by
the laser controller. A diagram explaining the timing sequence in double-pulse LIBS is shown in

Figure 3.7 (b). Inter-pulse delay is defined as the time difference between the arrival of two laser
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pulses. Gate delay is the time difference between the arrivals of second laser pulse and the time

that spectrometer begins to acquire spectral data.
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Figure 3.7 Double-pulse LIBS experiment setup. (a) Schematic of experiment setup, (b) Timing sequence.

The pulses from both lasers were focused on the same place on sample surface through a
lens with 75 mm focal length. The focused laser beam had a spot diameter about 0.8 mm. During
the experiment, the sample was continuously moved by a computer-controlled motorized stage to
avoid over ablation. Its position was carefully adjusted to maximize signal intensity. The pulse
energy and repetition rate for both lasers were set at 10 mJ and 10 Hz, respectively. Four
Aluminum alloy standard reference materials from NIST were used as the targets in this study.
The concentrations of both Mn and Cr are listed in Table 3.2. NIST-1256b sample was used for

all the LIBS experiments. In the limit of detection experiment, all four samples were used.
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3.3.2 Time-resolved measurement
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Figure 3.8 Time-resolved measurement. Time-resolved image of plasmas generated by (a) double-pulse and

(b) single pulse. Time-resolved spectrum of (c) Al 308.2 nm, 309.3 nm lines and (d) 394.4 nm and 396.2 nm lines.

Time-resolved measurement in LIBS is the most powerful and fundamental technic that allows
one to study the dynamic process in plasma, such as evolution of electron density and temperature
inside plasma, the growth of plasma plume. Here, we compared the performance of SP-LIBS and
DP-LIBS in terms of time-resolved plasma image and plasma spectrum. Figure 3.8 shows the time-
resolved images of plasma generated by (a) double-pulse and (b) single-pulse at zero inter-pulse
delay. In DP-LIBS configuration, enhanced plasma optical emission, longer plasma lifetime and
larger plasma size were observed, agreeing well with previous study 6. Unlike the previous study,
our result was obtained at much lower energy (~10 mJ/pulse), making it suitable for field-portable
application where lower pulse energy is preferred. Time-resolved Al emission spectrum in the
range of 307~310 nm and 394~398 nm was shown in Figure 3.8 (c) and (d), respectively, where

Al atomic emission lines peaked at 308.2 nm, 309.3 nm, 394.4 nm and 396.2 nm. During the early
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plasma lifetime (<500 ns) for the spectrum generated by the first laser pulse, as shown in the red
area, the continuous background emission was very strong and no useful line emission was
observed. However, during the same period for the spectrum generated by the second laser pulse,
as shown in the blue area, the continuous background emission was significant reduced and
characteristics line emission was successfully revealed. This is one of the major advantages of DP-

LIBS. We will provide more detailed study later.

3.3.3 Signal enhancement

To further study signal enhancement in double-pulse LIBS. We repeat the previous experiment at
various inter-pulse delay. Figure 3.9 (a) shows the peak emission spectrum of Al 308.2 nm, 309.3
nm, 394.4 nm and 396.2 nm at various inter-pulse delay. Figure 3.9 (b) and (c) shows Al | 308.2
nm and Al 1 394.2 nm peak intensity evolution under various inter-pulse delay, respectively. A set
of three measurements were made for each point shown in the figure. Inserted figure is the average
enhancement factor as a function of inter-pulse delay at the gate delay of 2 ps. As is shown,

maximum signal enhancement for different peaks wasn’t obtained at the same inter-pulse delay.
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Figure 3.9 Signal enhancement in double-pulse LIBS. (a) Al peak intensity enhancement at various inter-

pulse delay, Gate width: 1 us. Gate delay: 2 us. SP means Single pulse, unit is ps. (b) Al I 308.2 nm peak intensity

evolution under various inter-pulse delay. Gate width: 1 pus. Inserted figure is the enhancement factor as a function

of inter-pulse delay at the gate delay of 2 ps. (c) Al 1394.2 nm peak intensity evolution under various inter-pulse

delay. Gate width: 1 ps. Inserted figure is the average enhancement factor as a function of inter-pulse delay at the

gate delay of 2 us.

3.3.4 Signal stability improvement

There are several ways to enhance LIBS signal, such as using longer integration time, larger ICCD

gain and stronger laser pulse. However, these methods may also introduce noise in the

measurement. The enhanced peak emission intensity obtained by double-pulse method leads to a
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better signal-to-noise ratio but not necessarily a better shot-to-shot signal stability. Here, we
compare the shot-to-shot signal stability of SP-LIBS and DP-LIBS, which affects the precision of
LIBS measurement.* The strong Al 308.2 atomic emission line was chosen to minimize the effect
of inhomogeneity. The relative standard deviation (RSD) of Al 308.2 nm peak-to-base atomic
emission ratio was calculated from a set of 400 repeated single-shot spectra. Shot-to-shot emission
peak analysis for single-pulse mode and double-pulse mode are shown in Figure 3.10 (a) and (b),
respectively. The RSD was reduced from 16% in single-pulse mode to 7% in double-pulse mode.
Similar analysis was performed on Al 1 308.2 nm to Al 1 309.3 nm peak-to-peak atomic emission
ratio The RSD was reduced from 5.8% in single-pulse mode to 3.1% in double-pulse mode. Similar
result has been demonstrated using double-pulse femtosecond lasers in a previous study using
aluminum alloy samples.>® The improved signal stability was obtained along with the enhanced
signal intensity in double-pulse mode, thereby further enhancing the overall quality of LIBS signal.
Therefore, a significant improvement in the sensitivity of double-pulse LIBS should be expected,

where the limit of detection is improved.
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Figure 3.10 Signal stability improvement. Peak-to-base of Al | 308.2 nm emission intensity ratio in (a)
single-pulse mode and (b) double-pulse mode. Peak-to-peak of Al 1 308.2 nm to Al 1 309.3 hm emission intensity ratio

in (c) single-pulse mode and (d) double-pulse mode. Inter-pulse delay: 4 us. Gate delay: 1 us. Gate width: 1 ps.

