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Abstract
Laser pulses are instrumental for a wide range of applications in advanced measurement
and imaging techniques, such as time-gated Raman spectroscopy or fluorescent lifetime
measurements. Key features for these applications are the relatively high peak power,
high pulse energy, and a short pulse duration. To this end, the goal of the thesis has been
to demonstrate novel light sources emitting optical pulses with sub-100 ps duration at UV,
visible, and infrared wavelengths. The sub-100 ps optical pulse regime fills a gap between
the more complex mode-locked lasers and typical Q-switched microchip lasers, which emit
optical pulses with duration longer than 300 ps. In particular, key efforts were allocated
to developing Nd:YVO4 microchip lasers, emitting either at 1064 nm or 1342 nm, and
employing semiconductor saturable absorber mirrors for passive Q-switching. The typical
pulse duration was ∼100 ps at 1064 nm and ∼200 ps at 1342 nm. Typical repetition rate
was in 100 – 500 kHz range corresponding to average powers of several mW. These laser
pulses were amplified in compact Nd:YVO4 amplifiers up to an average power of 1.3 W.
Then nonlinear wavelengths conversion techniques were employed to expand the emission
wavelength and also to attain further pulse shortening.
State-of-the-art results have been achieved on several fronts of research. First of all,
in this work the first Q-switched microchip lasers based on GaInNAs semiconductor
saturable absorber was developed. Using second harmonic generation, we have achieved
leading values for average power, pulse energy, and pulse duration for emission at 671 nm,
and 532 nm. Using third harmonic generation we demonstrated emission at 355 nm
and using frequency quadrupling we attained emission at 266 nm. Finally, in this work
demonstrated the first picosecond diamond Raman laser pumped at 532 nm with sub-100
ps Q-switched pulses. Owing to favorable combination of pulse energy and pulse duration,
we attained efficient operation of the Raman laser with emission at yellow (573 nm); the
output pulses were as short as 39 ps and the output power was 143 mW, corresponding
to a conversion efficiency as high as 40%. In another approach, we demonstrated Raman
laser operating at 1240 nm by pumping with 1064 nm Q-switched pulses. In this case,
Raman conversion resulted in optical pulses with a duration of 62 ps and 246 mW average
power, which were frequency doubled to 620 nm. The corresponding pulse duration and
average power at 620 nm were 46 ps and 128 mW, respectively. As third approach, under
intense pumping the 620 nm was also generated directly from 532 nm, with 10 mW of
average power and 24 ps pulse duration, the shortest pulses achieved in this work.
The results open a new perspective to the development of practical laser sources delivering
µJ-level short optical pulses. When combined with nonlinear conversion techniques, the
technology platform covers an extensive wavelength range and could find uses in a wide
range of applications; for example, the 532 nm laser platform has been used successfully
in time-gated Raman spectroscopy.
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1 Introduction
Lasers – light amplification by stimulated emission of radiation – are devices producing
monochromatic coherent light with high brightness [1]. Since the introduction of the
first laser in 1960 by Maiman [2], these light sources have made their way out from the
research laboratories and have become an important part of the modern society. Lasers
enable, for example, high-speed optical telecommunication, advanced manufacturing and
manipulation of materials and a growing range of other applications in science, metrology,
industry, medicine and defense. We commonly utilize the capability of light to transmit
information (e.g. in telecom [3] and sensing [4]) and energy (e.g. optical pumping [5],
laser cutting and welding [6]), and interact with matter in a particular way (e.g. to enable
nonlinear optics [7], Raman spectroscopy [8], or athermal laser cutting). Moreover, light
has been always essential to the advance of fundamental knowledge, and is currently
used to define the unit of time and measure distance at accuracy never seen before (e.g.
detection of gravitational waves via laser interferometry [9, 10]). The potential of optical
technologies has always existed, but only the introduction of the laser made it practically
possible to use photons for so many things.
Different types of lasers are often classified by their gain material from gas lasers to dye,
fiber, solid-state and semiconductor lasers, all having their unique properties, such as
operation wavelength, power, brightness, efficiency and tunability [1]. Lasers are also
commonly categorized by their operation mode into continuous wave lasers and pulsed
lasers. A laser can be pulsed simply by turning on and off a continuous wave laser. More
sophisticated pulsing technologies, such as gain switching [11, 12], cavity dumping [13, 14]
and Q-switching [15 – 17], aim at storing and accumulating energy in the system for a long
period of time, and then releasing it very rapidly. Thus, these lasers can momentarily
produce intensities that are several orders of magnitude higher than available from a
similar continuous wave laser [18]. The shortest optical pulses are generated with a
technique called mode-locking [19 – 21], where several laser modes are “locked” together,
forming a pulse that circulates back and forth within the laser oscillator [18].
By using a pulsed master-oscillator and power amplification, it is reasonably easy to
generate 100 kW peak power [22, 23], sub-ns pulses, in a beam that can be focused to a
∼10 µm diameter spot. Thus, we can produce optical intensities of the order of several
GW/cm2 addressing specific application needs. For a point of comparison, it is good
to notice that a typical nuclear power plant produces about 1 GW of power [24]. The
motivation for generating short optical pulse often arises from this particular capability
to reach extreme intensities, which allow various nonlinear optical effects to take place.
Short pulses also enable us to study and observe physical and chemical phenomena in a
very short time scale. One additional advantage of pulsed lasers is the small thermal load
(with respect to the peak power) that they may pose on a target sample at hand.
1
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Mode-locked lasers

