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Chapter 1 Introduction

1.1 Background and motivation

Laser was invented in the year 1960, the time just passes half century from then,
but laser has dramatically changed our world. Some of the laser applications are well
known in our daily life like CD and fiber optical internet; some of the applications are
far from ordinary people and at the cutting edge of scientific research like attosecond
science and National Ignition Facility. With non-stopping intensive research and
development in recent decades, more and more applications go out of laboratory: laser
manufacturing, medical surgery, metrology, data storage, communications, displays,
spectroscopy, microscopy, energy technology, scientific and military applications. No
matter you know them or not, laser has a close relation with everyone. Nowadays, the
development of laser is faster and faster and people are trying to study more to control
the “special light” to change our world.

The past decades has witnessed the revolution in the types and performance of
solid-state lasers. Especially after the narrow-band powerful pump source laser diodes
became widely available’. Compared with traditional lamp pump source, diodes
promise high efficiency, intensive and small size for various laser ions. Another major
advantage is that diode pump methods can improve the mode-matching between
pump beams and laser beam to increase the laser efficiency. The penetrations of diode
pumped solid-state laser (DPSSL) in commercial market lead to compact, low cost,
reliable and long life laser system for various requirements of applications. In
laboratory, researchers are still pursuing high-energy, high-peak power DPSSLs. Like
the unique edge-pump face-cooling microchip laser is good candidate for high power

solid-state laser system because of the good heat transport geometry and efficient
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cooling method. Besides, it separates the pump, cooling and lasing directions making
the design much easier for each term. With the flexibility of pump design, the pump
can be controlled to realize different kinds of pump shape to fit transverse modes.
Like the widely popular end-pump Gaussian-like pump shape, which is critical for
fundamental mode generation, can be realized by multi-direction edge-pump scheme

by the design of pump overlapping.
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Figure 1.1 (a) room temperature Yb:YAG absorption and emission
spectrum (b) relevant energy level.

Consider about the gain media, a trivalent-ytterbium-ion (Yb>") doped YAG is
very promising for high power, high efficiency and short pulse operation?*. Figure 1.1
shows (a) room temperature Yb:YAG absorption and emission spectrum* and relevant
energy level’. The absorption spectral region lies between 900 nm to 980 nm, which
is suitable for emission of InGaAs laser diodes. Usually, the pump of Yb:YAG is
performed at 941 nm at the peak of the second strong and relatively broad bandwidth
~18 nm. The emission bandwidth is ~8 nm at 1030 nm, which is enough for
sub-picosecond pulses generation. Yb:YAG has a small quantum defect of 9%, which
dramatically decrease the thermal load compared with 24% of Nd:YAG. The longer
upper state lifetime of ~1 ms prolongs the energy storage lifetime. Yb>* ion has very

simple two 4f manifolds, no undesirable loss processes such as excited-state
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absorption and up-conversion. As a result, Yb:YAG has several advantages relative to
Nd: YAG for diode laser pumping and ultrafast lasers. In 1991 and 1993 T. Y. Fan
demonstrated the room temperature diode pumped Yb:YAG CW laser® and
Q-switched pulsed laser’. The power scaling of single crystal Yb:YAG was soon
demonstrated over kilo watts CW output power®® in end and side pump rod and face
pump disk laser®. By far the highest average power 275 W and highest pulse energy
11,12

41J pluses laser were achieved by passive mode-locked thin disk Yb:YAG laser

Yb:YAG laser has peak emission at 1030 nm due to the transition between the

lowest Stark level of °F,, manifold at 10372 cm™ and the Stark level of 2F,,

manifold at 612 cm™. At room temperature, the latter Stark level contains a thermal

population equal to 4.2% of Yb ions in the °F,, manifold. Thus, near room

temperature, Yb:YAG laser exhibits quasi-four-level character, at least 5.6% of all Yb
ions must be pumped into the upper manifold to achieve gain media transparency,
compared with four-level laser like Nd:YAG laser the number is almost 0. As a
consequence, the un-pumped laser medium causes re-absorption loss at the laser
wavelength; this can be used for soft-aperture or loss. As the nature of
quasi-four-level laser material, the re-absorption loss is particularly useful in aiding
transverse mode shaping and selection, which is an additional advantage when
Yb:YAG comes to generate high order transverse modes.

Yb:YAG has been demonstrated as a promising candidate for high power
DPSSLs. However, difficulties in growing large-sized crystals and their poor thermo
mechanical properties are preventing their further progress, especially for power
scaling. Recently, transparent polycrystalline ceramics are making an impact in the
development of solid-state lasers because of their numerous advantages over melt
growth methods, like faster production times, large size, lower cost, better optical
homogeneity and better mechanical properties**. One obvious advantage is the
composite structure ceramic, which can be used for thermal dissipation, doping design,

pump waveguide and suppression of amplified spontaneous emission (ASE).
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For a long time people pay attention only on the diffraction-limited fundamental
Gaussian beam because of the good beam quality and high-brightness. Just in recent
year, great interest has been shown in the generation of high-order beams including
paraxial wave family: Hermit-Gaussian modes (HG) and Laguerre-Gaussian modes
(LG). The new properties of laser beam were brought out by these high-order modes
to generate new physics phenomena. Like in the optical trapping science, normal
transparent particles with higher refractive index than the surrounding environment
can be trapped near the focal area of fundamental mode beam'. But, for these
particles with low index or metal target and heat strongly absorbed ones it is difficult
to deal with*>*® because of unbalanced resultant force or heating effect. In these cases,
circle density laser beam dark trapping are required. People find that the vortex beam
(like high-order LG modes) possesses the orbital angular momentum mixed with
phase singularity can transfer'’ these properties to micro-partials or atoms for
trapping, guiding and manipulating*®**%'. Not only limited in scalar beam, the
vector beam (radial or azimuthal polarized) has more applications in super-resolution

microscopy and laser processing®*' .

Even HG,, modes have the potential
application in multiple trapping laser tweezers®*. Vortex arrays modes could be
applied for dark optical two-dimensional trapping as new class of optical tweezers for
physics, chemistry biology and medical science application. In spite of so many
exciting applications, most of researches are only limited in end-pump Nd** lasers®>%°;
the high-order modes are limited in HG,o modes and single vortex modes; the power
is as low as several mW which is not enough for the applications.

While Yb:YAG ceramic has been proving itself as a potential gain media, until
now there are not too many research on Yb:YAG high-order modes generation. In
addition, there is no research to bring it into the study of mode control based on
edge-pumped microchip towards high-power; especially we found the importance of

re-absorption loss mechanism in quasi-four-level material for mode-selection process.

We have studied on the mode-control theory in both fundamental mode and
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high-order modes towards high-power. We experimentally demonstrated various
high-order modes generation especially the HG,, and vortex arrays with relative high
power of W level.

Recently, high brightness diode lasers enable to pump solid-state laser directly
without any optical coupling device, which we introduce lens-less edge-pumped
microchip scheme in this thesis. The scheme dramatically decreases the size of
DPSSL, simplifies the system and increase the reliability of solid-state laser. It is the
goal of our research to make DPSSL more compact, more powerful and

easy-operation of transverse mode.

1.2 Content of this thesis

In chapter 2, we introduce the design principle of edge-pumped laser module
based on the composite ceramic Yb:YAG and diode pump source. We also study the
pump shape in our current 4-direction diode stacks edge-pumped microchip laser. We
simulate the mode selection between TEMg, mode and TEMg; mode under different
pump shape. The simulation results indicate that Gaussian-like pump shapes are
preferable for high-power TEMy, mode generation; contrarily, top-hat shape and
basin shape are easy to break into multi mode oscillation.

In chapter 3, we design the lens-less edge-pumped microchip laser, which is
directly pumped by single-emitter diode chips from multi-direction. The lens-less
design is compact and efficient for the coupling of pump beam; the multi-direction
pump scheme can realize the desired pump shape by pump manipulation. As the
experimental result, the 9-direction edge-pumped laser module was successfully
assembled. The measured fluorescence image shows us the Gaussian-like pump shape,
which is greatly agreed with our calculation. We also propose the optimized pump
shape by simulation towards uniform ideal shape for high-power TEMgy mode
generation.

The mode control study does not only rest on fundamental mode, because of the
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booming high-order modes researches. Chapter 4 focuses on the high-order
Hermit-Gaussian (HG) modes and vortex modes generation. Compare with traditional
end-pumped scheme, which is only limited in HG,o modes and several mW level, the
edge-pumped microchip laser with big gain aperture shows the advantage both in
power scaling and desired mode generation. The pump design can realize complex
pump shape concerning with high-order mode. It is easy to scale the HG o to HG, by
the method of two-dimensional pump manipulation. In addition, the re-absorption loss
of Yb:YAG can suppress un-wanted mode competition. By using our 9-directions
edge-pumped microchip laser module and V-type laser cavity, we experimentally
realized the generation of HG,o modes with the highest index number n=22 and HG
modes with index number 1<n, m<7. The continuous wave output power of these HG
modes is from mW to several W. Next, we demonstrated the vortex beam and vortex
arrays generation directly from the laser oscillator, as vortex modes can be simply
represented by a superposition of HG mode pairs with locked phase shift of /2. By
carefully selecting the mode areas across the gain aperture on microchip, we got 7 W
of doughnut shape vortex beam and hundred mW to several W vortex array modes.
The theory study and experimental demonstration in chapter 4 show us, it is
promising to design the laser module for the generation of desired transverse mode
towards efficient and high power. In chapter 5, we propose the laser module design to
achieve hundred-W-level doughnut mode as an example of high-order mode selection
and power scaling. By numerically calculation, we can achieve 150 W output power
with 24.2% optical-optical conversion efficiency by using a 4.25 mm diameter
Yb:YAG microchip. The re-absorption loss plays the important role for
mode-selection and scale about 2 times output power of selected doughnut mode.
Since most of the mode-selection experiments are based on Nd** doped laser material,
in our case, purer mode and better mode selectivity will be expected. Moreover, not
only limited in HG modes and vortex modes generation, we expect edge-pump system

will show the advantage in high-power Laguerre-Gaussian scalar modes, even vector
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beams generation in soon.

In chapter 6, there is a conclusion.
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Edge-pumped Yb:YAG ceramic microchip
laser
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2.1 Introduction

This chapter is the basic and theory of high-power DPSSL module design. We
begin with properties of rate equation, laser material, pump source, pump scheme and
cooling method. Based on above, mode selection in edge-pumped system is explained

theoretically.

2.2 Solid-state laser

The world has changed a lot, since the first experimental demonstration of
LASER (Light Amplification by Stimulated Emission of Radiation) in 1960*. Even
for normal people, we enjoy a lot of “lasers” in our daily life, such as DVD players,
laser printers, laser TV and barcode scanners. Furthermore, the laser can be used in
medical surgery, material processing, metrology, spectroscopy, microscopy,
communications, lighting displays, scientific applications and so on®. Until today,
more and more useful applications are developing in the labs based on the flexible

characteristics of lasers.
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The laser system provide the various output parameters including: average output
power, peak power, pulse width, pulse repetition rate, line width, spectral range and
spatial beam characteristics®. Based on different applications, it is possible to design
the laser system to optimize the performance. The history of laser is the development
history of laser material and laser pump source as well as the laser engineering. The
trend is towards high power, room temperature cooling, better electrical-optical
conversion efficiency and all-solid state. For the pump schemes and laser
configuration, compact, reliability, low cost and easy operation are favourable.

The design of a laser system is started from laser module design followed by
laser configuration or resonator design. The laser module design includes: (a) the
choice of the laser material: the size, shape, gain, energy storage and spectral
properties; (b) pump source, pump scheme and thermal dissipation method. The laser
configuration and resonator design are related to different application, aiming to
various output parameters: such as mode-locked laser, Q-switched laser, HG
(harmonic generation), OPO (optical parametric oscillator), OPA (optical parametric
amplifier), CPA (chirped pulse amplifier) and so on. The pump schemes need to
consider several aspects: the efficiency, the optical design and energy distribution.
Under the condition of acceptable absorption efficiency and the relevant simple and
low cost optical design, the energy distribution is quite important, because that the
distribution governs spatial overlap of mode, uniformity, divergence and optical
distortions. Depending on the shape of active material and the position of pump
source, side-, edge-, end- and face-pumped schemes are named. For high-power laser,
side- or end-pumped rod, side-pumped slab, face-pumped disk and edge-pumped
microchip are common schemes. The key issue of high-power laser is the method of
thermal dissipation under the condition of enough energy absorption. For the rod and
slab type, the energy gain (also the heat generation) volume and cooling area are
lengthened for enough absorption and cooling. Obviously, it is more difficult for bulk

(rod or slab) laser to scale up the power in a limited pump geometry volume.
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Normally they become very big when power scaling. In the disk and microchip type,
the gain aperture is enlarged (>1 mm) for power scaling and the thickness is
minimized (normally less than 300 pm) to shorten the cooling path®.The disk laser
applies multi-pass face pump and microchip laser applies waveguide edge-pump for

efficient absorption.”

2.3 Rate equation of Yb:YAG

In the quasi-four-level laser system, the lower level is very close to the ground
state, a finite population exists at the Stark level of lower manifold. So, re-absorption
on the laser wavelength will happen in the non-pumped area of laser material, which
requires high-intensity pumping, high-brightness pump source and good thermal
dissipate method. The transparency can be reached as soon as the pumping reaches
certain intensity.

As a typical example of quasi-four-level laser, the energy level diagram of

Yb:YAG and transition cross-section spectrum are shown if Fig 1.1. Yb®" ion has only

two 4f manifolds, the ground state °F,, and excited state *F,,,. The energy level of

upper and lower level separate about 10000 cm™. Spectral band is available for pump
at wavelength around 941 nm with relative strong peak and broad bandwidth as well
as around 969 nm with strongest peak and narrow bandwidth. Emission bandwidth is
~8 nm at 1030 nm, broad enough suitable for sub-picosecond pulse operation. The
quantum defect is only 9%. The energy level is so simple that no additional 4f energy
levels compared with other trivalent rare earths. By neglecting all processes such as

excited state absorption and upstate conversion, the simplified energy levels then

become two with the populations N, of upper state and N, of lower state

respectively. The total population numberis N, =N, +N,.

11
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Gain media

Laser Output

HR Mirror

Output Mirror

[

Figure 2.1 Scheme of solid state laser system.