3.3.5 LOD improvement

As one of the most important metrics to gauge the performance of LIBS experiments, the limit of
detection (LOD) was studied using four Aluminum alloy standard reference materials from NIST
as listed in Table 3.2. LOD was calculated according to International Union of Pure and Applied
Chemistry (IUPAC) criterion: LOD= 30/s, where ¢ is the standard deviation of the background
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and s is the slope of the calibration curve. The emission lines chosen to construct the calibration
curves here were Cr | 425.3. nm, Mn | 403.1 nm, and Al I 309.3 nm. Fifteen repeated

measurements were performed to produce the calibration curves.
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Figure 3.11 Limit of detection improvement. Calibration curves for (a) Cr (425.3 nm) and (b) Mn (403.1
nm) in single-pulse and double-pulse mode. Inter-pulse delay: 8 ps. Gate delay: 1 ps. Gate width: 10 ps. Inserted

zoom-in figure in (a) shows overlapped data points. (c) Signal enhancement factor for the elements used to construct

the calibration curve in various samples.
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As shown in Figure 3.11, the obtained calibration curves have a good linear fitting
(R>98%) within the experimental uncertainty. For Mn, the LOD was nearly 10 times lower with
the double-pulse LIBS of 38 ppm compared to that of the single-pulse LIBS of 326 ppm. The LOD
for Cr was also lowered from 158 ppm to 30 ppm for the double-pulse scheme. The significantly
improved LOD using the double-pulse laser system indicates its promising prospect for field work

detection requiring high detection sensitivity®®>’ with limited laser power.

3.3.6 Investigation of early plasma behavior

For most of the double-pulse LIBS experiments, a gate delay of several hundreds of nanoseconds
should be used to avoid the strong continuum background emission that happens during the very
early plasma lifetime. The useful information is the characteristic line emission of ion and atom
which begin to show up when continuum background emission vanishes. Therefore, very few
researches have been focused on the early plasma lifetime.>®0 In recent studies”%%2, it is pointed
out that the continuum background is significantly reduced in the early plasma lifetime using
double pulse laser. With this reduced background, the early plasma lifetime may show useful
information, which is crucial for understanding the subsequent plasma behavior. In previous
Figure 3.8, we have already show such effect. Here, in Figure 3.12, a much shorter gate width of
20 ns was used, thus offering a much higher time resolution. For single pulse shown in Figure 3.12
(@), during the very early plasma lifetime (<300 ns), strong continuous background was observed.
However, for double pulse with 4 ps inter-pulse delay shown in Figure 3.12 (b), a sharp emission

peak was observed instead of the continuous background. As the inter-pulse delay was increased
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to 12 pus and 28 us when the plasma generated by the first pulse almost cools down, the continuous
background began to show up with reduced emission peak.

The continuous background emission comes from the bremsstrahlung radiation so that
continuous electromagnetic radiation is produced by the deceleration of electron. ©. In double pulse
LIBS, the plasma generated by the second laser pulse growth in an environment created by the
plasma generated by the first laser pulse, where pressure in such an environment is usually much
lower than room pressure. Thus, the electron expands much faster, leading to a reduced continuous
background emission. * On the other hand, there are several factors that contribute to the
enhancement of line emission. First of all, the shockwave generated by the second laser pulse can
excite plasma generated by the first laser pulse.!* Secondly, the second laser pulse itself can also
re-excite the atom/ion that generated by the first laser pulse. Thirdly, the high energy free electron
generated by the second laser pulse interact with the atom/ion generated by the first laser pulse,
transferring energy to them.

As inter-pulse delay is increased, the plasma generated by first laser pulse cools down even
further. The atoms recombine and form molecules that requires more energy to excite. The pressure
inside the plasma plume begins to approach to room pressure. The environment where the new
plasma to be generated by the second pulse grows begins to look like ambient environment.
Therefore, as the inter-pulse delay is increase, the double-pulse enhancement effect is reduced.

In the following experiment, the enhancement factor of several ionic lines were studied
during the very early stage of plasma lifetime®. The gate delay was set at 0 ns and gate width was
set 500 ns. As is shown in Figure 3.13, the ionic lines with higher excited upper energy level such
as Ca Il 370.60 nm and 373.69 nm, the enhancement factor is minor compared with those ionic

lines with lower excited upper energy levels. For example, for Na Il 353.31 nm line, there is no
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signal at all in single pulse LIBS, but a very shape peak is found in double pulse LIBS. Therefore,
we have developed a method to selective enhance LIBS signal.

In previous studies, LIBS-LIF®®* is the most widely used method to selective enhance
LIBS signal. On disadvantage of conventional LIBS is the signal interference. For example, when
the characteristic line of a trace element is overlapped with the characteristic line form other
elements, such trace element can’t be detected. To solve this problem, LIBS-LIF method was used
where a second laser is tuned to re-excite the target element when all the signals disappeared.
However, such LIBS-LIF method is only widely used in the lab and hasn’t been adapted to perform
field work, because tunable lasers with high peak power and nanosecond pulse width are very
bulky and heavy. Such lasers are not suitable to perform field work.

The double pulse laser system we developed here are not only small but also light weight,
making it suitable to perform field work. Combined with the selective enhancement method during
early stage plasma lifetime, this double pulse laser system has the potential to be used in field work

where characteristic lines overlapped happened.
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Figure 3.12 Plasma emission during early plasma lifetime. Time-resolved emission spectrum during early
plasma lifetime of (a) single-pulse, (b) double-pulse 4 ps inter-pulse delay, (c) double-pulse 12 ps inter-pulse delay,
(d) double-pulse 28 us inter-pulse delay. Gate width: 20 ns. Early plasma emission spectra with gate width of (e) 100

ns and (f) 200 ns. The gate delay was 0 ps.
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Figure 3.13 Enhancement factor v.s. upper energy level. For ionic lines with lower excited upper energy
level, the enhancement factor is small. For ionic lines with higher excited upper energy level, a larger enhancement
factor is found. SP-LIBS: Single pulse laser-induced breakdown spectroscopy. DP-LIBS: Double pulse laser-

induced breakdown spectroscopy.