10 fs

100 fs

1 ps

- Higher cost
- High repetition rate
- Low pulse energy
- Potentially high
peak power
- Broader spectrum

Q-switched lasers

10 ps

100 ps

Objective:
< 100 ps
> 0.5 µJ
< 0.1 nm
~ 100 kHz
UV, VIS, NIR

1 ns

10 ns

- Lower cost
- Low repetition rate
- High pulse energy
- Narrow spectrum
- Monolithic assembly
- Higher jitter

Figure 1.1: Comparison of mode-locked and Q-switched lasers divided into their typical
operating regimes. Objective of this thesis is to narrow the gap between these two technologies.

All technologies used to obtain short optical pulses have their advantages and disadvantages.
For example, most mode-locked lasers operate with a pulse duration in the range of a
few fs - 30 ps and repetition rate of 20 MHz - hundreds of GHz, mode-locked pulses do
not carry much energy, and if they do, that usually requires high average output powers
that complicate system designs and increase the cost significantly. On the other hand,
Q-switched lasers operate with much lower repetition rates varying typically in the range
of a few Hz – few MHz, and pulse duration of sub-nanosecond to tens of nanosecond.
[5]. Due to low repetition rate and longer pulse duration, a Q-switched lasers typically
produce pulses with much higher energy than a mode-locked laser having the same average
output power. On the other hand, Q-switched laser can mainly attain the ns pulse regime,
leaving ps range fully dominated by mode-locked lasers. These differences in the output
properties have divided mode-locked lasers and Q-switched lasers into very different
application areas: mode-locked lasers cover less cost-sensitive, high-end applications with
requirement for sub-30 ps pulses, whereas nanosecond Q-switched lasers are often used for
tasks requiring lower repetition rate or high pulse energy. In terms of pulse duration, the
coverage of mode-locked and Q-switched lasers do not overlap. There actually exists a gap
where neither lasers are very good. For simplicity, we can call this gap the 10 – 100 ps
pulse regime. If we look at the repetition rate or pulse energy, the gap becomes even
wider and more difficult to fill. There are simply not many options available today for a
low repetition rate (1 Hz – 1 MHz) laser with 10 – 100 ps pulse duration and reasonably
high pulse energy (>1 µJ). Even less so, if the wavelength or spectral width are specified
tightly. If cost is not an issue, all requirements can be probably met with a mode-locked
laser, followed by a pulse picker [25, 26] and multiple stages of power amplification, or a
regenerative amplifier [27, 28]. The cost of such a system is, however, often prohibitive.
From this stand point, the goal for this work was to narrow the gap between
mode-locked lasers and traditional nanosecond Q-switched lasers. This task
was motivated by the need to offer practical technological solution for applications where lower cost short pulse laser could make a difference, such as time-gated
Raman spectroscopy (TGRS) [29, 30], two-photon polymerization [31, 32] (additive manufacturing), fluorescence lifetime imaging microscopy (FLIM) [33], stimulated emission
depletion microscopy (STED) [34], and two-photon excitation (TPE) [35].
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This particular work was initiated in 2014, with a target to develop a robust, low-cost,
low-repetition rate, narrow bandwidth, sub-100 ps green (532 nm) laser for time-gated
Raman spectroscopy. The work has later expanded to cover also other wavelengths (UV,
yellow, red and NIR) and in consequence advance the understanding of new laser physics,
develop broader technology base, and potentially address more applications.
One part of the work has concentrated on the development of Q-switched microchip
lasers and generation of short infrared pulses. Another part has covered amplification of
the pulsed signal to levels enabling efficient nonlinear conversion. The third part deals
with expanding the wavelength coverage. In terms of broad technical targets, the aim
of this thesis was to extend the sub-100 ps Q-switched microchip lasers to
wavelength range from UV, to visible and near-infrared. From an application
perspective, the aim was to develop laser sources that are compact, robust, reliable,
low-cost, and have the following parameters:
• Pulse duration: <100 ps
• Repetition rate: 100 kHz (from pulse on demand to MHz)
• Pulse energy: >0.5 µJ (power >50 mW at 100 kHz)
• Power: >50 mW
• Wavelength: UV, VIS, NIR
• Spectral width: <0.1 nm
In the following chapters of the thesis, I will summarize the design and theoretical
considerations of the Q-switched microchip laser, describe the experimental work and
results, and finally draw conclusions on the work and future perspective. The structure
in each section follows the modular architecture of the system, starting from the masteroscillator, followed by the power-amplifier and ending with two methods of frequency
conversion: harmonic generation and conversion in a Raman laser.