Figure 2.1 shows the scheme of solid state laser system, considering the spatial
distribution of the pump energy r,(x,y,z) and the spatial distribution of the laser
photons ¢,(x,y,z). The x, y, z axis in Fig.2.1, where x and y are the transverse
coordinate and z is the coordinate along the laser output. The radius of laser material
is bigger than the radius of pump w, . The radius of laser is w, . The laser system has
a cavity length of /., and the laser material has a thickness of /. By neglecting the

depletion of the ground state, the distribution of the population inversion density is

given by the equation: AN(x, y,z) =N, (x,y,z)—N,(x,y,z) . The rate equations for a

solid state laser system by a certain pump scheme can be started from a steady state

dAN(x,y,z)/dt =0and d®/dt=06¢.

M:(]‘; +f,)Rrp(x,y,z)—AN(x’y’Z)_ANO
dt 7, @.1)
_ (fy +S)CAN(x,y,2)
n q)¢0(x7yez)
do

Iﬂ AN(x,y,2)®@ @) (x, y, Z)dv—;g (2.2)

dt laser material c
Where the AN°=N’-N; ~-N, is the un-pumped population-inversion density,
7, 1s the fluorescence lifetime, c is the light speed in the vacuum, » is the refractive

index of laser material, o 1is the laser transition cross section, 7, =2/ /cL,, 1is the

12
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cold-cavity life-time. L ; =L, +T is the round-trip cavity loss including the intrinsic
cavity loss L, and the output transmission loss T. The diffusion of the excited state
ions is neglected. The total pump rate can be given by:R =n1,P,/hv,, The total
number of photons inside the cavity is given by ® =2I R, /cThy,. Where P, is the
incident pump power , P, is the output laser power, h is the Planck constant, v,

and v, are the pump and laser emission frequencies respectively. 7, is the pump

quantum efficiency which is the number of ions in upper manifold created by one

absorbed photon, in the case of Yb:YAG approximate to 1, 7, is the absorption

efficiency.

By using J'” r(x,y,z)dv=1 and m'géo(x,y,z)dv:l, the special

Laser material Cavity

distribution of pump and photons are normalized inside the laser material volume and

laser cavity volume. Define the effective mode volume as:
- 1
J-J.I ¢0(X’ y’ Z)rp(xy y; Z)dV

Laser material

(2.3)

Veff

which considering the overlap of pump r (x,y,z) and laser mode ¢,(x, y,z) .
It is easy to derive the threshold of pump power when & =0 and
Ry = 77p77apth /th :

hv V. L
peff =i, T,r (24)

B 2n,n,1(f, + f))or,

th

Where L, =L+T +2N/ol s the total loss including re-absorption term 2N’cl

of quasi-four-level laser material.

13
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2.4 Edge-pumped scheme and power scalability

The edge-pumped microchip scheme is shown in Fig.2.1. The shape of the laser
material is round shape generally in order to get the uniform pump shape. The
position of pump is changed to x-y coordinate instead of along the z axis, so called
edge-pumped scheme. In order to give more space for pump arrangement, the
waveguide is introduced. The pump power enters the waveguide and is delivered by
total internal reflection. The shape of waveguide could be round or polygon

Gain
material

Waveguide

Heat flow -
! X

Figure 2.2 The scheme of edge-pumped solid state laser.

depending on the pump source and optical coupling method. The heat is generated
inside the laser material. Use R, » and / to define the radius of waveguide, radius of
laser material and thickness of laser material. When 7>>/, under the condition of
uniform pumping and face cooling, the heat will flow almost one dimensional to the
heat-sink. This will dramatically reduce the transversal temperature gradient and
phase distortions transferring to the laser direction. All the thermal-lens effects can be
minimized by the reduction of /. Different from the pump method of thin disk laser,

the absorption efficiency only depends on the 7 it is possible to minimize the / without

14
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considering the absorption efficiency, the limitation is only technique: the fabrication
method of a thinner microchip and preventing from break.

The edge-pumped method realizes the separation of the pump, cooling and laser
interface. The separation of pump and cooling dramatically simplify the solid state
laser module design, offering flexibility for both pump system and cooling system. In
engineering consideration, people could design the pump and cooling separately. The
separation of pump and laser offer another possibility for intra-cavity applications,
such as second-harmonic generation’, passively Q-switched laser®and secondary
material inserted without worry about the block of pump beam.

The power scalability of edge-pumped microchip laser promises high average

power operation without significant optical distortion and thermal fracture. Consider
the pump situation in laser material; the transparent pump power P, is the laser
threshold that decided mainly by the volume and doping ratio. One limitation of the
power scaling is the stress fracture of the laser material if the volume is given. To
define the power scaling figure of merit as: Y =P. /P, , where P. is the fracture
damage pump power caused by stress. The Y of face pumped thin disk laser can be
expressed by®:

12Rz, 0
n,hv

fi+f 1 N
L — (25
T @9

In
1_77min

Y

X

face—disk (
p

Where R is the material tensile factor, which is proportional to the tensile stress at

the fracture damage, R;it only has relationship with the material property. 7, is

the minimum absorption efficiency acceptable for practical design. Similarly, the Y

of edge-pumped microchip can be written as:

12R;zr, o
n,hv

f+f 1 2r
: — (26
) @9

In
l_nmin

Y

X

edge—microchip = (
p

Where r is radius of the microchip core. Compare Y of the two pump method. Use
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Yoo/ Y

edge face

=2r/ NI r=1.5 mm and 1=0.2 mm. The edge-pumped scheme is almost

equal to N=15 passes pump beam of thin disk laser. Edge pumped scheme could make
the microchip thinner, for example 1=0.1 mm, which equal to N=30 passes of pump
beam in thin disk laser. The power scalability is same as thin disk laser by increasing
the size of r. Edge-pumped scheme has the advantage to minimize the thickness to
scale the figure of merit. The thermal problem and optical distortion are also
minimized. In addition, the simplified pump scheme, compact structure and low
fabrication cost make it suitable for cascade active mirrors without significant optical

distortion accumulation.

2.5 Yb:YAG composite ceramic microchip

Yb:YAG is very promising for high power short pulse generation. Because it has
the small quantum defect leading to less thermal load; lacking of excited state
absorption and up-conversion are suitable for intensive pump; the broad absorption
bandwidth is good for absorption and against pumping wavelength shift; sufficient
emission bandwidth is available for sub-picosecond pulse generation.

Transparent ceramic laser material was firstly developed in the year of 1995 by
Ikesue™® and became very attractive because several advantages compared with single
crystal. The ceramic material can be mass produced with lower cost, shorter time and
bigger size compared with single crystal. Nowadays, the optical quality of ceramic
YAG has been much improved to compare with single-crystal, in addition, the
mechanical toughness, hardness and the stress resistance are better than single
crystal™. In 2007, Tsunekane and Taira of our group demonstrated the diode
edge-pumped microchip laser by using composite structure all-ceramic Yb:YAG
microchip, which taking place of the single crystal core and surrounding ceramic
waveguide microchip, achieving 414 W cw output power*2. In the case of all-ceramic
microchip, the boundary loss between laser material and waveguide is avoided, the

different material mismatch of thermal expansion also eliminated. This demonstrate
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the promising Yb:YAG composite ceramic for high-power solid-state lasers. In
addition, the composite ceramic material offers a big flexibility in design of the shape
and optical properties (doping area, doping gradient and doping material). The easy
shape-forming is good for various pump methods. The doping design could be used
for ASE absorber', pump shape control and mode-selection, which is another topic

for our future research.

sinter slice

|

Polish and coating

Die-bonding

Au-Sn solder

Cu-Wheat-sink

Figure 2.3 The fabrication procedure of all-ceramic
microchip bonding on water-cooling heat-sink
As an example of our microchip fabrication method'*, Fig 2.3 shows the
procedure from the rough material until hundreds watts available water-cooling
all-ceramic microchip. Firstly, the doped core rod is inserted to the un-doped clad and
shape-formed by sintering'®. Secondly, the composite rod is sliced to chips, followed

by polishing, optical coating and metallization. Finally, the microchip is die-bonded to
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prepared heat-sink*® by gold-tin solder; the material of heat-sink is CuwW, which has
the similar thermal expansion coefficient with YAG ceramic.

For all of the available microchips in our laboratory, which will be used in this
thesis, are summarized as in Tab.2.1. The quality of every microchip is slightly
different depending on the material, processing, coating and bonding. But all of them
are available for 100 W multimode operations without break.

It is worthy pointing that the practical limitation of the waveguide diameter size
is less than 9 mm. Because the current facility of ceramic maker only fabricate the
composite rod with the diameter of 10 mm efficiently, it can be sliced to over ten
pieces; but the rod with the diameter over 10 mm only can be sliced into a few, so the
price becomes very high. This is only the problem for small quantity of experiment, if
large quantity is needed; the price could be very low compared with single crystal.
After cutting and polishing the 10 mm rough material, the finished microchips

become 8~9 mm size.

Table 2.1 The available microchip specification

Microchip type

Specification Unit
Type A Type B1; Type B2
Yb* dopingrate at. % 9.8 9.8
Core shape, mm Round, Round,
radius r 15 15;19
Clad shape, mm Square, Round,
size side length D=8 R=4.26
Thickness | um 200 200
Treatment Edge-polished Edge-polished
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parasitic oscillation by TIR

(a) Normal microchip (b) Compositemicrochip
Dull
polished

(c)TypeA (d)TypeB

Figure 2.4 The sketch of parasitic oscillationin the microchip.

Compared with traditional microchip (in Fig.2.4 (a)), the composite microchip
avoids most of the possible total internal reflection (TIR) parasitic oscillation (as
described in Fig.2.4 (b) dash line). The treatment of edge-polished microchip is good
for the coupling of pump power, but it will still exist several type of parasitic
oscillation inside the microchip as shown in Fig.2.4 (c) and (d) corresponding to the
microchip of Type A and Type B. The method of eliminating parasitic oscillation that
we used is to carefully design the size of the waveguide to eliminate the possible
paths of parasitic oscillation inside the gain area.

In type A microchip, the parasitic oscillation happens in two ways showed by red

lines: the square one and the rectangular one. To eliminate the square one, which

means to keep the square dash line outside the gain area, we obtain r < V2D /4. To

eliminate the rectangular one, it is necessary to dull polish the length J2r around

the corners or cut along the hand-drawing line and dull polish the corner.
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In type B, it is much easier: only keep the regular triangle dash line outside the

gain area. We can obtain r<R/2.

2.6 Pump source of diode lasers

It is no doubt that the most efficient pump source for solid-state laser is
semiconductor diode lasers. The diodes have the high electrical-optical generation
efficiency, very narrow emission bandwidth which completely matching the
absorption band of a particular laser material. The diodes own extreme small
dimension but very high output power, which is suitable for high-power, intensive
pump and flexible for all kinds of pump scheme. Laser diodes exhibit long lifetime,
which dramatically increases the reliability of the total solid state laser system. During
last two decades significant progress has been made in developing laser diode. Now,
the available commercial laser diodes can cover the range of the wavelength from 375
nm to 2000 nm. The output power can over CW 100 W/em for Nd®" and Yb®" laser
with the efficiency above 50%. As Yb:YAG laser pump source, InGaAs-GaAs diode
is quite suitable at the wavelength 915-980 nm with a spectral width about 3~4 nm
and wavelength shift 0.3 nm/K. Many type of diodes including: diode chips, diode
bars, diode stacks, vertical-cavity surface-emitting diode and fiber coupled diode, are

available for different kind of pump scheme.

Figure 2.5 Theradiation generated by single emitter diode

The laser diodes emit optical radiation with the dimension of emitter around
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1umx100um in high and in wide respectively. Fig 2.5 shows the optical radiation
generated by a single emitter of laser diode. Apparently, the beam let of diode
radiation in z and y axis are not symmetric. The typical divergence in the fast axis z is
around 30 deg. and in slow axis y is around 10 deg. at the full-width half —maximum
intensity (FWHM). The single emitter diode normally can emit 1~10 W. Recently, the
company of Optoenergy Inc.!” offers high-brightness single emitter diode chips with
the output power over 15 W. The power is enough for achieving over hundreds watts
pump by using 10 pieces diode chips or more. The advantage of these chips is: the
emitter is pretty small that can be coupled directly inside the waveguide without any
focus. Table 2.2 shows the specification of the diode chips offered by Optoenergy Inc.
The parameters are used for our calculation and analysis in this thesis.

The far field of spacial intensity profile of the single emitter output can be

approximately defined by the equation®®:

Poip (X, Y, 2) = on eXp[_[ﬂj —(ij] (2.7)
0

TW Xe X6
Where, the P, is the total output power, the (y,, 0, 0) is the location of the emitter.

The ¢ and ¢ are the far-field perpendicular FWHM divergence angels of the fast
axis and slow axis showed in Fig.2.5. The relationship between FWHM width and
1/¢* width can be given by: W, = Wl/ezm'

The diode bar is consisted by several of diode emitter in linear array. Normally,
the number of the emitter is 5~20. The commercial diode bar typically can supply the
total power over 100 W in CW operation around 940 nm with the emitter number
around 12. The aperture size is about 12mmx0.125mm, if use these bars as
edge-pumped source, the lens is needed for the collimation and coupling
corresponding the smaller core size. One special type diode mini bars are offered by
Optoenergy. Inc. The mini bare has the aperture size about 3.5mmx0.125mm with the
total power of 80 W from 7 emitter. This size is small enough to pump into the

microchip without any focus by lens.
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Table 2.2 The specification of single emitter diode chip

Parameters Unites Value
Operating light output W 15
Canter wavelength nm 93845
Emitter size umxum 1x100
Aperture size umxum 500x125
Cavity length mm 6
Spectral width, A2 nm 3
Spectral shift, dA/dt nm/K 0.29
Far-field perpendicular deg. 26: 9
FWHM @; ¢

Operating Temperature °C 20

The far field intensity distribution of a beam generated by the diode bar can be

described by:
R (X Y,2) _ L Jyo P,i,dy (2.8)
bar \*1 ) 2y0 Yo chip™J's

where the 2y, is the length of the bar aperture. Figure.2.6 shows the far-filed

intensity profile generated by one mini bare mentioned above. In the picture show the

intensity profile at distances of, 0.2y, 0.5y,and y,.Using the parameters: 6, , and
@, With the number of 39.6 deg. and 15.1 deg. respectively. The intensity profile

becomes uniform after the distance y, .

In many cases, the diode bars are stacked so called diode stacks in order to emit
very high output power, over several hundred watts or even thousand watts. The pump
power is pretty high and with good pre-collimation of micro-lens. In our laboratory,
we have the 4 diode stacks pumped type A microchip laser modules, each of the diode
stacks can emit over 250 W at CW operation by 6 diode bars stacked. The pump

intensity profile after collimation and focusing is roughly a top-hat shape.
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Figure 2.6 The normalized far-field intensity profile ofthe mini
bar at different distance from the emitter aperture plane.