3.4  CONCLUSION

This chapter presents appealing experiment results that compact lasers with output pulse energy at
10 mJ level can perform highly sensitive LIBS experiment with significantly better performance
than those using a single-pulse with similar laser pulse energy. A truly field-portable double-pulse

laser system at 10 mJ level was constructed and tested for LIBS applications. Several LIBS
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experiments have been performed to test its performance. Up to 9 times enhancement in atomic
emission line were achieved with continuum background emission reduced by 70%. This has led
to up to 10 times improvement on limit of detection. Signal stability is also improved by 128%,
indicating a more robust and accurate LIBS measurement. The compact double-pulse laser
presented here provides a viable tool to significantly improve functionality and applicability of the

field-portable LIBS technology.

64



4.0 UNIBODY LASER ENABLED BY ADDITIVE MANUFACTURING

In this chapter, we designed, manufactured and demonstrated a 3D-printed passively Q-switched
Nd: YAG laser that is compact, lightweight, and powerful. The entire laser frame was built as a
single aluminum piece, featuring advanced mechanical and thermal designs. Passive air cooling
and active water cooling mounts based on cellular structures were built into the frame. Meanwhile,
we optimized the cell structure by using non-uniform design, which can reduce thermal
deformation by 41.2%. More importantly, our results pave the way towards manufacturing, unique,

single-purpose laser systems using 3D printing technology.

41 DIRECT METAL LASER SINTERING OVERVIEW

In this work, we used a powder-bed direct metal laser sintering (DMLS) technique to print laser
frame. The DMLS technology takes a CAD model as its input and builds the geometry by
depositing the constituent materials precisely in a layer-by-layer fashion. Figure 4.1 illustrates the
operating principles of a powder bed DMLS system. For each layer of build, it deposits a layer of
tiny particles across the entire powder bed. The production chamber is filled with inert gas to

reduce the damaging effects of oxidation. As the particles are being deposited, a roller attached to
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the depositor compacts the particles so that the resulting material has higher density and is thus
stronger. A focused laser beam begins to move across the powder and the path of the laser beam
is defined by the CAD file. The metal powder is melted into a solid part. After each layer is built,
the powder bed is lowered by one layer thickness, and the whole process is repeated until the entire
part has been built. When the building process is completed, the final model is left to cool. The
unsintered powder is then recovered and recycled. Support structure is implemented wherever

necessary and will be broken away from the laser frame during the post-machining.

High power laser Galvo scanners
— I

Blade

—,

= — %
Laser frame

Figure 4.1 Schematic of the powder-bed direct metal laser sintering.
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4.2 UNIBODY COMPACT LASER DESIGN

4.2.1 Unibody laser system overview

The optical design of this laser features a compact and elegant setup®, as shown in Figure 4.2 (a).
It consists of a vertical-cavity surface-emitting laser (VCSEL) array pump laser, a lens, an Nd:
YAG crystal rod, a Cr: YAG passive absorber, and an output coupler. The VCSEL array delivered
a maximum output power of 800 W at 200 A with a wavelength of 806.9 nm. The VCSEL worked
in quasi-cw mode that permitted high output powers without exceeding the thermal limitation of
the device. It was used to end-pump the Nd:YAG crystal rod. A single lens with 10 mm focal
length was used to couple the VCSEL array pump light into the laser rod through one end. This
pump end of the crystal acted as an end mirror of the laser cavity. The Nd: YAG rod had an anti-
reflection (AR) coating for the pump wavelength of 806.9 nm and a high-reflection coating for the
lasing wavelength of 1064 nm on the side facing the VCSEL. On the other end of the rod, there
was an AR coating for the lasing wavelength. The Cr: YAG passive absorber was also AR coated
and had an initial transmission of 55% at the lasing wavelength. A flat output coupler with a
transmission of 50% acted as the output coupler of the laser cavity. When such cavity is lasing, it
places a strict requirement on the alignment and stability, thus providing a good example to test

the overall performance of the 3D printed laser frame.
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Figure 4.2 Schematic and photos of the 3D printed laser. a, Schematic of passive Q-switched laser cavity
design and 3D printed laser frame with all the optical parts integrated into the frame. b, 3D printed laser frame with

all the supporting structure. ¢, 3D printed laser frame with all the supporting structure.

The schematic of this laser, as shown in Figure 4.2 (a), features four functional structures, a
2-axis adjustable mirror mount, a passive air cooling mount, a 3-axis adjustable lens mount and an
active water cooling mount. The whole laser frame weighs only 85 g after supporting structure

was removed. To see how much weight can be saved, a similar laser frame was made based on
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commercial available 30 mm cage system with some parts made from conventional manufacturing
method. The total frame weight added up to over 1000g. Therefore, the 3D-printed frame here can
reduce weight by at least 90%. The total weight of the 3D printed laser with all the optic
components installed is only about 120g with a compact dimension of 3cm by 3cm by 15cm.

Figure 4.2 (c,d) shows laser frame before and after supporting structure is removed.

4.2.2 Performance of 3D printed optomechanical parts

Flexure stages offer many merits over traditional bearing stages, such as being backlash free,
frictionless, and exhibits highly repeatable motion . Such a flexure stage is usually machined out
of a single piece of metal. 3D printing, as an additive manufacturing method, makes it possible to
design such a functional flexure structure that would be very difficult or impossible to make using
conventional manufacturing method. Multiple components can be integrated into fewer parts
offering a more rigid structure. Here, we demonstrated two types of flexure optical stages. One
was an adjustable mirror mount that offers angular adjustment; the other was a 3-axis translation
mount.