2 Theory
All lasers are comprised of three main components: gain, feedback and pump [18]. The
gain provides optical amplification, the feedback enables stimulated emission, and the
pump provides the energy to the system. In this chapter, I will briefly describe the main
theoretical aspects essential in behavior of the laser system used in this thesis, starting
from general description of Fabry – Pérot cavity, continuing to general concept to switch
the cavity, and then describing operation of Q-switched microchip lasers. Moreover, the
basic concepts underpinning the frequency conversion methods employed to reach visible
and UV wavelengths are discussed.

2.1

Laser cavity

To sustain stimulated emission and obtain lasing the gain material is placed in a feedback
system, typically consisting of mirrors forming a Fabry – Pérot cavity, such as the one
shown in Figure 2.1. The design of the cavity affects several important properties of the
laser including spectral properties (longitudinal modes), the beam quality (transversal
modes), and stability of the laser cavity.

Gain
medium

T

Δλfsr

Δλc

R1

Cavity length
L

λ

R2

Figure 2.1: A schematic presentation of a laser cavity and cavity mode spacing.

The Fabry – Pérot cavity supports only a discrete number of resonant cavity modes, which
in a laser are also called longitudinal modes [1]. The frequency spacing of the Fabry – Pérot
cavity modes is inversely proportional to the optical length of the cavity and is given
by [1]
c
c
∆νf sr =
=
,
(2.1)
2Lopt
2nL
where c is speed of light and Lopt = nL is optical cavity length, n is refractive index
and L is physical length of the cavity [1]. The mode spacing ∆νf sr is also known as free
spectral range (FSR).
5
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The spectral width ∆νc of the cavity modes is defined by the free spectral range and the
finesse, F , of the cavity, [1]
∆νf sr
.
F

(2.2)

π(R1 R2 )(1/4)
,
1 − (R1 R2 )(1/2)

(2.3)

∆νc

=

The cavity finesse can be defined by
F =

where R1 and R2 are the mirror reflectivities and the cavity is assumed lossless [1].
Most lasers operate with several longitudinal modes, however in this work, the cavity
lengths are sufficiently short to support only one longitudinal mode within the gain
bandwidth, leading to single-frequency laser operation.
The field distribution in the Fabry – Pérot resonator must reproduce itself after each round
trip [36]. Such field distributions are called transversal cavity modes. A laser cavity
can contain several transversal modes, in which case it is called a multimode laser. In
most cases, single transversal mode operation is preferred due to better beam quality.
Multimode transversal operation can also result in multiple longitudinal mode operation
and therefore increased spectral width. Single transversal mode operation is usually forced
by designing the resonator in such a way that the fundamental Gaussian TEM00 -mode
closely overlaps with the pumped gain area leaving no gain for higher order transversal
modes. In this work, we have aimed for single-frequency operation. For this reason, the
laser must be operated also with single transversal mode. Thus the pump spot sizes in
thesis are closely matched to the TEM00 -mode of a cavity. [1, 37]
Stability of the cavity means that a ray injected into the optical system will repeat its
path (direction and position) even after multiple round trips in the cavity [36]. In case of
unstable cavity the optical power will diverge indefinitely away from the cavity axis [1].
The stability of the cavity is determined by its geometry, i.e. the curvature of the mirrors
and the distance(s) between the mirrors. The cavity geometry and stability is easy to
simulate using ABCD ray tracing matrix formalism. [1] In this work we have used a
plane-plane laser cavity, stabilized by a thermal lens, caused by the heating in the pumped
area. [18, 36]