2.7 Absorption efficiency

One of the advantages for edge-pumped scheme is that the absorption efficiency
is independent on the laser material thickness. It avoids making the complex
multi-pump setup like in thin disk laser module. To increase absorption efficiency,
only need to increase the diameter of the laser material, the thickness along the

cooling direction can be minimized. The absorption efficiency is written by:
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M. =M. Where the 7 is the coupling efficiency described by 7, =P, /P, the

ratio of the power coupling inside the laser material with the total pump power.
s =1—€Xp(—ad ), a is the absorption coefficient and d is the propagation
distance of pump beam inside laser material. In the edge-pumped microchip situation,

the pump beam propagate in the laser materials by total internal reflection, the

thickness | far less than the diameter of laser material 2r. It could be approximately

replace the d by 2r for the most simple case. As the shape of laser core is round
shape, the d varies in different incident position. We used for the width of top-hat

pump beam (the laser stacks or laser bar situation), by neglecting the ¢, (for micro

lens collimated stacks, only less than 1 deg. and the beam path in the laser material

only several millimetres) 7, can be written as:

" @-e Pl Yy

_ Y

nabs,T - d (29)
(d<2r,y,=d/2;, d>2r,y,=r)

the coordination follows that in Fig.2.4 and incident direction is along the -x axis.

Figure.2.7 shows the absorption efficiency 7, as a function of the absorption

coefficient o . We assume 7_=1 and the Type A microchip situation, which r=1.5

mm under the condition of different pump width d=0 mm, d=1 mm, d=2 mm, d =2.5
mm. d =3mm and d=4mm. Base on the result, it is easy to find if the pump width d is
same or bigger than the diameter 2r, the absorption efficiency is not so good. It is

better to keep the ratio r/d>0.6,
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Figure 2.7 The absorption efficiency as a function ofthe
absorption coefficient whenthe d=0,1, 2, 2.5, 3, 4 mm,
under the condition r=1.5.

1.0 | T L T T T
L =1.5mm
c L
Q [
2 ngk
= : 1mm
s __I
E 0.7 5 !6.-*’ ~ .
S i _/"/..
2 | o
< 06 ' 3 mm y
Ds [ T R B R 'l. A TP SR
0.2 04 06 08 1.0 1.2

Ahsoption coefficient (mm™)

Figure 2.8 The absorption efficiency dependent onthe
absorption coefficient whenthe w,=0,0.5,1,1.5,2, 3 mm,
under the condition r=1.5.

For Gaussian pump (diode chip situation), use w, for the beam waist at the

edge of laser material, w, corresponds to the intensity fall to 1/¢” of the maximum

Gaussian shape. By neglecting ¢ ,, 7, canbe written as:
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r/2 _2arioy? 2 2
[ @-e ) Exp[- <%, 1y

-r/2

W
T]abs,G = » 2y2 : (210)
|, Expl="% Ty
00 Wr

The coordination follows that in Fig.2.5 and incident direction is along the -x axis.

Fig.2.8 shows the absorption efficiency 7, as a function of the absorption coefficient

o . We assume 7_=1 and the Type B microchip situation, which r=1.5 mm under the

condition of different pump waist w,=0 mm, w,=0.5 mm, w, =1 mm, w, =1.5 mm. w,
=2 mm and w, =3mm. Base on the result, it is easy to find if the pump waist is same

or bigger than the diameter r, the absorption efficiency is not so good. It is better to

keep the ratio r/w,>1.5,
If the edge of microchip is un-coated, the coupling efficiency 7, can be simply

calculated by 7, =1-(n-1)*/(n+1)?, where the n is the refractive index of YAG. By
using n=1.82, the calculation result is about 91.5%. In reality, the 7, is strongly

depends on the optical design and collimated technique. As an example of diode
stacks pump module for microchip Type A, the pump scheme is shown in Fig.2.9, the

pump source is a 6 bar stacked diode with the fast-axis collimation microlens (made

by JENO OPTIK). The full beam divigence angle after the microlens is ¢, =0.5’

and @

> =12° for the slow and fast axis at the 1/€* intensity. The focus lens unit
including a slow-axis (SA) lens and a fast-axis (FA) lens with the focus length of 30
mm and 8.5 mm respectively. These lenses are specially designed aspheric cylindrical
lenses, which can foucs the pump beam to the size around 100 um in the direction of
axis z and 2~2.5 mm size in the direction of axis y with the typical distance in the

Fig.2.9. This is small enough to coupling inside the =200 um thickness of microchip.

By carefully adjust the distance and hights of the lens unit, it possible to coupling

inside the microchip with 7, >90% ideally. In fact, the measurement result is around
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81.3% at 20 W pump level. Considering about the reflection of the secondary edge

face, it becomes reasonable.

Diode stacks

—=—

’_
| | 8
(a)Side view
10 7 9 12.6 57 o
Distance (mm) <«—>¢ > >€ > b
>
3.
Q
SA lens FA lens 4
=0
=
f= 30mm f=8.5mm
[ __{'____________
_ O .__._._ _._.__.__.________:_:_.:____—O_——___
N

(b)Top view

Figure 2 .9The optical coupling scheme for diode stacks
edge-pump microchip laser, the red lineisthe pump light sketch
from diode stacks.

2.8 Pump shape distribution

It is always a headache of the edge-pumped scheme that the pump uniformity,
because the edge absorption is always higher than the centre if there was only one
pump direction. Depends on different absorption coefficient «, the slop will be
different. Fig.2.10 shows the he absorption non-uniformity depends on different
absorption coefficient « and core radius 7. Since « is proportional to the doping
rate. As soon as decide the core size and « to achieving enough absorption

efficiency as mentioned in last section, it is import to consider the uniformity.
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Figure 2.10 The absorption intensity as a function of distance from the edge, the absorption

intensity is normalized to show the un-uniformity of the absorption at the edge and central area.
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Typically, the solution is to apply multi-direction pump to solve the uniform

problem. As an example of our 4-dirctions pump module for microchip Type A, the

pump shape distribution can be calculated by the ray-trace method, assume the pump

beam is top-hat pump with the total power of P, and P, reach the edge of the

core. We assume that the pump only travels once in the laser material and the
refraction effect is not considered, the pump width is d, the absorption coefficient is
a , for z-axis the pump is uniform. The density of absorption (W/mm?) can be written

19
as
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n.Expl-al,(x,y)]

b,
D(x,y,z)= 77

where the [, (x,y)~ ‘\/rz "

microchip. Figure 2.11 shows the relative density of absorption indicating the pump

. (2.11)

is the absorption length, / is the thickness of

shape with the key parameter: =2 mm, r=1.5 mm and «=0.9 mm. It is easy to see
the non-uniformity under the condition of limited pump direction. The shape is
top-hat like, but the central part is lower than the edge. This calculated result is great

agreement with our experiment result.

Figure 2.11 The pump shape of 4-direction diode stacks edge-pumped
microchip laser with the parameter a=0.9 mm-', d=2 mm and r=1.5mm.

We used to use this laser module for high-power mode-locked experiment, the
result is that it was difficult to generate fundamental mode with high power. This is
one of the motivations for us to study on mode selection of TEM(, mode towards

high-power.

2.9 Mode selection theory

We start from the rate equation in section 2.3, the P, oc V., assuming a given

eff °

pump position and pump beam waist w,, the transverse mode with the minimum
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threshold can oscillate at first. As the pump power increase, the secondary mode

finally reaches the threshold and become mix-mode oscillation.

Pump manipulation (x,y,z)

Pump distribution Laser mode distribution
rix.y.z) P4xy.2)
Overlapping

In quasi-four-level laser media

Gain for desired mode

G o AN—N, :
Re-absorptionloss become
J/ minuses gain for undesired modes
(G o —_--?\-"1,D
Desired mode reached

threshold 2, ;.

Pump power increase

Undesired mode can not
reach Py, 2,4

Single mode operation
towards high power

Figure 2.12 The flowchart of mode selection theory in quasi-four-level laser media,
the re-absorption loss as minuses gain in non-pumped area

: 20 o _ : :
Define the relative pump power ™ as:r, =F,, /B, ; loss factor:

mn
TEM TEM . . . .. .
I'=L;™ /L, . The loss L , for certain mode includes the intrinsic cavity loss

and output mirror loss. Normally, people try to increase the loss factor /" by the
method of cavity design and hard aperture, to increase diffraction loss for the
suppression of undesired mode oscillation and scaling up the output power of desired

mode. From the rate equation, it is easy to get the relationship between pumping rate
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R and total laser cavity photo number @ to analyse the mode competition as the

equation below:

ZC;IC ”J (f,+ f)zRr (X, y,2) - N, Sy, V=L,  (217)
1

+M®¢B(X, y,z)

Where ¢,(x,y,z) is normalized spatial distribution of the 1% mode (1* mode

oscillated mode in laser cavity). ¢,(x,y,z) is normalized spatial distribution of the

2" mode (2™ oscillated mode in laser cavity). In quasi-four-level laser material, the
—N; is re-absorption loss term, which is important to prevent the secondary mode
reaching threshold. By numerically solve the equation 2.17, we can figure out the
mode selection details including the threshold, input and output power. For better
understanding of mode control theory, the flowchart of mode selection in

quasi-four-level laser material is given in Fig.2.12.

Take the fundamental mode TEMg, selection as an example, the normalized

spatial distribution of the laser photons ¢,(x,y,z) for TEMg and TEMo mode can

be given by:

M] (2.12)

o (%, ¥,2) = —2—expl-
T

2
‘l

o (X, y.2) = exp[- 2K 1Y ﬁ-Hf(fx) (2.13)

w1 W,

Where H, is the Hermite polynomial with the order n, we assume the w, is beam

waist of laser, which is approximately constant in the z-axis, because the thickness of

microchip | is very small. Several normalized spatial distribution of the pump energy

r,(x,y,z) can be expressed as:

1
W

2 r<w, (fortophat) (2.14)
p

I (X’ Y, Z) =
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2 2
r.(x,y,z)= 22 exp[_2(x—-|2-y)] (for Gaussian)  (2.15)
w,l w,
x2 4 12 a2 4V
rep (%,,2) = ———exp[-2| 2 | ] (for Super-Gaussian) (2.16)
2wl w, Gammal2/ q]

Where the ¢ is the super-Gaussian factor®' and when ¢=2, it becomes Gaussian shape
and when ¢ increases to oo, it becomes the top-hat shape. Gamma is the Euler

Gamma function.
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Figure 2.13 The TEM;; mode scalability to prevent from the TEM;; mode break
into oscillation. The line the relative threshold as function of loss factor. Aand A’
areas are TEM,;; mode oscillationarea, Dand D' are TEM; mode oscillation area.
Cand C are TEMy+TEM;; mode oscillation area. B and B’ are below threshold
area. (a)is under Gaussian shapepump; (b)is under Top-hat shape pump.

Let us consider the simplified situation only for top-hat pump and Gaussian
pump. Figure 2.13 shows the TEM(, mode scalability to prevent from the TEM

mode reaches the threshold, the numerical calculation is under the condition of

w,/w=a=1.1, @=33x10""cm?, 7,=0.951 ms, f,=0.7, f,=0.046, L, ,=0.01

and L,=0.03. The transverse line », =lis P° /P° =p" /P’ =1, where

th TEM th TEM th TEMgq th TEM

P° is the threshold of TEM, mode under the condition of Gaussian pump shape

th TEMyq
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(the left figure (a)); PJTEMOO is the threshold of TEMg, mode under the condition of
top-hat pump shape (the right figure (b)). For the area r, <1, the calculation is made

by ®=0, and, ¢,(x,y,z)=d,(X,y,z) which means no cavity mode reaches the

threshold before TEMjo mode. The result of the line date means if the loss of TEM
mode is much smaller than TEMgy, mode, TEM3, mode is possible to oscillate firstly
before TEMgo, mode. In most of the Gaussian pump case; it is quite difficult to realize
this as shown in the left figure A area. This is also the reason that why traditional

pump method is difficult to realize efficient high-order mode oscillation. In the right

figure (b) A" area, it is much easier to realize TEMiomode as r,, <1.
For the area r, >1, the calculation is made by ® >0, ¢,(x,Y,2)=¢,(X,Y,2)

and ¢, (X,Y,z) =d, (X y,2), which means TEMgy, mode reaches the threshold before

TEMjo mode and make single transverse mode oscillation as in the area D and D'.
The area D and D' show us the scalability of TEMg, mode in certain cavity. By the
given cavity with the given loss factor 7" <1.3, the top-hat shape pumping has the
difficulty in power scaling compared with Gaussian shape pump. Because soon it will
reach the C and C' area, which means the TEM 1, will reach the threshold and become
multi-mode oscillation. For example, as 7"=1.25, the TEM, will reach the threshold
as the pump power is 2.78 times of the threshold pump. In the Gaussian pump
situation, this number almost infinite. The meaning of result in this figure is limited,
only in the condition of not high-power and ideal pump shape like Gaussian or
Top-hat.

In the condition of high power laser, for example of thin disk mode-locked laser,
the Gaussian pump shape is too sharp and it will lead to thermal problems: such as
optical distortion and thermal-induced stress, we will discuss it in next chapter.
Normally, the fiber coupled high-power diode produce a supper-Gaussian pump shape

with the factor q=4~6. The experienced pump size is a=1.1. Then we modify the
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result in Fig.2.14 and make it have more practical significance. The black line is
Gaussian pump shape, the black dot lines are super-Gaussian pump shape (left g=4,
right g=6). The red line is top-hat pump shape, the dash red lines are the pump shape
in Fig.2.11. (left & =0.6 mm™ and right & =0.9 mm™).It shows us that it is very easy
to reach the threshold of TEMy. A Gaussian shape is good for TEM mode selection
against high-order mode generation when the low power operation; a supper-Gaussian

is preferable when it turns out to be high-power operation. The ¢ number don't change
too much compared with ideal Gaussian pump shape, when r, <1, all of them can
scale up to 10 times of threshold pump power. It is clear that, for TEMy, mode

generation, it is better to move the pump power to the centre and it is not good to have

a edge-peak pump shape.

—

Relative pump power fin

05 10 15 20

Loss Factor I~

Figure 2.14 The TEM;; mode scalability to prevent from the TEM
mode break into oscillation under different pump shape.