The adjustable mirror mount has two U-shape flexure structures that are perpendicular to each
other as shown in Figure 4.3 (a,d). Each U shape structure can perform an angular adjustment in
one direction. The adjustment was achieved through adjusting a 1/4"-80 Fine Hex adjuster which
has extremely tight tolerances from Thorlabs. By adjusting screw 1, the mount can be rotated about
x-axis. By adjusting screw 2, the mount can be rotated about z-axis. Thus, the two orthogonal U

shape structures can provide independent angular adjustments in two respective orthogonal
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dimensions. An output coupler was fixed to such a mount through a screw. For our current design,
the adjustment range was at least 3°, which was enough for the cavity alignment.

Figure 4.3 (b,e) show the 3-axis translation mount that consists of a 2-axis flexure stage and
a rail. The 2-axis flexure stage offers two orthogonal linear translation degrees of freedom. By
adjusting screw 3, the stage can be moved along z direction, and by adjusting screw 4, the stage
can be moved along x direction. The stage can also be moved along the rail which was printed into
the frame, adding another translation degree of freedom. A lens was installed to such a mount
through screws. The lens can then be moved along the rail to focus the pump beam onto the end
face of laser crystal. After optimization, the stage can then be fixed to the rail by tightening the

SCrew.

© | g

Unit cell

Figure 4.3 Laser mechanical and cooling design. a,d, Schematic of the 2-axis adjustable mirror mount based

on flexure structure b,e Schematic of the 3-axis adjustable lens mount. c¢. Schematic of crystal cooling mount based
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on cellular structure. The unit cell is a hollow-sphere-structure. f Schematic of VCSEI cooling mount based on cellular

structure. The unit cell is a hollow-cubic-structure.

Nature frequently uses cellular materials such as wood, bones, and honeycombs as weight-
optimized and functional structures. Inspired by this idea, artificial cellular structures have been
studied for decades, and proven to have many excellent thermomechanical properties, such as high
stiffness®®®’ | good impact absorption®® , good heat dissipation ability®®, and potential for
multifunctionality’®. Therefore, we decide to introduce the cellular structure into designing the
laser cooling system. Here, we demonstrate two cooling designs based on cellular structure, where
a passive cooling mount is used to cool laser crystal and an active cooling mount is used to cool
VCSEL. Since 3D printing offers unparalleled flexibility in make complex structure over
traditional manufacturing methods’ , these cellular structures can be easily made and integrated
into laser frame.

As is shown in Figure 4.3 (c), a passive air cooling mount based on hollow-sphere structures
"2 was used for cooling the laser crystal. The laser crystal covered by thermal compound was tightly
fitted in the center of the crystal mount. For our Nd: YAG crystal, 50% of the pump power will be
converted to heat in the crystal. High temperature may not damage the crystal but will cause a
strong thermal lensing effect resulting to a smaller beam waist that is more likely to damage optical
components. Due to the good heat dissipation ability of the crystal mount, thermal lensing effect
was reduced. The high strength of the cellular structure also made the laser cavity mechanical
stable.

Compared to the laser crystal, the VCSEL is more sensitive to temperature increases and
requires more cooling power. Thus, an active water cooling base was made as shown in Figure 4.3

(F). This cooling base also featured a cellular structure used in the water cooling channel. This
71



cellular structure can double the heat exchange surface area, thus increasing the cooling efficiency.
It can provide enough cooling power to maintain a low temperature for the VCSEL to ensure

maximum output power, long life time and low wavelength drift.

4.2.3 LIBS experiment

A LIBS experiment was conducted to test laser performance. Since this laser features a passively
Q-switched design, the spectrometer was chosen to work in ungated mode. The laser repetition
rate was set at 10 Hz and laser pulse energy was 8 mJ. The measurement was performed by a
spectrometer that integrated with an intensified charge coupled device detector (Andor Tech.,
iStar, DT-334T). Al standard reference sample (NIST-1762b) was used as target. The signal was
collected to the spectrometer slit through a lens. As is shown in Figure 4.4, several elements such

as Al, Fe, Mn, Cr and Mo were successful identified.
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Figure 4.4 LIBS spectrum of an Al sample using 3D printed laser.
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43  OPTIMIZATION OF 3D PRINTED PARTS

4.3.1 Reduction of thermal deformation by non-uniform structure

Given the design flexibility offered by 3D printing, advanced thermal management application
with complex geometry have been studied for years.”>"® In this study, we optimized the crystal
cooling mount by reducing thermal deformation. In the end-pump configuration, the absorbed
pump radiation leads to nonuniform temperature distribution in both laser rod and its mount. This
results in an uneven thermal expansion, as shown in Figure 4.5 (b), in laser crystal holder due to
the temperature gradient, which finally leads to cavity misalignment. 3D printing technology
allows us to manufacture novel cellular structure that can reduce cavity misalignment by reducing
temperature gradient within laser crystal holder.

As shown in Figure 4.5 (a), two crystal holders, one with uniform cell density (up), another
with non-uniform cell density (down) were made. On the heater side of non-uniform structure, the
cell density is low thus having a higher heat dissipation ability. On the mirror side of non-uniform
structure, the cell density is high thus having a low heat dissipation ability. Therefore, the
temperature gradient within the non-uniform structure can be reduce compared with the uniform
structure where both side has similar heat dissipation ability. Thermal deformation of these two
samples are calculated by measuring the deflection angle. As shown in Figure 4.5 (c), non-uniform

structure can reduce thermal deformation by 41.2%.
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Figure 4.5 Thermal deformation of 3D printed cellular structure. (a) Schematic of non-uniform cellular
structure and uniform cellular structure, (b) Schematic of Experiment setup, (c) Experiment result of non-uniform and
uniform cellular structure. Non-uniform structure can reduce thermal deformation by 41.2% The experiment has been

repeated 10 times as shown in the inserted figure.