2.2

Q-switched microchip lasers

Soon after the first demonstration of a laser in 1960 by T. H. Maiman [2] Hellwarth and
McClung demonstrated that very high intensity pulses can be created by switching the
cavity Q-value [38, 39]. In 1963 Wagner and Lengyel derived the first mathematical model
and approximated solution for the "evolution of the giant pulse in a laser" and for its pulse
energy, peak power and pulse duration [40]. Then Erikson et al. [41, 42] extended the
work to passive Q-switching. Quite much later from this seminal work, Spühler et al. [43]
extended the equations for passively Q-switched microchip lasers based on semiconductor
saturable absorber mirrors (SESAMs), while Butler et al. in 2012 [44] derived a rate
equation model including a part describing effective photon fluence and evolution of a
SESAM reflectivity. From this historical development perspective, in this chapter we
review the key concepts underpinning the operation of Q-switch microchip-lasers.

2.2. Q-switched microchip lasers

2.2.1

7

Principles of passive Q-switching

Cavity quality factor, Q, is defined as the ratio of the energy stored in the cavity to the
energy loss per cycle [1]
Q =

2π ×

energy stored
2Lν
= 2π
.
energy loss per cycle
cαloss

(2.4)

Then Q-switching is a technique used to generate high energetic pulses by altering the
cavity Q-factor between a low value and a high value. Thus, the cavity Q is initially kept
low, i.e. high losses, to prevent the lasing action. In this case, under constant pumping
the energy is stored into the gain material and the population inversion reaches a level far
above the threshold for normal lasing action. When cavity Q factor is then switched to
high Q, low losses, the stored energy in the gain material is suddenly released in the form
of a short energetic optical pulse [1, 5]. A schematic of a Q-switched laser and principle
time evolution is shown in Figure 2.2.
Loss, 1/Q
Gain
medium

Population inversion

Q-switch
(loss)

Output pulses

t

Figure 2.2: A schematic presentation of a Q-switched laser setup on the left with loss, population
inversion and output evolution on the right.

Q-switched lasers are divided by the way the cavity Q is switched into two main classes:
active and passive Q-switching, respectively. Active Q-switching is achieved with an
external modulator, while passive Q-switching is achieved using a saturable absorber
initiating a self-switching mechanism. [36]. Q-switches are further divided into slow and
fast Q-switches, where fast Q-switches are those where Q-value is changed so fast that
within the switching time the population inversion has not changed considerably. In a case
of ideal Q-switch, the function (ζ(t)) describing the change of cavity Q can be considered
as a step-function, and for such ideal case one can derive analytical approximations for
the output energy [5, 40].
In general, the evolution of the population inversion n and the photon density φ over
time t, for a Q-switched laser, can be described as generalized rate-equations [5, 37]
dn
dt
dφ
dt

= −cγσem nφ + Wp


l
(t)
=
cσem n −
φ,
L
τrt

(2.5)
(2.6)

where (t) represents the time dependent equation for the losses including the Q-switch.
The other constants are speed of light c within the medium, ”inversion reduction factor”

8
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γ, emission-cross section σem , pumping rate Wp , gain length l, cavity length L, and cavity
round trip time τrt . The loss function can be represented as (t) = − ln ROC + δ + ζ(t),
where ROC is the output coupler reflectance, δ stands for additional cavity losses and ζ(t)
represents the Q-switch.
As a solution [5, 40] to the generalized rate equations the output energy of the Q- switched
laser can be expressed as
Eout =

hνA
1
ni
ln
ln
,
2σem γ ROC nf

(2.7)

τp = τrt

ni − nf
,
ni − nt [1 + ln(ni /nt )]

(2.8)

and pulse duration as

where hν is the output photon energy, A is the mode area, ROC is the output coupler
reflectance, and the nx are the initial ni , final nf , and threshold nt populations. Thus,
the pulse energy and the pulse duration are dependent on amount of population inversion
and the change in population (ni − nf ), which are highly depended on the type of the
Q-switched laser. As it can be seen in equation (2.8) the pulse duration depends on cavity
round trip time, and, as a consequence, on the cavity length. Therefore, the shortest
pulse duration (16 ps [45]) has been obtained in a so called microchip laser.
Microchip lasers, first introduced by Zayhowski et al. [46], are a type of laser where a thin
chip of solid-state gain material forms the resonator. Such microchips can be passively
Q-switched by introducing a saturable absorber into the cavity. [47]. A schematic
presentation of such passively Q-switched microchip laser is shown in Figure 2.3.
Gain Medium

Saturable absorber

Pump

Output signal
Partially re�lective mirror

High re�lective mirror
~100 µm to ~2 mm

Figure 2.3: A schematic presentation of a passively Q-switched microchip laser.