2.10 Conclusion
In this chapter, we introduced the basic of high-power solid state laser module

design. We use the quasi-four level laser rate equation to explain the mode-selection
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theory based on various pump shape. We use TEMg, mode selection as an example
for better understanding and solving our practical research problems. Now it is clear
that the intensive edge absorption goes against the fundamental mode generation and
power scaling. In order to overcome this difficulty, we will study on the pump

distribution design in edge-pumped scheme in the following chapter.
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Compact multi-direction edge-pumped
laser module

Related paper:

W. Kong and T. Taira, "Lens-less edge-pumped high power microchip laser,” Appl.
Phys. Lett., vol. 100, no. 14, pp. 141105-1-4 (2012)

3.1 Introduction

There are several key techniques for high-power mode-locking laser, such as
cavity design, semiconductor saturable absorber mirror (SESAM), chirped mirror and
so on'. Before that, the first step is to build the compact laser module suitable for
TEMg, mode generation. The edge-pumped scheme exhibits advantages for
high-power compact DPSSL module, but it also has the drawback that non-uniformity
of pump and edge-peak pump shape. At the end of last chapter, the reason has been
explained that top-hat or basin pump shape is not suitable for fundamental mode
generation and power scaling. The aim of this chapter is trying to change the pump
shape towards Gaussian or Super-Gaussian by theory manipulation and experimental

proof.

3.2 Pump distribution design
We choose the diode chips as our pump source. The specification of diode
bare-chip is shown in Talbe2.1. The output distribution is shown in equation 2.7. We

assume that the pump only travels once in the laser material; refraction and scatting
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are not considered at the boundary between the core and the clad of microchip; along
z-axis the pump and absorption are uniform. The simulation of absorbed pump

density (W/mm?) distribution is defined by:

D(x,y,2) = P, (T Ml (y) gy

Where ¢« is the absorption coefficient, 1 (x, y)z‘«/rz—yz—x‘ is the absorption

length, lis the thickness of microchip and r is the radius of microchip core. I (x, y)is

the input power per unit length  with the unit of W/mm at the edge of the microchip

core. I(x,y)can be written as:

77 2
| / pic _ 3.2
(x,y)= W) exp{ )2} (3.2)

We assume the pump beam with the total power of P, and P,7, reach the edge of the

core. W(x)z(R—x)tan(%), R is the clad radius of microchip, ¢, is the

divergence angle inside the microchip. Figure 3.1 shows the pump shape by the

number of (a) N=1, (b) N=3, (c) N=9 diodes from multi-directions by using the key
parameter: R=4.26 mm, r=1.9 mm, « =0.3 mm™ and ¢,.»=8.54 deg. It could be

intuitively understand the concept of pump distribution design in Fig.3.1. It is the
gain-guiding to realize the desired pump shape. The basic concept is to overlap the
energy at the centre of microchip, which change the basin shape to the Gaussian shape.
To evaluation the central peak, a very simple method is to make the comparison of the
density at the centre and the core-edge of microchip, corresponding to
D(0,0,2)/ D(r,0,z). The calculated result for Fig.3.1 (a) (b) (c) is 0.31, 0.94, 2.8,

respectively.
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Figure 3.1 The pump shape of edge-pumped microchip laserby
(a)1, (b) 3, (c) 9 diodes from multi-directions with the parameter
a=0.3mm", R=4.26 mm and / =1.9 mm.

3.3 Lens-less diode pump

The lens-less coupling design benefit from the small emitter size and
high-brightness of diode laser, it was the prediction that no optical coupling device is
needed for future laser system since the first diode laser pumped solid-state laser was
invented. The idea has been realized in end-pump scheme. It has significant to apply

in edge-pumped microchip to make microchip laser more compact.
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Diode-bare-chip

Figure 3.2 The lens-less pump scheme for directly
coupling from diode chip to microchip

We experimently make it realized by overcoming some difficulties. Firstly, there
is no suitalbe model of diode-chip package in the market; secondly, the commercial
heat-sink for diode is too huge for our application; thirdly, the coupling needs the
precision and carefulness. It costs time to fabricate our home-made diode heatsink
with special shape of front edge, which is suitable for multi-direction pump shceme
without blocking other componets. The micro-channel heat-sink is made by CuW10
material with similar thermal expansion coefficient of gallium arsenide, the cooling
ability is very good that possible for over 100 W diode laser cooling. The thermal
resistance is about 0.5 K/W under the codition of 0.28 MPa water pressure. The
design planed to carry three diode chips on it with total pump power over 45 W. For

the preliminary experiment, we only bond one diode chip on each heat sink. The

coupling was done under the microscopy by measureing the distance D,  from the

m

diode emitter surface to the edge of microchip. The heights difference of the diode
chips and microchips also measured as the heights tolerences Ak as shown in

Fig.3.2 the scheme of lens-less edge-pumped design.The fast axis divergence angle

of diode is 6, ,» as methioned in chapter 2.

The heights tolerence Ah is about £25um. The caculated coupling efficiency

reasult is shown in Fig.3.3 without taking account into the pump window refecltion
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(the value 1s 8.45% for polished surface and 0.05% for anti-refelction coated surface).
We just study the distance dependents coupling efficiency to judege the availble diode
coupling pricision.The result shows that from 0 to 127umthe coupling efficiency is

more than 99.9%. What we can realize is around 50-70umwith the help of coupling

tools.
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Figure 3.3 The coupling efficiency as a function ofthe distance
from emitter to microchip.

Microchip

Figure 3.4 The experimental lens-less couplingtaken by microscope.
The focus surface is on the top metallization of the diode bare chip. The

altitude oftop surface of microchip is lower than it.
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The experimetal result of lens-less coupling is shown in Fig.3.4. The distance
from microchip (left) and diode chip (right) is between 50um to 70um as we tried for
several times. The focus surface is on the top metallization of diode-bare chip. The
altitude of top surface of microchip is lower than it.. The diode chipis dangous for any
further colser to the microchip, it is easily damaged by microchip and the microchip is
easily damaged by the heat-sink of diode. The demonstration of this lens-less method
suggest a integrated heat-sink for both microchip and diode chips. In addition,
Professional bonding machine will make it much easier like integrated circuit

motherboard.

Heat-sink for
diode chip

Laser Output coupler

Au-wire

Edge-pump

window ingle emitter diode

bare chip

\Water cooled heat-sink

Figure 3.5 The schematic of lens-less edge pumped microchip laser
module. 9 diode chips pump from 9 directions radially.
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3.4 Laser module assembling

Laser module is assembledfollowing the schematic in Fig.3.5. Firstly, composite
Yb:YAG/YAG all ceramic microchip is bonded to the water-cooled CuW heat-sink by
Au-Sn solder. In Fig.3.5 the thickness of microchip is exaggerated to give a clearly
show. The 200-pm-thickness microchip has a 3-mm-diameter 9.8 at. % doped
Yb:YAG core as the gain material and 8-mm-diameter undoped YAG clad as
waveguide for pump light. Antireflection (<0.5%) and high refectlion (>99.5%)
coatings for laing wavelength 1030 nm are deposited on the top and bottom surfaces,
respectively. The edge aslo has an antireflection coating (<0.5%) for the pump

wavelength 940 nm.

Figure 3.6 The front view of assembled 9 direction pumped edge-
pumped laser module..

Secondly, the diode chips (by Optoenergy Inc., 15 W maxiumu output power )
are bonded to home-made heatsink, followed by the golden wire connection. Then

place radially around the microhip. The size of diode chip is6 mm long strip shape,
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which can be a ruler of this schematic. The emitter is 100 um width and 1um height.
The output beam of the diode chip propagate with far-field parallel and perpendicular
FWHM divergence angle 10 deg.and 26 deg. The fix of diode module is applyied with
the help of home-made coupling tools to realize a good precision.

Finally, the electrods for diodes and cooling water tubes are connected.

The real laser modual is shown in Fig.3.7. The size is around 60 mm diamter and
the thickness is about 20 mm, which is very compact. The design for this laser modual
is for 27 diode chips, now we only finished 9 diodes, there are two empty slots on the

heat-sink for another two diodes bonding.

Figure 3.7 The front view of microchip when the diodes
pump near threshold

3.5 Experimental result

The diodes from 9 directions pump inside the microchip and the overlap at the
centre. We test the pump around the diode thershold less than 1 W, the front view on
microchip is shown in Fig.3.7. The bright lines are pump beam,the beam seems very
narrow compared with caculation, but as the diode pump ower increse the pump

power the beam will broaden.The central brighter point is overlap area. The small
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circle is the core of microchip; the black circle area is the metalization aear where is
bonded to the water-cooling heatsink; the blue circle is the edge of microchip. We can
see nine diode chips next to the edge. Above the diode chips are the golden wires for
electrical connection. Below the diode chips are heat-sink for microchip. The obscure

part of the picture is protection cover of the diodes.

Figure 3.8The Fluorescenceimages takenby CCD camera, pumped
by (a) 3 diode chips and (b) 9 diode chips

Te fluorescence images taken by a CCD camera are shown in Fig.3.8 when the
pump power for each diode around 3 W. The absoption coefficient « is estimate to
around 3~4 mm™' by the wavelength measurement deponds on the cooling temperature.
The fluorecnece for 3 diodes pump and 9 diodes pump are in good agreement with
our simulation, it proves that the absorbed power density distribution is controllable
by manipulating the pump scheme. To point out that, for the 3 diodes pump the
collimation is not perfect as we see the central part overlap not in the same point. For
the nine-direction pump, the overlap also not perfect, but we could not see clearly in
the flourences figure, it also tells us more-pump beam is good for uniformity even if
the overlap is not good.

The CW laser performance was evaluated with a 20 mm flat-flat cavity, using a

97% refectivity output coupler mirror. The microchip cooling water temperature was
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15 deg. The threshold pump power was around 13 W. the maximum CW output power
was 32.5 W for full multi-mode operation when the total incident power was 121 W,
corresponding to 45% slope efficiency which was caculate from 5 times the threshold.
By slightly adjusting the output coupler mirorr to suppress the small peak at the edge
of the core, a good Gaussian shpe laser could be obtained in the short flat-flat cavity.
Fig 3.18 shows the Gaussian shape output power versus incident pump ower, and
maximu 27.2 W was availble. M factor was 1.1, 3.2, 9.4, 16 and 19 when the output
power is 0.32 W, 3.5 W, 11 W, 19.3 W, and 27.2 W. A CCD camera was applied to
record the 2D and 3D beam patterns when the output power was 27.2 W, while the
both 2D and 3D beam images show the radial fringes because of the non-uniform

pumping by only 9 diodes.
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Figure 3.9 The output power (black) and M2 factor (red) as a function
ofthe incident pump power. The 2D and 3D beam patterns are taken by
CCD camera when the maximum output power.

3.6 Optimization of pump shape
Although the nine direction pump seems enough for the uniformity, it is
necessary to consider the better pump shape and increase more pump directions for

power scaling. Followed the pump shape calculation in section 3.2, we fit pump
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distribution D(x,y) by 2D-Gauss equation to check the uniformity. The 2D-Gauss

equation is written by:

D, (x,3) = D, + Aexpl= 205" 200y 55

2
1 2

Where w, the major axis is beam waist and w, is the minor axis beam waist. D, , 4,

Xy, Yy, W, and w,are regression parameters. We evaluate the fit by the Ajusted-R’,

often written as R*> see the Ref.2:
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Figure 3.10 The Ajusted-R? as a function of the number of
diodes depends on the different absorption coefficient .

n I~ 2 .
Where the total sum of squares SS,, = Zizl {D(x,,y,)—D(x,y)} , the residual sum of

n 2
squares SS,,, = zizl {D(x;,y,)—D,(x,,y,)} , and the mean of the observed data
D(x,y) = lzn  D(x,,y,) .1 is the sample size and p is the total number of regressors.
n=—=mr

R?is one of the obvious metric to show how close the fitted curve from the actual
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data points so called goodness of fit. If the fit is perfect, R’should be equal to 1 and a
value closer to 1 indicates that the fit is a better one. In our case, we suppose better
pump shape with higher R* number to help us evaluate how close the pump shape
from the ideal fundamental Gaussian shape and optimize our pumping design. Fig 3.2
shows the relationship between R> and the number of diodes with the absorption
coefficient & as a parameter. The result shows that what number of diodes is
sufficient for uniform pump shape, R’will not increase shapely when the number of
diodes is big enough for Gaussian shape manipulation. Besides, the increasing
number of diodes increases the uniformity of the pump shape edge. The higher «

performs worse and it needs more direction pump for uniformity, it is easily to

1.0 —m————————————

T T i T ¥ I T T T 1l T
0 5 10 15 20 25 30
The clad radius R (mm)

Figure 3.11 The Ajusted-R? as a function of clad radius when the core
size r=1.9 mm under 27 diodes pump.

understand that the higher absorption coefficient leading to strong edge absorption,

asking more pump beams to overlap in the central area against basin shape. The

¢l/e2
2

central peak strongly depends on the equation W(x) = (R —x) tan( ), which is the

pump beam size when it reaches to the centre, a small size will lead to a sharp peak as
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in Fig. 3.1. The bigger size needs a bigger R or ?,,>. Instead of scaling R, we can use

a bigger divergence angle %> diode chip to realize the same result.
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Figure 3.12 The optimized pump shape, when N=27, R=14
mm, ¥=1.9 mm, a=0.3 mm-!

In order to optimize the Gaussian shape, the evaluation of R*> and the clad

radius of microchip is shown in Fig.3.12 under the condition of N=27, core-radius
r=1.9 mm. The2r <R and R<r/ tan((p1 e /2), corresponding to the left dashed line
and right dashed line. The left prevents from parasitic oscillation and the right one

prevents from pump beam outside the core range. The pump shape can be optimized

to uniform Gaussian like shape. Fig.3.11 shows the pump shape when the N=27, r=1.9
mm, o =03 mm’ and ¢, =854" and R=14 mm. As the reason of practical
limitation, the R cannot be too big. The R bigger than 6 mm is enough for a uniform

Gaussian pump shape. For high power laser, the sharp peak leads to thermal problems,

we need a fatter one like in Fig 3.13, with the parameters: N=27, =1.9 mm, « =0.9

mm’' and ¢, =8.54"and R=14 mm. The pump shape keeps the central peak as well
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as a fatter shape which could realize the similar pump shape of fiber coupled high

power diodes.

Figure 3.13 The optimized pump shape, when R=14 mm, r

=1.9mm, a=0.9 mm-!