4.3.2 Temperature mapping of uniform and non-uniform parts

Further verification is conducted by experiment and simulation of 3D temperature mapping
of the two structures using fiber sensing. The optical fiber sensing system used in this study is an
Optical Backscatter Reflectometer (LUNA OBR4600). It was configured to interrogate
temperature profile of optical fiber up to 70 m in length with spatial resolution of 4 mm and
temperature resolution of ~0.1°C. The optical fiber used was a conventional single mode optical
fiber (SMF-28). As shown in Figure 4.6 (a), a 3D optical fiber mesh was interwoven and embedded
into test samples. The optical fiber mesh had 10 layers, which extended the whole volume of the
specimen vertically. Each layer of the mesh consisted of 10 parallel optical fibers which passed

through respective horizontal voids, except for the layers 5 and 6 in the middle where the laser
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crystal was inserted. To form the 3D optical fiber mesh, a ~60-meter-long optical fiber was used.
A 4-mm long heater with 15-W output power, was inserted at the right side of sample to simulate
non-uniform heating source in end-pump configuration. The temperature data recorded here was
the temperature change with respect to the room temperature (20°C). By collecting all these data
points and knowing their geometry coordinates, 3D temperature distribution within the sample can

be reconstructed and imaged.
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Figure 4.6 Experiment setup. Photo (a) and schematic (b) of experiment setup featuring an OBR and a

passive cooling structure interwoven with 3D fiber mesh. TLS: tunable laser source, FC:fiber coupler, PC: Polarization
controller, PD: photo detector, OBR: optical backscatter reflectometer.reflectometer.an OBR and a passive cooling
structure interwoven with 3D fiber mesh. TLS: tunable laser source, FC:fiber coupler, PC: Polarization controller, PD:

photo detector, OBR: optical backscatter reflectometer.

The distributed temperature measurement using the fiber is shown in Figure 4.7 with a
spatial resolution of 4mm. Ten temperature spikes along the fiber was observed in Figure 4.7 (a),
which records temperature profiles in the heated cellular structure. This is the region where fiber
was inserted inside test structure. An inserted figure also shows a zoom-in temperature profile both
inside and outside the cellular structure. Figure 4.7 (b) shows the 2D temperature mapping of the
top layer of the cellular structure (designated as Layer 1). It is constructed using data from Figure

4.7 (a) by considering the geometric shape of the fiber thread through the cellular structure. As
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shown in Figure 4.7 (b), the temperature is higher at the end where heater is inserted and gradually
decreases away from the heater. Figure 4.7 (c) shows the 3D temperature mapping that is
constructed from 10 layers of 2D temperature mapping. A total of 960 single temperature data
points has been used to construct such a figure. This method is a significantly improvement over

thermocouple measurement for interior temperature probing.
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Figure 4.7 Construction of 3D temperature mapping within passive cooling structures. (a) 1D temperature
mapping along fiber in layer 1 of uniform cooling structure, (b) 2D temperature mapping of layer 1 constructed from
10 sections of 1D data. (c) 3D temperature mapping of the whole structures, both uniform and non-uniform structures,

each constructed from totally 10 layers of 2D data.

Figure 4.7 (c) compares temperature distribution between a non-uniform structure and a
uniform cellular structure. AT here is defined as the average temperature difference between left
side and right side of test samples. As revealing by the figure, temperature profile of non-uniform
cellular structures can be significantly improved by optimizing the filling ratio of cellular structure.
This will lead to a more uniform mechanic deformation upon heating and improvement of laser
beam pointing and power output stabilities. At the top layer (layer 1), where convection cooling
dominates, non-uniform structure reduces temperature difference from 2.19°C to 0.45°C compared

with the uniform structure. This can be explained by the fact that the heater side, right side in
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Figure 4.7 (c), of non-uniform structure has lower cell density, thus having a higher heat dissipation
ability than the other side. As we move away from the heated side, the increased filling ratio will
yield lower heat dissipation rate, resulting higher temperature than that of the uniform structures.

This overall will yield more uniform temperature distribution.

44  CONCLUSION

In conclusion, we have demonstrated an advanced laser system made by 3D printing technology.
Although the laser system chosen to exemplify this technology is relatively simple, the 3D printing
technology itself has demonstrated the possibility to revolutionize the laser manufacturing
industry. To our best knowledge, this is the first 3D printed laser.

This unibody laser can be widely used in the area where high energy pulse lasers are
needed. Its unibody construction offers many advantages over conventional laser frames, such as
being compact, lightweight and mechanically strong. It achieved all these advantages without
sacrificing the functionality of the laser. Adjustable flexure optical mounts and innovative cooling
structures were all built into this system.

As 3D printing technology continues to thrive, the next generation of 3d printers will be
capable of fabricating parts with different materials, such as Al and glass. As this advance is
realized, it may be possible to print the mirror and lens directly into the Al frame. The result will

be a more robust photonic system.
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5.0 ADDITIVE MANUSFACTURING OF DIAMOND METAL COMPOSITE

In previous chapter, we discussed using 3d printing technology for photonics application. The
innovation is to 3D print Aluminum cellular structure to reduce weight as well as improving
thermomechanical properties. In this chapter, we further explore this topic by 3D printing
diamond/metal composite, a novel material with advanced thermomechanical properties. Cellular

structure made of diamond/metal composite is successfully made through 3D printing.

5.1 OVERVIEW

5.1.1 Overview of diamond/metal composites

Thermal management is a critical issue in high power laser applications. ® Reliability and long-
life time of laser operation require not only materials with high thermal conductivity but also a
coefficient of thermal expansion (CTE) matching to that of gain medium. The thermal expansion
coefficients of copper laser crystal mount is 17 ppm/K, while the Nd:YAG laser gain medium has
a thermal expansion coefficient of 7 ppm/K. Such thermal expansion coefficients mismatch will

compromise high power laser application by introducing thermal stress at laser crystal.®®
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Diamond/metal composite not only exhibits high thermal conductivity but also can achieve
tunable coefficient of thermal expansion by varying diamond/metal composition.”””® Therefore,
diamond/metal composites have the potential be used as laser crystal mount that offering both high
thermal conductivity and matched coefficient of thermal expansion.

Today, diamond/metal composite has been widely used in electronic packages and
semiconductors industry as high performance heatsink.” However, such heatsink has very limited
geometry such as cylinder, cube and slice. Diamond/metal composite with complex geometry such
as cellular structure is very difficult to make using conventional manufacturing method because
diamond/metal composite is extremely difficult to machine.