Q-switched microchip lasers allow the generation of short pulses with durations typically
below 1 ns [36]. The passive Q-switching also offers the advantage of an exceptionally
simple and small design, which leads to robust, and low-cost systems [5, 46].
Nowadays, the most common saturable absorber material for Q-switch is Cr4+ :YAG [5, 36],
which has been used to generate pulses with durations down to 237 ps [48], corresponding
to a total cavity length of 2.7 mm. As short as they may seem, for such saturable
absorber the gain length l is significantly shorter than the cavity length L, reducing the
net gain by factor l/L in equation (2.6) and increasing the pulse duration. One way to
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keep the cavity length close to the length of the gain element is to use co-doped self
Q-switching materials [49], i.e. in this case the gain and absorber section are in the same
host material (l = L). Nevertheless, the thickness of the solid-state saturable absorbers
(>100 µm) cannot be made as thin as that of semiconductor saturable absorbing mirrors
(SESAMs) as those we employed in this work. Typically a semiconductor mirror structure
incorporating a saturable absorber which is only a few microns (<10 µm) thick [50].
The main difference in terms of thickness requirements for semiconductor and solid-state
absorbers is given by the absorption cross-section and density of atoms, which are much
higher in semiconductors. In addition, semiconductors allow tailoring of the amount of
absorption as discussed in more detail in section 2.2.2.
Using the rate equation model by Butler et al. [44] the behavior of a SESAM Q-switched
microchip laser can be expressed by the following coupled rate equations
dn
dt
dφ
dt
dF
dt

=
=
=

PP
1
n
(1 − exp[−2(ntot − n)σabs lL ]) −
2
hνP πr lL
τL
− ln[ROC RSESAM (F )]
n
cσem nφ −
φ+M
τrt
τL
F
φ
chνL −
,
2
τSESAM
−cσem nφ +

(2.9)
(2.10)
(2.11)

where the SESAM reflectance is given by [44]
RSESAM (F ) = RU + ∆R(1 − exp(−F/Fsat ))
or by more commonly used equation [51, 52]






∆R
Rns Fsat
F
ln 1 + 1 −
RSESAM (F ) =
exp
−1 ,
F
Rns
Fsat

(2.12)

(2.13)

where Ru is unswitched reflectance, 1-Rns is nonsaturable losses, ∆R is modulation
depth, F and Fsat are fluence and saturation fluence. These parameters are illustrated
in Figure 2.4. Other constants in the rate-equations are pump power PP , mode radius
r, cavity and gain length l = L, total density of Nd-ions ntot , photon to cavity mode
coupling efficiency M , upper state lifetime τL , frequencies of laser νL and pump νP light,
and relaxation time of the SESAM τSESAM .
In order to solve accurate output characteristics of a Q-switched microchip laser one
must solve the rate equations numerically. An example of the numeric evolution the rate
equations (2.6), using own code implemented in Matlab, is shown in Figure 2.5b showing
the evolution of the population inversion, cavity photon density and effective photon
fluence evolution over time.
In the case of small modulation depth, however, Spühler et al. [43] introduced approximate
solutions to the rate equations as follows. For the pulse duration
τp ≈

3.52τrt
3.52τrt
3.52L
≈
=
,
q0
∆R
cn ∆R

(when ∆R ≈ q0 )

(2.14)

where q0 is defined by equation ∆R = 1 − exp(−q0 ). Moreover, the pulse energies can be
approximated as
Ep =

hνL
A2∆RηOC ,
2σem

(when ∆R ≈ q0 )

(2.15)
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Figure 2.4: Nonlinear reflectance curve of a SESAM showing the reflectance change as a
function of fluence.
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Figure 2.5: Normalized numerically solved rate equations for a SESAM Q-switched microchip
with typical parameters of σem = 2.5 · 10−22 m2 , ntot = 3.75 · 1026 m−3 , σabs = 5.46 · 10−24 m2
(c-axis of Nd:YVO4 ), L = 100 µm, ROC = 90 %, Rns = 99 %, ∆R = 3 %, Fsat = 100 µJ/cm−2 ,
τSESAM = 300 ps, F2 = 500 · 103 µJ/cm−2 . Output result is 98 ps pulse duration and 102 kHz
repetition rate. (a) 100 µs long pulse train starting from initial condition n(0) = φ(0) = F (0) = 0
and (b) detail during a single pulse.