The more practical method is to use the mini bar that mentioned in chapter 2.5
and equilateral polygon microchip with flat pumping widows; to keep the small
propagation distance and transfer to Gaussian pump beam shape with bigger

overlapping area than single emitter diode chip. As an example of 3 emitters diode

mini bear with the ¢ , =15.1". The calculation of the pump intensity of this kind

diode bar with the different distance away from the emitterx =0.9y,, corresponding

to the distance 0.7 mm to become a uniform Gaussian pump, the overlapping area is
more than three time compared with single emitter diode chip. For 7-emitters mini
bare the distance to reach Gaussian pump beam is around 3 mm, which means 9 mm

diameter microchip is enough for this setup.
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By using the pump shape in Fig.3.12 and 3.13, the power scalability can be
calculated numerically as shown in Fig.3.14, the parameters for calculation are same
with last chapter. Solid line presents the pump shape in Fig.3.12 and dot line for

Fig.3.13. The scalability is much improved compared with top-hat pump shape. The

10 times pump power scaling without TEM; mode oscillation can be finished as 7,

m

<l.in both case of Fig.3.12 and Fig.3.13. Although it is not as good as Gaussian or
super-Gaussian pump shape, it is enough for several hundred watts output power of
single fundamental mode. Especially for the compact 100-watt level laser module, it

1s much attractive.

104"

Relative pump power r;,,

05 10 15 20
Loss Factor I

Figure 3.14 Relative pump power as a function ofloss factor
underthe pump shapein Fig.3.12and Fig.3.13.

3.7 Thermal distribution and thermal effects

For high power laser, it is necessary to consider the thermal distribution and
thermal effects: such as thermal induced stress, displacement and optical patch
difference (OPD). In this section, we will present the thermal distribution depends on

different pump shape. Basically, the pump distribution is applied to calculate the
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thermal distribution, then by the thermal distribution, the stress, displacement and
OPD can be addressed.
For any pump shape D(x,y,z)is related with heat load Q(x,y,z) distribution

as:Q(x,y,z)=R.D(x,y,z), where P, is total heat load including the heat from the
quantum defect, the absorption of pump power and fluorescence by coatings and

metallization. We assume P, is percentage of total pump power and

j” D(x,y,z)=1.

microchip

We calculate the temperature distribution by the steady state heat distribution

equation and we assume the axis symmetric microchip and use polar coordinates®:

+62T __Q(r,2)
ror- or’ oz22  K(T,c,)

(3.5)

Where Q(r,z)is re-written heat load, also can be called heat source density in the

microchip. K(T,c,,) is thermal conductivity which has relationship with temperature
T and doping concentration C,, of Yb:YAG. We use the thermal and doping
dependence K(T,c,,) as shown in the Ref.4:

K(T,c,,)=pC,(T,c,,)D(T,Cy,)  (3.5)

where p is density, C_ is isopiestic specific heat for unit mass and D is thermal

p
diffusivity. They are given by:
me T

M D(®D(CYb)

Cp(TicYb)ZBNAkB )
(3.6)

D(T.c.p) = ACy,)

+B(Cy)

Na, ks, m, M and fp are Avogadro constant, Boltzmann constant, number of atoms in
unit cell in host crystal, molecular mass and Debye function. A, Band ® are fitting

functions.
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The parameters in Table 3.1 are applied for the simulation. We assume Type B
for the shape of microchip. The internal heat generation is only inside the core area

and along the z-axis it is uniform.

Table 3.1 The parameters for thermal simulation

Parameters Units Value
Core radius r mm 1.5
Clad radius R mm 4
Doping concentration Cy, at.% 9.8
Heat fraction % 10
Total pump power W 324
Thickness of heat sink mm 1
Cooling face area mm? 2.5%2.5xpi
Cooling ability MW/m?K 0.3
Cooling water °C 20
YAG refractive index 1.82

The parameters of materials are shown is Table 3.2.forthermal and structure
calculation in finite element software ANSYS.

Fig.3.15 shows the temperature distribution of the top surface along the
x-axis.The thermal distribution is caculated under different kind of pump shape: the
idea top-hat shape and Gaussian shape, the pump shape in Fig.3.12 and Fig.3.13. The
temperature distribution stronly deponds on the pump distribution and the constant
temperature aear can be got when the top-hat pump shape. The radius of constant area
is around 0.7r. The Gaussion shape pump has a peak of temperature at the very centre.
The temperature gradiant is biggest compared with other Gaussian like pump shape.
But the top-hat pump shape, at boundary of pump and unpumped area, the

termperature gradiant is biggest. The termperature distribution of the pump shape in
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Fig.3.12 is still very sharpe, the pump shape in Fig.3.13 exhibits an acceptable

theraml distribution.

Table 3.2 the material thermal and structure parameters

Material
Parameter Units
Yb:YAG/YAG CuWw20
Thermal expansion coefficient 109K 8 8.3
Thermal conductivity W/mK Eq. 3.5/Eq. 3.6 230
Young’s modulus GPa 280 256
Poisson’s coefficient 0.3 0.3
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Figure 3.15 The temperature distribution under different pump shape. Theidea

top-hat shape, Gaussian shape, the pump shapein Fig.3.12and 3.13

Other ANSYS thermal caculation results show that the cooling is important. The

value of theraml heat exchange, bigger is better. The thickness of microchip, thinner is

better. The potential that edege pumped schme can minize the thickness of microchip

without worring about the abosrption efficiency.
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Figure 3.16 The stress distribution under differentpump shape. The idea top-hat
shape and Gaussian shape;the pump shapein Fig.3.12and 3.13

04 Gaussian\ v 1
' v Fig.3.12
Te ol — d
| 4 . Fig.3.13
’ e ig.3.
—~0.34 Top-hat aha— 9 |
e \ |
@© L e A 1
2 . . "
()] / ‘ ol
o A A
o 0.24 / /8 e -
/v A\
n \.
A 2
014 5 2% -
-2 -1 0 1 2
x axis (mm)

Figure 3.17 OPD distribution under different pump shape. The idea top-
hat shape and Gaussian shape; the pump shapein Fig.3.12and 3.13.

Follow the thermal distribution, we can do the caculation based on thermal-stress

coupling in ANSYS softwar. The equation is written by: {¢} = [C] {o}+{g;}. It shows
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the realationship between elastic strain{c}, thermal strain {&} and stress{c},
where [C]is the coefficent matrix has relationship withPoisson’s coefficient and
Young’s modulus. {&;}is proportional to the coefficient of thermal expansion (CTE)

and temperature difference given by: AT =T(r,z)-T(r,z,), where (r,zo) can be

defined as the surface of heat-sink contacted with cooling water. Then the optical path

difference (OPD) can be written as>®:

2 ¢l on on
OPD=ZIO{8—TAT(r,z)+i;ga—gigi(z,r)+T(r,z)CTE(n—1)}dz (3.7)

where, the 2 means two times pass in the microchip of laser, 4, is the wavelength of

laser, the first item of the integral indiacate the theraml inducedrefraction index
change OPD, the second part is strain induced refraction index change OPD, the third

part is thermal expasion OPD also can be thought as surface deformation of microchip,

where C,; is coefficient of thermal expasion. As the thickness far smaller then the

pump radius, the caculated value of Z ﬂgi (z,r) is very small compared with the

i=r,z,0 O&;

other two items, we can omit this part. It is easy to understand that the OPD
distribution is similar with thermal distribution by understanding physics meaning of
the equation.Then, the phase distortion is given by 27z xOPD for laser wavelength.

Fig.3.16 shows the thermal stress distribution of the top surface along the
x-axis. The thermal stress distribution is also caculated under different kind of pump
shape: the idea top-hat shape and Gaussian shape; the pump shape in Fig.3.4 and 3.5.
Now we can see that the ideal Gaussian pump is dangerous because of the central
stress peak. It will easily break the microchip by the stress far beyond 384 MPa for
Yb:YAG ceramic. Compared with single crystal, ceramic can suffer over twice of the
stress, the high shock resistance can help us for higher power operation.For the

optimized pump shape in Fig.3.5, the thermal stress is minimized compared with ideal
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Gaussian pump shape and the shape in Fig 3.4. In this case, it shows the great
flexibility of edge-pumped scheme for low power to high power fudmental mode

ossilator or amplifier system. One should be addressed to the specific aim of the pump

shape related to the demands.

Gaussian
04 vty Fig.3.12 |
[ e g
- . . Fig.3.13
. ® ig.3.
—~ 034 Top-hat ada— 9 _
2 \ P |
@© LY A E
2 ) N n
(] '« ’ v "
o
o 0.2 ° ° -
v Y.__
n |
3 3
014 » g% LS
-2 -1 0 1 2
x axis (mm)

Figure 3.17 OPD distribution under different pump shape. The idea top-
hat shape and Gaussian shape; the pump shapein Fig.3.12and 3.13.

We also canculate the OPD for the optimization of pump design, the result of
OPD along x-aixs is shown in Fig 3.17. The OPD has the units of wave corresponding
to the laser wavelength. The peak to valley ratio in the pump area is 3.2, 2.9, 2,2, and
1.8 corresponding to the ideal Gaussian pump shape, the pump shape in Fig.3.12, the
pump shape in Fig.3.13 and ideal top-hat pump shape. For the optimized pump shape
in Fig.3.13 the OPD is only 0.27 wave.

In order to investigate edge-pumped tolerance the thermal induced displacement
is caculated. The result is shown in Fig.3.10 under different pump shape. The biggest
displayment happens at the edge of microchip, but it is almost same under different
pump shape and it is less then 1um. The central part of Guassion pump shape shows

the biggest deformation, it is one important part of OPD generation. It is obvious in
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microchip and disk laser media, taken big part of OPD value compared with rod type

laser material.
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Figure 3.18 Displacement of microchip under different
pump shape. The ideatop-hat shape and Gaussian shape; the
pump shapein Fig.3.12and 3.13

3.8 Conclusion

In this section, we theoretically study the pump distibution design of
multi-direction edge-pumped microchip laser. It shows the possiblity to achieve the
central-peak to aviod edge-peak pump shape. The preliminary experiment was done
by a 9-direction lens-less edge-pumped microchip laser. The flourence shows
agreement with the simulation. The optimization of pump shape is theoretically
simulated by using 27 diode chips and other parameters of microchip. The power
sacling is available by increasing pump directions as well as use powerful pump diode.

We also simulate the thermal, stress , OPD and displacement of microchip under

different pump shape.
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Mode selection and generation for
high-order mode

Related paper:
W. Kong, A. Sugita, and T. Taira, "Generation of Hermite-Gaussian modes and vortex
arrays based on 2D gain-distribution controlled microchip laser,” Opt. Lett., vol. 37,

no. 13, pp. 2661-2663 (2012).

4.1 Introduction

The edge-pumped scheme can achieve controllable pump shape as mentioned in
last chapter. It is not only limited in Gaussian like shape, but also available for other
shapes. The pump shape will strongly influence on the mode overlapping, so it is a
good method to control high-order transverse mode generation by controlling the
pump distribution. Until today, high-order modes generation are not so easy and not
so powerful by traditional pump method like end-pump Nd** DPSSL. We propose in

this chapter the mode-selection method and demonstrated it by experiment.

4.2 High-order transverse mode and laser resonator

Firstly, it is necessary to distinguish the longitudinal mode and transverse mode
in laser cavity, the longitudinal modes are different by their oscillation frequency;
transverse modes are different by their filed distribution in the plane perpendicular to

the direction of propagation in most case, so called transverse, although they also



Chapter 4

have difference in oscillation frequency. It is better to separate the transverse and axial
field distribution to make the laser performance more clear. Because the spectral
characteristics of laser are determined by the longitudinal modes; beam size, beam
quality and energy distribution are determined by transverse modes. Generally
speaking, lasers in certain cavity are multimode oscillation; people try to apply it to
limited number of modes operation by specific method. For longitudinal modes, it is
well known that mode-locking; for transverse mode people pay much attention to
fundamental mode oscillation; while in the case of multi-mode operation, a large
number of modes occupy the cross-section of laser martial and difficult to select a
clean high-order single transverse mode.

Below, we will show the mathematical transverse mode expression. We begin
with the free-space wave propagation by the paraxial wave equation approach. The

paraxial wave equation can be written as':

Oii(s,z

(2 _,
0z

Where #(s,z) is the complex scalar wave amplitude to describe the transverse

V3ii(s,2)— 2k (4.1)

profile of the beam, k=27/A4 is the wave number, sis the transverse coordinate, for

rectangular coordinate it is (x,y) and for cylindrical coordinate it is(r,8).V’is the

laplacian operator on these coordinates plane.

In rectangular coordinate, for easier calculation we separate the x and y parts as:
i (x,y,z)=i (x,z)Xii (y,z). The equation for rectangular coordinate can be solved;

then we get the solution of Hermite-Gaussian (HG) mode as’:

7 emy—( 2y [P D)~ pO)]
A T 2"n'w(z)
\/Ex Y~ x°
T T e

4.2)

Where w(z)=w,+/1+(z/z,)* 1is the spot size depends on the z axis location, y(z)

is phase angle, also called Guoy phase shift term and the relationship is given by:
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tany(z)=z/z,,z, =7w, /A and R(z) = z[1+(z,/z)*]is spherical curvature. H, is

Hermite polynomial of the order .
Similarly, the solutions can be got in cylindrical coordinate, which called

Laguerre-Gaussian modes written as:

i (r.0,z)= 2p:
P #(1+8, )|+ )

i s
{\/Er] LM[ 2r ! W, 4.3)

w(z)| 7w (z) w(z)

2

x exp[i(2 p+‘l‘+1)lp(z)]exp[—%+ilﬂ]

where 0, is the Kronecker delta. L‘ﬂ is the Laguerre polynomials, with the radial index

order p, and azimuthal index order /.
In fact, another solution in elliptic coordinates, one can write the Ince-Gaussian

(IG) modes as™:

2

-]

u (S 1mz)= %Cf (i£,6)C7 (n,€)exp| 5
(4.4)

2

X exXplhkz +

ZR(Z)—(PH)W(Z)]

Where in the elliptic coordinate x = f(z)cosh&cosnand y = f(z)sinhsing, with

radial elliptic variable & e[0,00) and angular elliptic variablen €[0,27).Semi focal

separation f(z) = fyw(z)/w,. The C is normalization constant, C’'is the even Ince

polynomials with the order p and degree m. For odd ones, to replace C; by S]

and different constant C . Other parameters are same with above.

For IG modes the most important parameters in physics for describe these
transverse structure is the elasticity & =2f; /w; . The HG modes and LG modes can

be connected by IG modes. As this dimensionless parameter ¢ change from 0 to oo.
The trends can be written as: 0 < & — ooleading to LG <— IG — HG . This can be a

physical shape or size change, which we can slightly know the importance of pump
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shape as Round <« Ellipse — Strip. The relationship becomes the key to generate
different kinds of mode, so called shaped pump beam.