To solve this problem, we propose two innovative ways to produce diamond/metal
composite with cellular structure. The first method is combining 3D printing with metal
infiltration. We first use binder jetting 3d printing to make a diamond preform, then infiltrate such
preform with metal. The second method is combining 3D printing with sintering. We 3D print
mixed diamond/metal powder and sinter printed sample at high temperature. Both methods

successfully yield diamond/metal composites with complex cellular structure.

5.2 BINDEERJETTING COMBINED WITH METAL INFILTRATION

In this section, we demonstrated the successfully making of diamond/copper alloy sample using
the proposed binder jetting 3D printing combined with metal infiltration. By introduce
spontaneous infiltration and low melting point metal powder into the diamond/metal composites

fabrication, the most challenging problem of cutting and machining process, will be solved
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efficiently. This technique will allow us to make complex diamond/metal composites at reduce

cost.

5.2.1 Binder jetting technology

Binder Jetting®® is an additive manufacturing process in which a liquid binder is selectively
deposited into powder bed to join powder particles. Layers of powders are then bonded to form an
object. The printing process is shown in Figure 5.1 (a). A roller first deposit a thin layer of powder.
Then, the printhead strategically drops binder into the powder. The job box moves to the heater
where binder solidities and joins powder particles. These three steps repeat themselves and the part
develops through such process over time. The 3D printing machine, shown in Figure 5.1 (b), is X-
1 Lab from ExOne, Inc. After the printing process, the sample box is carefully taken out of the
machine and put into oven for post-curing at 200 C for 8 hours. When the sample is fully cured, it

can be taken out of sample box. The residual powder is then removed by vacuum cleaner.

81



(a) step1 Step 2 Step 3
Roller Pirnthead Heater

1=l n
4 Binder “

]

Part

sample

Figure 5.1 Binder jetting 3D printing. (a) Schematic of binder jetting 3D printing process, (b) Photo of

binder jetting 3D printing machine, (c) Photo of 3D printing process.

5.2.2 Metal infiltration

Liquid metal infiltration of diamond preform is best suited fabrication method for our application.
8 Infiltration is a liquid-state fabrication method, in which the 3D printed diamond porous preform
is impregnated in a molten matrix metal, which fills the pores between the dispersed-phase
inclusions. Synthesis of porous diamond preform with sufficient mechanical strength, uniform
pore distribution, pore size, and porosity level is one of the crucial steps involved in the infiltration
processing.

There are two types of infiltration, forced infiltration and spontaneous infiltration.®? Since
binder jetting 3D printed diamond preform is not strong enough to withstand high pressure during
forced infiltration process, only spontaneous infiltration is suitable for our application. Though the

spontaneous infiltration technique is widely used to fabricate metal composite such as SiC/metal,
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Mo/metal, W/metal and AIN/metal, the researches about the fabricating technique of
diamond/metal composites by spontaneous infiltration are not very popular. This is mainly because
there are poor wettability and high interfacial thermal resistance between diamonds and metal. To
solve this problem, a thin metal (Ni or Ti) coating can be applied at the diamond surface to improve
the wettability of diamond powder and liquid metal.® The powder we used here is micro diamond
powder with particles size of ~40 um and coated with Ti or Ni.

Infiltration temperature is a very critical parameter during infiltration. Diamond starts to
undergo graphitization as low as 700°C.8* Pure copper has a melting point of 1,085°C. To avoid
diamond graphitization during copper infiltration process, we choose low melting point copper
alloy as filter metal. This BCup-9 copper powder is from Prince & lzant Company. Pressure is
also a critical parameter during infiltration. In a previous study %, it is shown that diamond/metal
composite can be successfully made under vacuum condition. Thus, we choose pressureless

infiltration in this study. The detailed infiltration parameter is shown in Figure 5.2.
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Figure 5.2 Detailed infiltration parameters.
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5.2.3 Results and discussions

Date 3 0c1 2007
Time 1834:42

Figure 5.3 Photos and SEM images. (a) Photo of gyriod sample before infiltration, (b) Photo of gyriod

sample after infiltration (c-e) SEM images of gyriod sample at various magnifications.

Figure 5.3 (a,b) shows the photos of 3D printed gyroid sample before and after infiltration. The
sample maintains shape very well after infiltration. Figure 5.3 (c-d) shows SEM images of gyroid
sample taken at various magnification. It clearly shows diamond particles are uniformly distributed

among metal matrix.
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Figure 5.4 SEM images taken at three difficult sample locations and three different magnifications. Inserted

photo shows the SEM location.

To further test whether infiltration process happened uniformly inside sample, we made a
diamond/metal composite sample with cube shape. The sample was then broken from the middle
and inspected under SEM. Figure 5.4 shows SEM images of a diamond/copper alloy composites
at various sample location and magnification. This cube sample was broken from middle and SEM
images were taken at three different location as labeled in the photo. The ideal is to test whether
infiltration was uniform across sample. Figure 5.4 clearly shows that diamond particles are
uniformly distributed among copper alloy at three locations. In the high magnification Figure 5.4

(9,h,1), shape edge can be clearly observed, indicating no significant graphitization happened.
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Figure 5.5 XRD result of (a) Ni-coated diamond and (b) diamond/copper alloy sample.

To further test whether graphitization happened during infiltration process, XRD patterns
of a Ni-coated diamond sample before infiltration and after infiltration were taken with result
shown in Figure 5.5 (a) and (b), respectively. In Figure 5.5 (a), several diamond characteristic
peaks can be clearly observed. Since the graphite characteristic peak is at 26.3° and no such peak
is observed in the diamond/copper alloy sample, as shown in Figure 5.5 (b), this XRD result further

shows no graphitization happened during the infiltration process.