where output coupling efficiency ηOC = lout /(lout + lp ), and losses are further defined as
Tout = 1−ROC = 1−exp(−lout ) for output coupling while lp counts for other nonsaturable
losses. Furthermore, the peak power can be calculated from the pulse energy and the
pulse duration as
Ppeak ∝

Ep
(∆R)2 A
∝
ηOC ,
τp
τrt σem

(when ∆R ≈ q0 ).

(2.16)

Previous equations also assumes that (l ≥ q0 ) [43].
From equation (2.14), it be can seen that the shorter the cavity and larger the modulation
depth, the shorter the pulse duration becomes. However, for a given gain material there
is a limit were the material gain ”(σem )” has to exceed the losses of a saturable absorber.
Equations (2.15) and (2.16), on the other hand reveal that pulse energy and peak power
are reduced with high σem materials. Within this thesis, short pulses are the main
objective rather than high pulse energies and thus high emission cross section materials
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are favored.
Neodymium doped crystals Nd3+ :YVO4 and Nd3+ :YAG have the highest emission cross
sections of all solid-state gain materials, and they are the most commonly used gain
materials for microchips [5]. Nd:YVO4 has higher emission and absorption cross section
than the YAG and thus it is more commonly used in microchips and preamplifiers, where
as Nd:YAG is used in high power amplifiers for its much higher thermal conductivity
and saturation fluence. Energy-level diagram of a Nd:YVO4 is presented in Figure 2.6,
showing two major emission lines at 1064 nm and 1342 nm.
4

F5/2
4

808 nm

1064 nm

1342 nm
4
4

Ground
level

F3/2

4

I13/2
I11/2

I9/2

Figure 2.6: Energy-level diagram of neodymium doped YVO4 showing two major emission lines
at 1064 nm and 1342 nm. The emission cross sections vary in the range of about 25 · 10−23 m2
[44] to 12 · 10−23 m2 [53] at 1064 nm and 6 · 10−23 m2 [53] at 1342 nm

Thermal management is also an important concern for lasers. The most important effect
of the heat load in SESAM Q-switched microchip lasers is a change in emission cross
section of the gain medium [54]. For 0.1% neodymium doped YVO4 gain material the
emission cross section is reduced by about 44% [55] between temperatures of 16 ◦ C and
80 ◦ C, with gain peak shift of about 3 pm/◦ C [55] to 4.7 pm/◦ C [56]. Thermal expansion
coefficients are 1.76·10−6 /◦ C and 8.24·10−6 /◦ C while change in refractive indexes (dn/dT )
are 15.5·10−6 /◦ C and 8.41·10−6 /◦ C for c-axis and a-axis directions, respectively [57].
Furthermore, thermal conductivity of YVO4 is 5.5 W/m·K and 6.5 W/m·K for a- and
c-axis respectively [58]. Considering that typical thermal conductivity of a semiconductor
is about 5 times larger (55 W/m·K for GaAs [59]), the gain medium suffers mostly from
heat, and it will be seen in [P1] that simply, by mounting the microchip to a metal block
will give sufficient amount of cooling, without any further cooling of the metal block. As
for the pulsing mechanism on the other hand, the temperature dependent emission cross
section is crucial parameter. The heating does not introduce extra losses in the cavity
but lowers the laser gain, leading to higher pulse energies [54]. Finally, it should be noted
that the thermal management becomes very crucial in amplifiers where the pump power
are several Watts, whereas microchips in this thesis operates only at a few hundreds of
mW.
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SESAMs for passive Q-switching

Semiconductor saturable absorber mirros (SESAMs) contain a semiconductor Bragg
mirror and an absorber section, which for Q-switching can typically made of bulk or
quantum-well (QW) material. The key advantages of SESAMs are that one can rather
freely tailor the key parameters such as recovery time, operation wavelength, modulation
depth, and saturation fluence, while the use is also simple [50].
Saturable absorber Bragg mirror
Substrate
F

R(F)F
~5 µm
~1 µm

~300 µm

Figure 2.7: A schematic presentation of a SESAM.