The x axis and y axis are symmetrical and trends towards strip shape for both
axis. High-order HG o modes increase their diameters as the mode index n increases.
By mathematic calculation from HG function, to define the spot size by a containing

90% of the energy for rectangular modes, then it gives us the result as:

W, =w,v2n+1  (4.5)
where W, is the TEMgy mode waist. This equation can help us estimate the HG
index number n later in our experiment, which we change the type of it as:

< (Wn /WO)2 -1

n. < 4.6
xS (4.6)

The stable laser resonator is applied for HG modes generation, for the most

common one: the flat-concaved cavity. We define the resonator parameter as

g, =1-L/Randg, =1-L/R,, where the L is cavity length and R is the radius of
curvature of the cavity mirror. For stable cavity:0<g,9,<1, as in flat-concaved

resonator, R =, thus g, =1 which we only useg,=0. With the relationship

between HGqo mode and high order HG,», modes, we can firstly consider only the
fundamental mode by this laser resonator. As soon as we get the specification of HG g
mode, all higher order modes can simply scale from it by Equ.4.5. For HGgo mode the

beam waist on the mirror can be written as:

wi=A |9 andwz=tA |1 47)
r \1-g 7 \9(l-9)

For any location of z-axis, the beam size can be calculate by: w(z) = w,/1+(z/z,)* .

In good alignment pure laser resonator, the diffraction loss is only decided by the

mirror diameter 2a and cavity size L. Fresnel number is written by: N, =a’/(AL).

In most of the case, the cavity mirror is big enough; the difference of diffraction loss
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between modes can be neglected. In the real laser cavity, the losses will strongly
depends on the aperture of laser media or other apertures. This is the reason that why
the big-aperture pumping is quite important for high-order mode generation to keep a

large Fresnel number in the cross-section of laser material. In this case, the Fresnel

number can change to N, :sz / (AL), the diffraction loss can be neglected under

the condition of the mode index number n . <[(w, Iwy)>-1]/2.

max —

4.3 Gain and loss control

The multi-mode laser can be generated easily, because the different kinds of
modes which reach the threshold occupy the cross-section of the laser gain media,
normally the gain shape is uniform or Gaussian like shape, a few numbers of modes
reaches the threshold and begin to oscillate. To explain this in the common situation,
we assume the two mirrors stable resonator with certain transverse TEM,, modes at

the threshold:

RR,exp(2G, |-2L)=1 (4.8)
Where R, and R, are the reflectivity of the two cavity mirrors, | is the thickness of
the laser media, L, is the sum of single pass diffraction loss and other intrinsic cavity
loss. We assume the Fresnel number N, is big enoughto let L, independent on the

mode index number nm as we discussed in last section. G, is the single-pass gain
coefficient, defined by:

G :J.”%(x, Y, Z)AN(X,y,z)odxdydz  (4.9)
The ¢,(X,Yy,2) is the normalized density distribution of TEM,, modes, AN(X,Y,z)

is the population inversion density, which we can be solved from the rate equation in

chapter2 as”:
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(f,+ )z Rr(x,y,2) - N/

AN(X,y,2) =
+M®¢O(X, y' Z)

(4.10)
1

The parameters are same as that in chapter.2, below threshold the inversion density is
® =0. In the equation, the term of rp(x, y,z) indicating the pump density
distribution is the gain control. This equation has the meaning that the non-pumped
area and below threshold area exhibit the re-absorption loss, where G, . become

negative. This should be the loss mechanism decided by the material nature, different
from the hard aperture or other cavity loss. We can use it as loss control by manipulate

pump distribution in the x-y coordinate of microchip to change re-absorption term
—N|° for preventing un-wanted mode reaching threshold. It is worthy to point out that,

in the case @ =0 all of the modes suffer from re-absorption loss.
Without the transverse mode selection, several modes can satisfy equation 4.8.

By the method of gain and loss control, the modes TEM;, which meets
RR, exp(2G,, | —20) <1, will fail to oscillate, it is possible for us to select the desired

single transverse mode in certain laser cavity.

4.4 Calculation for high-order HG modes selection

In the stable laser cavity, for a given pump position in the x-y coordinate of laser

media, pump size W, and pump shape, the transverse mode with the minimum

threshold will break into oscillation at first. Followed by this judgment, it is necessary
for us to discuss the threshold at first, the threshold must be has relationship with the
pump position, pump size, pump shape and pump density. Turn back to the rate

equation in chapter 2, the solution of threshold is proportional to the effective mode

volume and total loss: P, oc V., (L, +T +2N/cl). The mode volume V., is related

with pump distribution r (x,y,z) and laser mode ¢(X,y,z). As shown in the
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equations, if make a directly result of By reyim / Phrevame DY uniform pump, the

selectivity of pump threshold is independent on the loss term N/, only related with

theV, . As the pump distribution rp(x, Y,Z) can be manipulated in x-y coordinate,

the N|° becomes different after some place is pumped to transparent, the role of

re-absorption loss now is effective when ® >0 mainly for preventing from secondary

mode to reach threshold. In order to make the discussion easier, firstly we separate the

gain and loss terms. Only discuss the P, ocV,, , the loss is assumed to be same for the

limited index number of TEM, modes.

As the thickness of microchip is far less than the aperture of microchip, we
neglect the z-axis variation only discuss in the x-y coordinate. Let us begin with the
basic model of pump distribution. Fig.4.1 shows several pump method of traditional

ones of end-pump scheme and news ones introduced by edge-pumped scheme. In the

figure, the grey colour represents pump distribution rp(x, y) and red circle represents

the TEMg, mode distribution ¢y, (X, y). In Fig.4.1 (a), it is the most common pump

scheme in end-pump and face-pump scheme for fundamental TEMgo mode generation,
the pump shape could be Gaussian, top-hat or super-Gaussian; Fig.4.1 (b), it is the
off-axis pump method for high-order transverse mode generation; (c) is shaped pump
beam as well as off-axis for high-order transverse mode generation, the shaped beam
is often made by special lens or prism pair; (d) is one dimensional strip pump for
HGny mode generation, it can be easily realized in edge-pumped scheme, the pump
source could be diode coupled fiber or diode chip directly; (e) is special shaped pump
method for doughnut mode generation by using capillary or hollow laser material in
end pump scheme, in edge-pump scheme it can be realized much easier by pump
distribution manipulation or non-doped core composite ceramic laser material; (f) is
two-dimensional strip pump for HG,, mode generation as well as vortex arrays

generation, because of the limited space of pump scheme, diode chip is the best
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choice. Some researcher apply hard aperture by wires in the cavity to realize the line

shape loss instead of shaped gain can realize same effect.

ANy Ny A
(@) (b)
> X 7 X
Ax 1
(c) ANY (d) Ny
> SE 2 x
(e) Ay ()] Ny
> + %
r,(x,) Gy, (%, ¥)

Figure.4.1 Several pump schemes(a)normal pump; (b) off-
axis pump; (¢) shaped off-axis pump; (d) 1-D strip pump; (e)
doughnut pump; (f) 2-D strip pump
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In order to analyse the mode selection mechanism, we give the mathematical

expression of ¢, (X,y) and r (X,y). Because the symmetry of HG modes in x and y

axis. We just analyse the HGno modes. And ¢,,(X,y) is given by:

2

2 2X
) exp[-
WI

w2 " nll

M] (4.11)

o (X Y) = H, (

where w, is the laser beam waist of TEMgo mode. The pump distribution rp(x, y) in

Fig.4.1 (a) can be given by equation 2.13. Define the relationship of pump beam size

and laser beam size asw, /W =a. The calculation result of relative pump power

n

o = Potem, / Borem,, under the pump scheme in Fig.4.1 (a) is shown in Fig.4.2.The

pump shape is Gausssian shape represents most of the pump case in end-pump

scheme. The black dot means the threshold of HGg mode is normalized as

L = Porem,, / Porem,, €qual to 1 under any case of pump beam size. The red dots is

under the condition of the same size of pump beam and fundmental beam, the
fundmental beam size is decided by the laser cavity. Obviously, the HGyo mode with
the lowest threshold will ossilate first, then it will extract energy from the active
medium and preventing from other high order mode ossilation, it is impossible to
select high order mode in this case, even negelecting diffraction loss and reabsorption
loss for high-order modes.lt is easy to undertand that the loss will not be helpful for
high-order mode, as the loss of high-order modes always bigger than funmental mode.
The blue dots are under the condition of a=1.2, the pump beam size is a little bigger
than the fundmental mode size. Although the relative pump power for HG,o modes
are modified slightly, the trend can not change. Even if the pump size change to 5
times more, shown by the gray dots, the threshold of HGo, mode still keeps the
minimum, although the difference is much smaller. In this case, definatly it will be

multi-mode osslation and the ossilated high-order modes number only desided by the
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Fresnel number N, =wp2 /(AL), which means the diffraction loss of cavity will

dominate the mode selection.
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Figure.4.2 The relative pump power for different high-order
HG,;under the traditional Gaussian pump shape
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Figure.4.3 The relative pump power for different high-order HG,;
under the condition of off-axis pump
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In the case of off-axis pump in Fig.4.2 (b), the modified pump distribution of

equation 2.13 can be written as:

(4.12)

2 2(x — AX)* +2y?
(6 y,2) = exp[- 2E A +2V
Wl "
Where the Ax is the length of off-axis as shown in Fig.4.1 (b). The calculated result

of relative pump power for different high-order HG,o modes under different Ax is
shown in Fig.4.3. The red dots represent Ax/w, =0.4, which means a little bit off-axis
cannot change the trend. The HGqo is still keeping the minimum threshold. The
high-order modes cannot break into oscillation. With a little bigger off-axis AX/w,

=0.8, which is shown by the blue dots, the relative pump power is modulated. The

HG 1o mode now holds the minimum threshold and break into oscillate at first. The

grey dots show the condition of relatively big off-axis Ax/w, =1.2. It is obvious that

the amplitude of modulation becomes smaller, but still it can select the HG,, mode.
We can easily judge the trends that for higher mode selection, just make the off-axis
distance bigger, but it will finally failed by the small difference of gain, then
re-absorption loss or diffraction loss will dominate, higher order mode failed in
competition. In addition, the threshold is too big that we cannot bear. In this case we
need another pump method like shaped one in Fig.4.1 (c) and (d), as the ellipse pump
shape has the similar effect with the round one when they are off-axis. Next we will
only discuss about the strip shape pump in Fig.4.1 (d).We define the strip pump shape

as:

1
r.(X,y,2) =—————, [X|<~V2b+1w_,|y|<w 4.13
s(%.¥.2) 4320 +1w| I o=, (413

And assume the length of long side is +/2b+1 times than the length of short side. In

reality, the ideal uniform strip size cannot be realized; we neglect the divergence of
pump beam, only consider the absorption coefficient « to re-write the equation 4.13

as:
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aexp[-a(x+~2b+1w,)]

re\ X, YV, = )
5(.0:2) 2w I(1—exp[-2a~/2b+1w,]) (4.14)
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Figure.4.4 The relative pump power for different high-order HG,;
under the condition of strip size pump

Fig.4.4 shows the relative pump power for different high-order HG , under the

'. The red dots are

condition of strip shape pump, assume a=1 and a =9mm"
under the condition of b =2, the threshold of HG,y modes are modulated strongly
compared with the off-axis pump in Fig.4.4. the HG4 mode holds the minimum
threshold and oscillate at first. The fundamental modes failed to compete with other
HGpo modes (n<7). The modulation appear the wave type because the energy
percentage of side peak for different HG,o modes. The blue dots represent b =3 and
gray dots representb =5. The selected modes are HG¢p and HG o respectively. The
selected mode index has the relationship with the b factor as b=n/2 if don't take
account into the loss impact. The parameters a and « also influence on the result
of selection but the trends is same.

Fig.4.1 (e) shows a special pump shape aiming at the doughnut mode generation.

We will discuss in next chapter for doughnut mode power scaling. Fig.4.1 (e) is the
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2-dimentional strip pump for HG,, mode generation. As we know that HGpcan be
easily generate by the off-axis end pump scheme, but only limited in HG . Obviously,

it is because the limitation of pump method. Edge-pumped scheme has the flexibility

to make n,. bigger as well as the secondary dimensionaln’. , so the generation of

HG.m» mode is promised. As HG,n» modes were only realized in gas laser®> and
end-pumped opaque-wire method®, the edge-pumped microchip lasers proposes both

the new convenient pump scheme and power scalability.

4.5 Vortex beam generation.

The vortex beam denotes the beam with doughnut intensity distribution and a
spiral phase variation in its beam cross-section. For example, the LG modes have the
spiral phase front il& shown in equation 4.3 which corresponding to the orbital
angular momentum 17, where @ is the azimuthal angle. The LGy, modes with radial
order p and azimuthal order | is the solutions of paraxial wave equation in cylindrical

coordinate. The fundamental mode LG is same as HGgo. Other higher order modes
are different with HG,,, modes. When |I|21the interference pattern with spherical
wave is spiral shape so called “vortex beam”’, for 1>0 it is counter-clockwise spiral

and for I<0 it is clockwise spiral shape. It is worthy to point out that the light is not

propagating like a helical path; it is the phase of the light changing in such a way. The

beam quality is defined as:M?=2p+|l|+1. So, the beam quality factor of LG

mode is M*=2.
The generation of LGg; mode beam can be represented by HG pairs6-as: HG,

and HGyp mode with a phase shift of #/2, which can be written as:

LG,, =HG,, £iHG,, the simulation prediction is shown in Fig.4.5. For vortex arrays

(VA), similarly we can write as: VA=HG,_ +iHG

nm — mn

which is shown in Fig.4.5 as

VA. This can be experimentally demonstrated by a converting HG, ., mode to
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Figure.4.5 Vortex array heams generated by different kinds of
HG mode pairs.

HG mode and generation of square vortex array laser beams by the Dove

n+l,n
prism-embedded unbalanced Mach-Zehnder interferometer. Mathematically, follow

equation 4.2, applied G, =i, (x,z)x, (y.z), HG,, canbe written by:
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ot = \/zmy - expL-i(nx +ny +1)(y(2) ~y (0))]

“nx!nylz w(z) (4.15)

J2x \/_y)ex[lk(x+y) x+y]

~—)H
(()) ny(() 2 w*(2)

the parameters are same as equation 4.2. The Guoy phasew (z) item is controlled by
propagation distance: w(z) =tan™'(z/z(R)). Different from what we will illustrate

here, this method is operated outside laser cavity by HG ., mode and

interferometer. What we will discuss is that HG, ,, and HG_,,  mode pairs in laser

cavity combining directly into VA beams. We will present an experimental

demonstration for our casein experimental section later.