5.3 BINDER JETTING COMBINED WITH SINTERING

In this section, we demonstrated the successfully making of diamond/copper alloy sample

using the proposed binder jetting combined with sintering.
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5.3.1 Experiment setup

Sintering is the process of compacting and forming a solid mass of material by heat or
without melting it to the point of liquefaction. Sintering is usually used to reduces the porous and
enhances properties such as strength, electrical conductivity, translucency and thermal
conductivity. During the sintering process, atomic diffusion drives powder surface elimination in
various stages, starting from the formation of necks between powders to final elimination of small
pores at the end of the process. The sample may shrink to 80% of its original size after sintering.

The method we used here is very similar to the method we used in previous section. Instead
of using just diamond powder, diamond/metal mixed powder is used. Ni-coated diamond powder
with average particles size of 40 um is fully mixed with low melting point copper alloy BCup-9.
Then this mixed powder is put into 3D printing machine and same printing procedure was used.

After the 3D printing, the sample is put into oven for sintering.
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5.3.2 Results

Figure 5.6 SEM image of samples (a-c) before sintering and (d-f) after sintering.

Figure 5.6 shows SEM images of samples before sintering and after sintering. It is shown in Figure
5.6 (a) and (b), the spherical metal ball and shape-edged diamond powder was mixed uniformly in
sample before sintering. In Figure 5.6 (c), diamond particles were not smooth because it was
covered by a thin layer of binder. Figure 5.6 (d) and (e) shows diamond particles were uniformly
distributed within metal matrix. Figure 5.6 (f) also shows the bonding between diamond and metal

was also very strong.
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Figure 5.7 SEM images of infiltrated samples SEM images of infiltrated sample and sintered sample. (a-c)

SEM images of infiltrated samples, (e-f) SEM images of sintered samples.

We also compared the sample made from infiltration and sintering with the result shown

in Figure 5.7. By comparing these images, we find sintered sample has more porosity compared

with infiltrated sample under the same parameters during heating process. Sintered sample will

shrink to 80% of its original size while the size of infiltrated sample almost doesn’t change. Since

the sintered sample has higher porosity, such sample will be lighter and less strong with larger

surface area compared with infiltrated sample.
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54  CONCLUSION

In conclusion, we have demonstrated two innovative ways to make diamond/metal composites
with complex geometry. No graphitization was observed, indicating excellent thermomechanical
properties. These two methods we developed here can be used to develop high performance laser
crystal cooling structure. The samples made from infiltration are stronger and heavier than the
samples made from sintering. Therefore, these two kinds of samples can fulfil different purposes

according to the requirements.
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6.0 CONCLUSION AND FURTHER DIRECTION

In this dissertation, we focus on developing compact lasers for laser remote sensing applications,
especially LIBS, using both conventional and advanced manufacturing method. Several compact
field-portable laser systems are developed and tested for LIBS applications.

Chapter 1 served as the introduction to the fundamental of LIBS technology and compact
laser sources. Chapter 2 introduces the development of a compact actively Q-switched laser.
Chapter 3 further discusses the development of a field-portable double-pulse laser based on the
same laser design developed in the previous chapter. It also investigates the advantages of using
double-pulse LIBS during the early plasma stage. Significantly signal improvement has been
observed. We also demonstrate selective signal enhancement which is usually achieved by LIBS-
LIF that requires bulky and expensive high power tunable laser in the lab. The low-cost instrument
and innovative technology we demonstrated here make it possible to extend such improvement to
field-portable LIBS applications. By optimizing the experiment parameters, better signal
improvement can be achieved. The detailed physics during the early plasmas lifetime is also
deserved further studies.

Chapter 4 and 5 discuss using additive manufacturing to build compact, light-weight, rigid
laser system, compared with chapter 2 and 3 where the laser systems are all built by conventional

manufacturing method. Chapter 4 introduces the development of a compact unibody laser enabled
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by additive manufacturing and its advantages compared with laser made by conventional method.
Chapter 5 discuss 3D printing advanced diamond/metal composites with cellar structure. We
exploited the flexibility of the bottom-up manufacturing schemes to produce entire laser photonic
systems made of flexure, cellular structures with embedded cooling and sensing functions, as well
as using advanced diamond/copper composites. 3D printing will lead to drastic reduction on labor
cost in manual assembly and alignments. Further works should focus on thermal design
optimizations and completely digitize the manufacturing of laser photonic systems with
advantages in weight, size, thermal, mechanic performance, manufacturing costs, which are
unattainable by current commercial products.

The innovation in manufacturing digitization and utilization of new materials and
structures will allow rapid design modification and radical design innovation in developing laser
and photonic systems for wider deployments on mobile drone platforms for a wide array of

industrial, consumer and environmental applications.
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APPENDIX A

LASER CAVITY ALIGNMENT

After assembling the laser, its cavity need alignment, where the front and end faces of laser cavity
should be parallel to each other. It can be a difficult and frustrating task to properly perform such
alignment if wrong method is used. It is even possible to move further away from the goal instead
of towards it! Fortunately, there is a specific procedure that can be followed that is guaranteed to
work. This method is called “walking the beam”. The ideal is based on the fact that a laser beam
can be directed to any direction by using two mirrors within the limit of aperture size. A laser beam
has four degrees of freedom and each mirror can control two degrees of freedom.

The cavity alignment is based on the fact that when the two end surfaces of laser cavity are
parallel to each other, if a laser beam is perpendicular to one surface, it must also be perpendicular
to the other surface. Based on this fact, the alignment procedure is designed as follow: First of all,
using “walking the beam” method to make alignment laser beam perpendicular to the end face of
laser cavity, where incident and reflected laser beams are overlapped. Secondly, adjust the front
face of laser cavity to make sure the reflect laser beam is overlapped with the reflected laser beam

from the end face. At this moment, two surfaces of laser cavity should be parallel to each other.
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The detailed alignment method is described below. This method can also be easily adapted to align

passive Q-switched laser, where Pockels cell and ¥ waveplate are replaced by saturate absorber.

Allgnment screen Fump end of crystal

Incident beam ,
@ Reflection from cavity :

end surface t 0
@ Reflection from cavity | ‘-"
front surface ! 5

Knob 1

Remave Pockels cell and
% % waveplate for alignment

2 Lemi

Knob 4 Output Crystal Pump
coupler holder VCSEL

Figure A.1 Laser cavity alignment procedure.