The Fresnel reflection at the semiconductor – air interface and the Bragg reflector create a microcavity, which may be resonant or anti-resonant in respect with the laser
wavelength [36]. For fully resonant structure, the microcavity is nλ/2 thick, while for
anti-resonant operation the thickness of the microcavity is nλ/2 + λ/4 thick, where n is
number of half-waves. Figure 2.8 reveals design and reflectivity characteristics for typical
resonant and antiresonant SESAMs, employing multiple QWs. In this case, the absorber
employs two groups of 3 QWs placed at 2 antinodes of the standing optical field within
the microcavity. Antiresonant designs have a lower field enhancement in the absorber
and thus a lower modulation depth in addition to a higher saturation fluence and higher
damage threshold.
As seen in the Q-switching theory the most important parameters are the modulation depth
∆R and saturation fluence Fsat . The other important parameters are the nonsaturable
reflectance Rns (leading to insertion losses during laser operation), and two photon
absorption (F2 ) effect (leading to heat and degradation of the structure). The modulation
depth is the maximum nonlinear change in reflectance, which can be tuned mainly by
number of quantum wells, or the thickness of the bulk absorber. In addition, the degree
of optical field enhancement in the absorber structure is very important factor for both
modulation depth and saturation fluence. This effect can be clearly seen in Figure 2.8
between the two boundary cases of resonant and antiresonant. For any given absorber,
if the field enhancement or resonance is changed, the product of modulation depth and
saturation fluence remains constant [52]:
∆RFsat ≈ N0 hν = constant,

(2.17)

where N0 is transparency density and hν is the photon energy. Between these two
parameters, the saturation fluence has little effect on the pulse formation in Q-switching,
where as the modulation depth is the single most important parameter defining the pulse
duration. Thus, modifying the resonance gives freedom to tailor the pulse duration.
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Figure 2.8: Comparison of antiresonant (left) and resonant (right) SESAM design. (top)
refractive index structure of the SESAMs and the electric field distribution in the SESAM, (middle)
low intensity reflectance curves, and bottom, nonlinear reflectance curves. QW: quantum-well,
FWOT: full wave optical thickness, TPA: two-photon absorption.

The nonsaturable losses are always unwanted, only reducing pulse energy and typically
leading only to device heating. However, with Q-switched low repetition rate lasers the
effect is not as crucial, as for mode-locked lasers. The nonsaturable losses are mainly
caused by linear absorption of semiconductor materials of the SESAM, too fast recovery
times, and non-ideal reflectance of the Bragg mirror. For Q-switching the recovery time
should be longer than the pulse duration, so that the SESAM absorption does not recover
during the pulse, and increase losses.
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For short and intense pulses of Q-switched lasers the two-photon absorption may become
far greater loss term than the nonsaturable losses. The two-photon absorption is intensity
dependent and can be written as [44]
I=

I0
,
1 − βI0

(2.18)

where β is the two-photon absorption coefficient. In SESAM reflectance function the
two-photon absorption can be taken into account also by multiplying the reflectance
function (2.13) by [51]
× exp(−

F
),
F2

(2.19)

where F2 is a parameter describing the amount of two-photon absorption [50, 60]. Since,
the two-photon absorption is intensity depended, a resonant design with higher enhancement of the electric field leads to higher two-photon absorption, at high fluence. Too high
two-photon absorption can lead to catastrophic optical damage (COD) of the SESAM
[52]. From this point of view anti-resonant SESAMs are desired over resonant design.
As for the pulse formation and pulse duration [44], the two-photon absorption has little
effect, but on the other hand, it will reduce pulse-energy and increase repetition rate.
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Frequency conversion

In general, the operation wavelengths of lasers is strictly related to the properties of
the gain material, often not covering the needs of important applications. To this end,
nonlinear conversion has emerged as a flexible approach in expanding the wavelength
range, in particular when high peak power is available. The most used nonlinear conversion
techniques are harmonic generations, Raman shifting, four-wave mixing, sometimes all
of them acting simultaneously as in the case of supercontinuum laser. In this thesis,
two different methods of frequency conversions are used; harmonic frequency conversion
and Stokes shift in a Raman laser, which are used separately or combined in cascaded
processes.

2.3.1

Second harmonic generation and sum frequency generation.

Second harmonic generation and sum frequency generation are the two most commonly
used frequency conversion methods. A schematic presentation of energy diagram corresponding to these is shown in Figure 2.9. More generally, the nonlinear optical conversions
are described by nonlinear optical polarization.
Sum frequency generation, SFG

Second harmonic generation, SHG
(frequency-doubling)

ω1

ω2

2ω1
ω1

ω1 + ω 2

ω1

Figure 2.9: Schematic of second harmonic generation and sum frequency generation.