Fig.4.5 shows the different VA beam patterns by theory prediction. Beside LG,

and square vortex array VA,. We also set example of other VA beams. VA is one

dimensional vortex array, there are 2 holes inside the beam pattern. The left of VA
beams are the symmetry vortex array but a little different from each other. It is
necessary to distinguish them by discussing the number of holes. The embedded holes

can be calculated by the method of zero-point calculation of HG Polynomials. By

omit the duplicate parts of equation 4.15 and let H H_ +iH H =0. Take an

example of square vortex array VA, we could obtain®;

(%) n+1(\/(7y))_0
(4.16)
(Q) V2 N2y,
oo w(2) W(Z)

Considering that the different order index cannot be zero at the same time. We

separate them by two nodal point square-arrays calculation nxn and (n+1)x(n+1),
so the total number of the holes is n*+(n+1)*. For one-dimensional case VA; and

k=2, the holes number is 2. For two-dimensional case VA,, as k =2the hole
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number is always 2x2. For the case of VA,, the holes number is calculated by
2n(n+1). For the specific cases in Fig.4.5 the holes number is VA,=2, VA, =5,

VA;=4 and VA,=4. For higher number of n, it is possible to scale up the calculation

by the same method.

(a) 1 output-coupler (b)
HRIJAR

> Ly

s =T 4>
2 ! HR mirror \v| X
~ microchip

ﬁpump-beams

Figure.4.6 (a) Schematic diagram of 9-direction edged pumped Yb:YAG
ceramic microchip laser with V-type cavity. (b) Front view of microchip; the
black pointindicates mode area on the microchip and arrow-lines indicate the
2D scan coordinate by misalignment of the microchip and cavity mirror.
4.6 Experimental setup and result
The experimental setup is shown in Fig.4.6. The laser module is same as Chapter
3. The composite Yb:YAG/YAG all-ceramic microchip is type B, with core radius of
1.9 mm. The nine diode chips are controlled by two power supplies, one power supply
for 4 diodes and the other for five diodes. The diodes have the 1x100 um’® emitter
size and relative low divergence angle about 8.45 deg after coupling inside the
microchip. The beam widths is about 0.7 mm at the 1/’ of the maximum at the
center of the microchip under the maximum pumping power. A V-type cavity is
applied instead of the normal plane-concaved cavity, we are going to apply
misalignment between the microchip and end mirror to choose mode areas. The
misalignment displacement can be calculated by the simple geometrical optics which

we have discussed in section 4.2. By keeping good alignments of end mirror and

misalignment of microchip, the mode area can scan on the core of microchip. The
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mode size on the microchip can be controlled by changing the distance of L, and L, .
We use the plano-concaved mirror with a curvature radius of 500 mm and 97% flat
output coupler, L, =50 mm and L,=200 mm for the experiment, corresponding to a
fundamental beam diameter of 2w, =0.58 mm by the ABCD cavity calculation.

Compared with the beam width 2w, =0.7mm at maximum pump power, the ratio of

pump beam size and fundamental mode size is a=w, /w,=1.2, when the pump
power is low, a is estimated around 1~1.1. The pump strip ratio of b~14 and the

n is estimated about 21.

max

Area-a
O Area-c

Figure.4.7 Frontview of microchip laser and mode generation areas (marked by
approximate shape): Area-a for HG,; mode, Area-b for HG,; mode, Area-c for
doughnut mode and HG;; mode, Area-d for HG,,,(m; n > 1) mode. The bright
areas indicate the pump regions and the black areais the non-pumpedregions

and non-doped YAG regions.

Figure.4.7 shows the pumping shape on the microchip. The picture was taken

when the diode chips were around threshold (<1 W for each), so the beams seem very
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narrow. As the pump power increase, the beam will become fatter and fatter. Nine
beams are designed to overlap at the centre, which the initial aim is for fundamental
mode generation. The overlap is not perfect due to technical limitation, but the
resulted different kinds of overlap shape could help us select different kind of mode.
Beside the central peak like Fig.4.1 (a) and strip shape like Fig.4.1 (d), many
crossover shape exist, for example it appear the triangle pump shape which is similar

like Fig.4.1(e). We mark the possible areas for the generation of different modes.

Area-a (red circle mark) can easily generate HG ; mode with the highest output

power, in Area-b (green strip mark); distinguished HG o modes can be generated from
n=1 to n=22; Area-c (yellow ellipsoid mark) can generate doughnut mode and HG;

mode; Area-d (white rectangle mark) can generate HG,, modes although it is not the

perfect orthogonal pump like Fig.4.1 (f). When 1<m,n<7 the modes are stable and

clean, whenn,m> 7, the modes become poor, the central part of the beam has the

tendency to unite together, it is because the central pump is too strong to be
suppressed as the pump power becomes higher and pump beam become fatter. If
under the ideal condition of Fig.4.1 (f), it should be much better and could support
higher order HG modes. We select several representative modes corresponding to the
pump method in Fig.4.1 as visual explanation for gain loss control mode selection in
Fig.4.8. We made this for experimental demonstration of HG modes selection and

generation with relative high power compared with end pump scheme.
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Figure.4.8 Different mode-gain and mode-loss distribution aim at (a) HG;;
mode, (b) HG,, modes, (¢) doughnut (LGg;) modes, and (d) HG,,,, modes.
The gray colorindicates non-pumped area as loss and white color indicates
pumped area as gain. Different output beam pattern takenby CCD camera:
(a’)0.94 W LGyy mode beam, (b’) 0.33 WHG;; mode beam, (¢’) 0.57 W
doughnut shape beam, and (d’) 1.3 WHG,, mode beam.

Figure 4.9 (a) Experimental doughnut mode beam pattern and (b)
vortexinterference pattern taken by CCD camera.

We also measured the out put power and the stable zone of different modes.
Fig.4.9 shows the out put power of HGyy mode, doughnut mode (LGy;) and HG,,
modes versus input pumping power. The HGoy mode can be generated fro lasing
thresholds around 13 W to 50 W of pump power. For higher pump power, HGy is not
available by current cavity, a mix mode appears, although it looks like a single-peak
Gaussian shape. High-order HG modes appear after the lasing threshold. The HGy,
HG ¢ and HG; modes can be attained easily under any pump power, but the dought
mode only appears by good adjustment of the mode areas on the microchip, the
balance between HG )y and HGy; is quite importance , this is the resason why we
separate the power supply into two. From 300 to 620 mW, the doughnut mode can be
attained sequentially without changing the location of the mode area, the beam

quaility M? is around 2.0, which shows agreement with the theroy. The following
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doughnut beams, we attained by changing the mode area for higher power with the
M?around 2.1~2.2. 1t is worhy to point out that for a <I W doughnut mode, the shape
is perfect doughnut shape, for higher power doughnut beam, especail over 3 W, the
shape turns out to be a little longer and stronger in the major axis, which should be
attributed to the nonuniform pumping. Finally more than 7 W doughnut mode canbe
attained, the M is about 2.8. We confirmed the LGo; mode by checking the
interference pattern as a vortex, the result was taken by CCD camera in Fig. 4.9. The
output laser of doughnut was also passed though a polarizer, and we rotated the
polarizer without any transmission mode structure changed. This suggested that the
beam is not radial or azimuthal polarised but a radom one, because there is neither

polarization selection mechanisms in laser material nor in laser caviy.
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Figure.4.10 The output power of HG,; mode, LGy, and HG,,, modes as a
function of input pumping power.

We also generatd watt-level HG,,, modes as shown in Fig.4.10, for example 1.38
W HG44 mode under the pump power of 54 W. In Fig.4.10 we could find the HGnn
modes appear and disappear regularly following the mode index n, it is because high
order beam suffer a bigger diffraction loss and higher pump power support enough

gain in the area far from the input edge. We do not show the data of HGmn mode here,

79



Chapter 4

because too many of them, with the power from several hundred miliwatts to several

watts.

Figure.4.11 The simulation beam pattern of vortex arrays (a)~(d)
compared with the experimental beam pattern (a')~(d’) .

We shows the vortex array beams in Fig.4.11, the simulated beam pattern shows
great agreement of generated beam pattern with about 500 mW power in the
experimental result. For higher power, it is still possible for several watts. The method
of HG mode pair generation in laser cavity has been demonstrated. The theory
illustrated in last section can be approved simply by our experiment as below: when
some kind of vortex array is attained after a good adjustment, decrease the pump
power of four diode chips controlled by one power supply, until we can get one of the
HG,,, mode. Then recover the pump power and decrease the other diode chips
controlled by the second power supply, until we can get the other HG,,, mode. Finally
recover all the pump power to get the initial vortex array beam. We also generated lot
kinds of vortex array beams with different holes number. By understanding the HG

generation theory, it is easy to understand these results. The method is approved to be
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useful for directly generation of vortex arrays. This demonstration also show us the
advantage of edge-pumped scheme, it is possible to precisely adjust the intensity of
x-axis and y-axis by different pump power to realize the uniform vortex beam. In
many other high power vortex beam generation experiment, for example doughnut
mode, the headache is always the imperfect doughnut beam shape that the intensity of

one direction is far less than the other.

4.7 Conclusion

In this chapter, we study on the high-order transverse mode selection theory in
edge-pumped microchip laser. The experiment demonstrated various predicted modes.
The power is much higher compared with traditional end-pump scheme; the method is
effective and convenient.

It is worthy to point out that power scalability and efficient high-order mode
oscillation are limited in our current system due to the non-target pump scheme. We
are going to study the theory and method here, as soon as we understand theory, we
can design the specific laser module for high efficiency and high power certain mode

generation.
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Power scaling and Future direction

Related paper:
W. Kong, A. Sugita, and T. Taira, "Generation of Hermite-Gaussian modes and vortex
arrays based on 2D gain-distribution controlled microchip laser,” Opt. Lett., vol. 37,

no. 13, pp. 2661-2663 (2012).

5.1 Introduction

We have studied on mode-selection theory and above threshold power scaling of
certain mode. We also experimentally demonstrated the high-order transverse mode
generation and vortex beam generation. But the preliminary laser module was not
targeted designed. In order to realize high-power and high efficiency, it is necessary to
use the theory to design a specific laser module for certain mode. As mentioned
before, the LGo; mode is attractive with a lot of interesting application. In this chapter
we will theoretically calculate the LGy, mode-design towards high-power as an

example of power scaling and our future direction.

5.2 High power and high efficiency design for vortex beam
In last chapter, we experimentally demonstrated the mode-selection of high-order
transverse modes. But the experiment only aim to study the selection mechanism

without thinking the efficiency. In this section we are going to discuss high efficiency
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system design towards high power operation. We will apply vortex beam generation

as our future plan towards hundreds watts average power.

Figure 5.1 The method to realize doughnut pump shape by (a)
off-axis edge-pumped scheme. And (b) double-core microchip.
The shadow areas present doped Yh:YAG, the white areas
are no-doped YAG. The arrows present pump beam by diodes.

The pump shape is defined following the Fig.4.2 (e). We assume the pump
distribution as:

1
7zwf,l(p2 ~1/¢°])

r(x,y,z)= (5.1)

as r<\2p+lw,r>w /q ,where p and ¢ are the shape factor to make our

discussion easier. We define this uniform doughnut pump shape although the real
pump shape could be a little different. The method to realize the doughnut pump
shape is quite easy by edge-pumped scheme. Fig.5.1 shows two of the methods to
realize doughnut pump shape. Method (a) is off-axis pump without passing the centre,
the scheme only show 6-direction pump and it is necessary for more-direction pump
to realize uniformity and high pump power. Method (b) is based on double-core
composite ceramic material the non-doped inner core makes it possible to realize the
doughnut pump shape. It is also possible to make the other material of inner core to

absorb laser wavelength but non-absorption of pump wavelength to increase the

L/ L% Apparently, method (b) is much easier in technique. But the method (a)
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has another application in plural modes shift, as some application ask for two kinds of
laser beam. By applying both on-axis and off-axis pumping controlled by different
power supplies; it is possible to realize HG(y and LG(; modes fast switching without

any adjustment of cavity mirror.

e
(&

e

e
o

w

Relative Pump Power rj,
N
L

1 2 3 4 5
Pump shape factor g

Figure 5.2 The relative pump power as a function of pump shape factor g for
different kinds of modes.

In order to realize the lower threshold compared with HG(y mode, it is necessary
to optimize the pump beam size at first. Follow the pump shape definition equation

5.1; it then turns out to study on the p and ¢ shape factor. The beam radius of LGy,

mode is+/2 times larger than the HG oo mode'. Thus p can be easily decided to as V2
to let pump threshold be minimum. Then we need to determine the g value, we define
the relative pump power as r, = Pyus """ | pJ Hon" ™™, which means the pump

threshold of certain mode under the doughnut shape pump as in equation 5.1

normalized by the pump threshold of HGyy mode under the Gaussian-pump shape
(assume a=w,/w, =1).

The calculated result is shown in Fig.5.2. The smaller ¢ value means a bigger
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non-pumped circle size, the bigger g value means a smaller non-pumped circle size.

The blue line is the relative pump power of HGo mode, written by P32™ ™™ The

red line is the relative pump power of LGy, mode, written by R:f’fg:j“‘-p“mp. The

Pdoughnut— pump

P doughnut— pump
th,HG,,

dashed lines are and PRy e, modes respectively. The doughnut

mode LGy; can hold the minimum threshold: 1.6<g<5. The optimize g value should
be around 2.8, as the pump threshold of LG; keeps minimum and other modes keeps

relative higher above it. Take g=2.8, the ratio of outer radius and inner radius of
doughnut pump shape is \/Ewp /(w, /2.8) ~4.To be point out that, this calculation
only show the gain aspect. It is also need to illustrate the loss for the pump power

scaling. Assume the loss is all the same for different modes in Fig.5.2, when p= V2,

q=2.8, the doughnut mode reach the threshold whenr, =2.1at first, other modes
keeps highest threshold compared with it, shown in Fig.5.2 as the crossing point of
blue line and lower dashed line when r, =2.5. It then need some loss mechanism to
prevent from these mode reach threshold, which means to increase the loss ratio
LG /LG 1'% /1% and L /L%, For the high order mode HG1; and HG o,
it is easy to increase the diffraction loss by cavity design and using hard apertures,
which means L™ /L% and L / L/® could be bigger than 1. Now it is only need

to consider how to suppress fundamental mode HGqo, because the diffraction loss of
HGgymode is always smaller than LGy mode if not considering the cavity

misalignment. The g number cannot be too small to make the pump threshold of
LGo; mode too big. The acceptable range of g is 1.6~2.8 keeping pump threshold of

other modes above pump threshold of LGy; mode.