1. Setup laser alignment system as shown in Figure A.1.

a. Remove output coupler, Pockels cell and ¥ waveplate from Q-switch laser to reduce ghost
image.

b. Mount a 532-nm laser pointer on a kinematic mount. Then direct laser beam into laser cavity
through a right-angle kinematic mount. Make sure laser beam is parallel to optical table.

c. Mount the laser body to optical table so that laser beam can be directed roughly to the center
of pump end of crystal and through the center of beam splitter at the same time. This is
crucial for the following alignment since the range of alignment knobs are limited. A good
initial course alignment is beneficial to the following fine alignment.

2. Direct the laser beam perpendicular to laser crystal end face
a. Adjust knob 1 to center laser spot vertically on the back of crystal
Adjust knob 3 to center the reflected laser spot vertically overlapped with incident beam
Repeat step a and b to get as close as you can
Adjust knob 2 to center laser spot horizontally on the back of crystal
Adjust knob 4 to center the reflected laser spot horizontally overlapped with incident beam
Repeat step d and e to get as close as you can
g. Now the incident laser beam should be perpendicular to crystal pump end
3. Direct the laser beam perpendicular to output coupler.

a. Add output coupler to laser

b. Adjust knob 5 and knob 6 to overlap the reflected laser beam with incident beam

c. Now the incident laser beam should be perpendicular to output coupler and the two faces of
laser cavity are parallel to each other.

4. Fine adjustment using power meter in long pulse mode

-~ 0 00 o
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a. Turn off Pockels cell driver to avoid high voltage shock!

b. Turn on pumping VCSEL. Use the maximum allowed power. The laser should begin to lase
in long pulse mode. When putting a IR card in front of laser, a bright spot should be seen on
that card

c. Puta power meter in front of laser cavity. Adjust knob 5 and knob 6 slowly to maximize laser
output power. The power meter must stand high peak laser output power.

5. Final adjustment in Q-switch mode

a. Put % plate back into laser cavity. Turn on pump VCSEL and rotate ¥ plate to minimize the
laser output power.

b. Put Pockels cell back into laser cavity and turn on its driver. Turn on pump VCSEL. Adjust
knob 5 and knob 6 to maximum laser output.
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APPENDIX B

FIFTH HARMONIC GENERATION

After assembling the fifth harmonic generator, it need alignment to obtain maximum
conversion efficiency by angle tilting. There are two axes for tilting crystal angles. Because the
commercial available NLO crystals are normally cut in a principal crystal plane, conversion
efficiency is only sensitive to the axis that is perpendicular to the principal crystal plane. Such
plane is marked by a black line. The nonlinear crystal is mounted on a mirror mount that offer two
angle adjustments. To separate the different harmonics, a Pellin Broca Prism made of CaF2 is used
to reduce the UV light absorption. A screen made of white paper is used to find the laser output.
The experiment setup is shown in Figure A.2. The alignment steps are shown below.

1. Setup alignment system as shown in the figure.
a. The incident laser beam should be parallel to the optical table and its polarization is
perpendicular to the optical table.
b. All the optical axis of the optical components should also be parallel to the optical table.
c. The distance between prism and screen is about 40 cm.
d. Maximize laser output.
2. Generating second harmonic
a. Put the second harmonic laser crystal into mirror mount and make sure black marker is on
top.
Make incident laser beam roughly perpendicular to laser crystal front face.
Use IR card to find the 1064 nm spot on the screen and mark it.
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Adjust knob 1. A green dot should be seen on the screen.

Remove the screen and use a power meter to measure the 532 nm power. Make sure only 532
nm laser beam is collected by power meter.

Adjust knob 1 very slowly to get the maximum 532 nm output power.

ing fourth harmonic

Put fourth harmonic laser crystal into mirror mount and make sure the black maker is on the
side. Make incident laser beam roughly perpendicular to laser crystal front face.

Put away power meter and bring back screen.

Adjust knob 4 very slowly and a blue spot should be found on the screen. Here you must pay
attention to the distance between different spot. 266 spot is much far away from 532.
Remove the screen and use a power meter to measure the 266 nm power. Make sure only 266
nm laser beam is collected by power meter.

Adjust knob 1 very slowly to get the maximum 266 nm output power.

ing fifth harmonic

Put fifth harmonic laser crystal into mirror mount and make sure the black maker is on top.
Make incident laser beam roughly perpendicular to laser crystal front face.

Put away power meter and bring back screen.

Adjust knob 5 very slowly and a very dim blue spot should be found on the screen. Such spot
can be different to see especially when wearing protecting goggle. Turn off the ambient light
may help.

Remove the screen and use a power meter to measure the 213 nm power. Make sure only 213
nm laser beam is collected by power meter. Block the other wavelength or move power meter
further away from prism if necessary.

Adjust knob 6 very slowly to get the maximum 266 nm output power.

You should get about ~1% conversion efficiency.

Collinear 5t harmonic generator

¢
i

Wide Screen

213
1064 532 266
0.&
+ | Mark 1064 266 -’_/4/)‘ 3
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Figure A.2 Schematic of fifth harmonic generation.
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APPENDIX C

DESIGN OF LASER CONTROLLER PCB

Figure A.3 PCB of single-pulse and double-pulse laser controllers
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APPENDIX D

ARDUINO MICROCONTROLLER LIBRARIES

Table A.1 Libraries used for Arduino microcontroller coding.

Library name

Function

avr/io.h

The Arduino system is based on the avr-gcc
compiler and makes use of the standard AVR libc
libraries, specifically written for Atmel hardware.
This library is used to control the trigger signals for
VCSEL and Pockels cell.

Encoder.h

This library is used to get the input from encoder.

Usglib.h

This library is used to drive the 128x64 LCD
display

LiquidCrystal_12C.h

This library is used to drive the 128x32 LCD
display

pitches.h

This library is used to drive the piezo buzzer.
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