86



Chapter 5

55 I L] 1
43

S 37

— ]

g 1

o ]

a 24

Q ]

= ]

5 ]

Q_ E

p ]

= 1

4(_6 <4

o 1 —

n: 4 ,"Ia

L LA L B B T
0.2 04 06 08 1.0
Loss Factor I~
Figure 5.3 The relative pump power depends on pump

shape factor g, the solid lineis g=1.6,the dotlineis ¢g=2.2
and dashlineis g=2.8. Theredlineis the loss factor

limitation of 1.
200 — — 77T
S 7, =24.2%
ik}
T 150 1
£
o
]
« 1004 -
o
)
E
— 504 .
5 14.2% ;
g ” 34.9% stress fracture |
o} . E
04«2 Y

100 200 300 400 500 600 700 800
Input power (W)

Figure 5.4 The input and output power of LGmode as p=./2.The
solidlineis g=1.6, thered dot lineis g=2.2 and blue dash lineis
g=2.8. Thelines of output power stop when HG;; beginsto oscillate
and become multi-mode output.

In Fig.5.3 we numerically calculate the g value and the power scaling under the

condition of p =2, w, =w, =1.5mm,c =3.3x107" cm’ ,7,=095Ims, f,=0.7,
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f,=0.046, L% =0.01 and L, =0.03. The relative pump power is defined by

by = Porewe * I RySem ™ the loss factor is I' =Lt /Li7*. The solid line is

g=1.6, the dot line is g=2.2 and dash line is q=2.8. The red line is the loss factor
limitation of T"=1. Apparently the scalability of g=1.6 is the best. When T'<1, itis
possible to scale to around 4 times of pump threshold. Even with a very low loss
factor, the doughnut mode keeps the minimum threshold compared with TEMgg
mode.

In order to achieve our design aim of 100 W CW output, we also calculate the

input and output power of LGo; mode when T'=1 as shown in Fig.5.4.The solid line

is g=1.6with the optical to optical efficiency 7, , =24.2%, the red dot line is q=2.2
with the optical to optical efficiency 7, , =19.1% and blue dash line is g=2.8 with

the optical to optical efficiency 7, , =14.2% . The lines of output power stop when

HGgymode begins to oscillate and become multi-mode output. The threshold is 174 W,

153 W and 148 W respectively. It is worthy to point out the importance of
re-absorption loss term —N?, when q=1.6, I'=1 without —N, the threshold is 85

W, almost half of the condition with re-absorption loss. But the output power only can

scale to 92.5 W under 387 W pump power with the optical to optical efficiency

n,., = 24% . It means with the re-absorption, the output power scale about 2 times,

the laser calculated performance comparison with re-absorption and without
re-absorption is shown in Fig.5.5.

It is clearly that with the help of pump distribution design and re-absorption loss.
166 W LGo; mode output power is predicted in a compact diode edge-pumped laser
module. The maximum temperature on the top surface of microchip is calculated to be
120 deg, the maximum thermal induced equivalent stress is 134 Mpa, corresponding
to 34.9% stress fracture, if considering 384 Mpa is the ceramic YAG damage

threshold?.
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Figure 5.5 The input and output power of LGmode as p=J§ and g=1.6,
the solid line is with reabsorptionterm. The dotline is no reabsorption
term. Thelines are stopped by HG; mode reaches the threshold and

become multi-mode oscillation.

5.3 Conclusion

In this chapter, we propose the design of high power vortex mode based on
mode-selection theory. We explain the power scalability influenced by pump shape.
The re-absorption loss is considered to be useful for preventing from the secondary
mode reaching threshold, thus it is helpful for power scaling. The high-average power
is the foundation for pulsed operation. By achieving a stable and high power mode,

the future towards pulsed operation should be promising.

'J. W. Kim, J. I. Mackenzie, J. R. Hayes, and W. A. Clarkson, "High power
Er:YAG laser with radially-polarized Laguerre-Gaussian (LG01) mode output," Opt.
Express 19, 14526-14531 (2011)

? Tsunekane, Masaki, and TakunoriTaira. "High-power operation of diode

edge-pumped, composite all-ceramic Yb: YAIO microchip laser." Applied physics
letters 90 (2007): 121101.

89



Chapter 6

Conclusion

While it was always a headache that the side- or edge- pump have the edge-peak
pump shape, we have proposed the way to central peak Gaussian-like pump shape for
fundamental mode generation as well as to become advantage in high-order modes
generation. So far, the efficient high-power fundamental mode operation has only
demonstrated in face-pumped thin disk laser. Since the current research has already
figured out the pump shape and mode control theory, it is only the matter of time to
solve several practical problems that mentioned in chapter 3. In future, the efficient
high-power fundamental mode operation in edge-pumped Yb:YAG ceramic microchip
laser module could be expected.

In addition, this research is also on high-order modes control and generation
towards high power. The topic is attractive in recent years that related to high-order
modes like HG modes, LGy; mode and vortex arrays. In Table 6.1, key index of
reported research related with our topic of HG modes and vortex array modes are
listed, most of the experiments in the table were carried out by using diode end-pump
(e-p) scheme and Nd** doped gain material or side-pump (s-p) scheme and Yb**
doped gain material. Our research is cited as the reference 9. Although our laser is the
preliminary design for mode-selection, the results have obviously advantage both in
the available modes type and output power.

The current research uses Yb:YAG as gain material, it is always effective for

high peak power mode-locking and passive Q-switched operation by using saturable
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absorber (SESAM and Cr:YAG). The edge-pump scheme supports such a
configuration that the cooling is efficient and the pump will not be blocked.
Mentioned to practice applications® of DPSSLs, the good pointing stability, less
power fluctuations and easy-operation of transverse modes are very important. The
microchip laser has the advantage in heat management for mode stabilization, the
edge-pump scheme makes the mode-selection as gain-guiding but not heat guiding.
Besides, the laser system could be dramatically simplified by the diode pump
lens-less design, that increase the reliability and reduce the cost from a practical

perspective.

Table 6.1 Mode-selection in DPSSL

Gain material, Mode-selection Available

Laser properties Ref.
pump scheme method modes
HG modes selection (n>1)
Nd:YAG e-p Off-axis pump HG o, N=1-90 cw,mW, 1064 nm
Nd:YAG e-p Off-axis pump HG,o, n=1-12 cw,mW, 1064 nm 3,4
Nd:GdVO,,e-p Off-axis pump HG,o, n=1-4 cw, mW, 1064 nm
Nd:GdVO,,e-p Off-axis pump HG, Nn=1-9 3.5Ghz, 350-780mW,
20-25ps 1064 nm
Nd:GdVO,,e-p Off-axis pump HGy n,m=1-5 cw, mW, 1064 nm 7
Opaque-wire-inserted

YDh:YAG, s-p Gain-distribution HG o, Nn=1-40 cw, mw, 1030 nm 8
Yb:YAG, s-p Gain-distribution HG, o, n=1-22 cw, mW-several W, 9

HGum n,m=1-6 1030 nm

Vortex arrays modes selection

LiNdP4O4,,e-p  Shaped pump many kind of cw, mW, 1048 nm 10

vortex arrays, with

large vortex pixels
Nd:GdVO,,e-p Outside-cavity Square-vortex cw, mW, 1064 nm 7

interferometer arrays

Yb:YAG, s-p Gain-distribution many kind of cw, mW-several W, 9

vortex arrays

1030 nm

*Note: mW in the table generally less than 100 mW
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Four-direction diode stacks edge-pumped
microchip laser

In the chapter 1 and chapter 2, we mentioned the four-direction diode stacks
edge-pumped microchip laser modules in our group; it was originally designed for the
application of high-power laser processing. In 2007, we got 414 W output power at
multi-mode CW operation by the type A all ceramic composite Yb:YAG microchip. In
2012, 1.0 pJ-pulse energy for 21W-average power mode-locked laser was obtained by
a wedged composite microchip. Here we will introduce some details as appendix of
main content.

In fig.A.1, we compare the (a) diode stacks pumped microchip scheme with (b)
diode chips pumped microchip scheme.

Microchip

Microchip i —

-
O 1
S

Diode chip

'Diode sta;:ks
Lens units

(a) (b)

Figure A.1 (a) Diode stack pumpedscheme and (b)
diode chip pump scheme

Several key technologies we use in our laser system including: (a) partial
metallization on composite microchip bottom; (b) micro-finger structure
water-cooling heat sink; (c) precise die-bonding system for no defect Au-Sn bonding
layer. (d) edge-pumped optical design and laser module design. They are shown in
Figure A.2. To point out that, in diode chip pumped laser module, we use the same
technologies as mentioned above.

It is obviously that the diode chip pump is more compact and simple, but so far
the pump power cannot comparable with diode stacks, as diode stacks can give over
1000 W pump. For long time, we are focusing on these diode stacks pumped laser
module because of the high pump power. The mutli-mode input and output compared
with fundamental mode operation are shown in Fig A.3 with the microchip serial
number #0704 (Type A microchip, wedged 0.1 deg.) The multi-mode laser cavity is
plan-concaved cavity with 200 mm long and T=3%, R=250mm output coupler. The
fundamental mode laser cavity is 3.1 m long and T=3% flat output coupler. The pump
power is controlled below 450 W for safe operation. The output power of microchip



various from piece to piece with the range from multi mode 80~120W at the pump
power of 450 W.

Figure A.2 Technologies we use in our laser system including: (a) partial
metallization on composite microchip bottom; (b) micro-finger structure
water-cooling heat sink; (¢) precise die-bonding system for no defect Au-Sn
bonding layer. (d) edge-pumped optical design and laser module design.
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Figure A.3 The output power of multi-mode and single
fundamental mode as a function of input power in diode
stacks edge-pumped laser module with microchip #0704.



Appendix B

The pump shapes of theory simulation and
real laser modules

In chapter 2-3, we use several ideal pump shapes for simulation, and we also
simulate several pump shapes based on the edge-pumped microchip laser. Here, we
will make a summary of these kinds of pump shapes. In Fig.B.1 we show the theory
simulation pump shape of (a) ideal Gaussian; (b) ideal top-hat, (c-d) super-Gaussian
(g=4, 6); (e-f) 4-direction diode stacks pump shape (absorption coefficient a=0.3 and
0.9 mm™); (g-h) optimized 27-direction diode bare chips pump shape (0=0.3 and 0.9
mm™).
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Figure B.1 theory simulation pump shape of (a) ideal Gaussian; (b) ideal top-
hat, (c-d)super-Gaussian (¢=4, 6); (e-f) 4-direction diode stacks pump shape
(absorption coefficient a=0.3 and 0.9 mm-") ; (g-h) optimized 27-direction
diode bare chips pump shape (a=0.3and 0.9 mm-").

In the chapter 1 and 2, we mentioned the four-direction diode stacks
edge-pumped microchip laser modules and the top-hat even basin pump shape. We
also mention other pump shape in thin-disk mode-locking laser modules. Here we will
show the pump shape of our edge-pumped laser module in Institute for Molecular
Science (IMS) and the pump shape of thin-disk laser in Max-Plank-Institute fur
Quantenoptik institute (MPQ) to see the difference of multi-mode aim designed pump
shape and mode-locking aim designed pump shape. Both of the figures are
fluorescence image taken by CCD camera. Fig. B.2 (a) The thin disk laser under 15 W
pump power with the pump size of about 2.5 mm diameter and (b) the microchip laser



under 50 W pump power with the pump size of 3 mm. Obviously, the thin-disk
mode-locking laser has a Gaussian peak in the center which are quite similar with the
optimized pump shape in Fig.B.1 (h).

Figure B.2 (a) Thin disk mode-locking laser modulein MPQ; (b,c) the 2-D
and cross line profile of fluorescence in thin-disk laser; (b*, ¢') the 2-D and
cross-line profile of fluorescencein microchip laser



Appendix C

Diode bar edge-pumped passive Q-switched
Nd:YAG microchip laser

As mentioned in the main content, the high-average power operation of
transverse modes is promising in edge-pumped microchip laser system. As soon as the
mode selection theory is clear, it is possible to design the efficient and compact
high-average power laser module for fundamental mode or certain high-order mode
generation. In addition, more than 150 W CW high power vortex mode laser module
is predicted in chapter 5. It is the fundamental of high average power pulsed operation.
The pulsed vortex mode has a lot of applications in material processing,
super-resolution microscopes and plasma physics. Yb:YAG material is suitable for
sub-ps to several ps mode-locking laser and several hundred ps passive Q-switched
laser generation. Since intense pulsed optical vortex in ps range will be very useful.
Here we introduce the Nd:YAG microchip laser as appendix for better understanding
of diode bar edge-pumped scheme and as an example of pulsed high-order beam
generation.

Figure C.1 shows the schematic of the diode edge-pumped Nd:YAG/Sm:YAG
composite all-ceramic microchip laser. The central round shape core with a 2mm
diameter is 1.5at% Nd doped ceramic YAG. To suppress the parasitic oscillation in the
microchip, the core is surrounded by 5at% Sm doped ceramic YAG as an absorber at
1064nm which is often used as an ASE absorber. Sm:YAG strongly absorbs the laser
light at 1064nm but is fully transparent for the pump light at 808nm. Then we can
employ Sm:YAG not only as an absorber of parasitic oscillation but also as a pump
waveguide. The thickness of the microchip is 0.25mm and bonded on a Cu-W
heat-sink.

By using 80% transparence Cr:YAG inserted into the laser cavity, 90% output



coupler and 3.8 mm cavity length. We can get pulsed vortex mode (need to adjust the
cavity mirror) output with 0.29 mJ pulse energy and 683 ps pulse duration. The beam
shape and measured pulse duration are shown in Fig.C.2. In future, it could be quite

interesting to use Yb:YAG replace current Nd material.

Ceramic Sm:YAG
wave-guide

Ceramic

Cylindrical lens
Nd:YAG core

for SA focusing Emission

QCW 808nm pump diode
with FA collimation lenses  Cylindrical lens for
FA focusing

CuW Heat-sink

Edge-pump
windows

Figure C.1 The schematic of diode bar edge-pumped passive Q-
switched Nd:YAG microhip laser.
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Figure C.2 The vortex heam pattern and pulse duration of edge-
pumped passive Q-switched Nd:YAG microhip laser.
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