Under intense electric field the polarization of a medium can be written as [61]
e (r, t) = 0 [χ(1) E(t)
e
e 2 (t) + χ(3) E
e 3 (t) + . . .],
P
+ χ(2) E

(2.20)

where χ(n) is the n:th order susceptibility and E is the electric field of a input light. The
second order susceptibility χ(2) is responsible for the second harmonic and sum frequency
generation, and the second order polarization in a Cartesian coordinate system can be
written as [5]
(2)

Pj = χijk Ej Ek ,

(2.21)

(2)

where χijk is a third rank tensor of 27 independent coefficient. However, under Kleinman
symmetry and using contracted notation (dijk = 1/2 χijk ) the second order susceptibility
can be presented as 3×6 matrix dil . The nonlinear polarization can then be presented for
second harmonic generation as
P (2ω) = 2def f E(ω)2 ,

(2.22)
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and for sum frequency generation as
P (ω1 + ω2 ) = 4def f E(ω1 )E(ω2 ),

(2.23)

where def f is the material dependent effective nonlinear coefficient for a given input
polarization and the electric fields E(ωn ) at frequency ωn [61]
In terms of intensity, as I = E 2 , the output intensity is related to the input intensity as
I(2ω) ∝ d2ef f I(ω)2

(2.24)

I(ω1 + ω2 ) ∝ d2ef f I(ω1 )I(ω2 ).

(2.25)

and

The effective susceptibility (or the effective nonlinear coefficient def f ) is dependent on
crystal class and input field conditions. For a negative uniaxial crystal of crystal class 3m
the effective susceptibility can be calculated as
deff = d31 sin −d22 cos θ sin 3φ,

(2.26)

for type I condition, where the two (input) lower-frequencies have the same polarization
and
deff = d22 cos2 θ sin 3φ,
(2.27)
for type II, where the polarizations are orthogonal. The θ angle is the angle between the
propagation direction and the crystalline z-axis and φ is the azimuthal angle between the
propagation direction and the xz crystalline plane [61].
Efficient harmonic generation also requires phase-matching (∆k = 0), where the sum
of wave numbers equals 0 (n1 ω1 + n2 ω2 = n3 ω3 ). This means that interacting fundamental and frequency converted light are in the same phase, and the phase-matching is
maintained along the propagation direction. Due to chromatic dispersion (n(ω1 + ω2 ) >
n(ω2 ) > n(ω1 )), phase-matching conditions are achieved only in birefringent crystals,
where the same refractive index is found along different crystalline axes for different
wavelengths. In other words by polarizing the interacting fields along different crystalline
axes. Furthermore, angle phase-matching, also called critical phase-matching can be
ensured by angle tuning a birefringent crystal. Refractive index of a birefringent crystal
is also temperature dependent, and thus stabilized temperature is required for stable
phase-matching [36].
Using quasi-phase matching (QPM) [36] is another technique for phase-matching, in
which by periodically changing the sign of nonlinearity (def f ), the nonlinear interaction
to the wrong direction of conversion, back to fundamental input frequency, does not
occur. In such case, there is no real phase-matching and birefringence is not needed.
This allows usage of materials where nonlinear susceptibility is high in a direction where
critical phase-matching is not possible. However, the materials for which periodical poling
is possible are limited. Furthermore, the quasi-phase matching period can be adjusted
by temperature, due to thermal expansion and temperature dependent refractive index
[18, 36].
The most commonly used second-order nonlinear optical crystals in the bulk form are
inorganic crystals such as monopotassium phosphate (KDP) or potassium titanyl phosphate (KTP), ferroelectrics such as lithium iodate (LiIO3 ) or lithium niobate (LiNbO3 ),

2.3. Frequency conversion

17

and the borates such as beta barium borate (BBO) or lithium triborate (LBO) [36, 62].
These meet the requirements for a bulk nonlinear crystal: large effective nonlinear coefficient, broad transparency range, high optical homogeneity, high damage threshold, wide
acceptance angle and small spatial walk-off.

2.3.2

Diamond Raman laser as a frequency converter

Raman scattering is an inelastic scattering process where light is scattered by molecules.
It was first discovered by C. V. Raman and K. S. Krishnan in 1928 [63]. A schematic
presentation of scattering process is shown in Figure 2.10 in which photons can either gain
or loose energy proportional to the (rotational-)vibrational energy states of the molecules.
These two shifts in energy are called Stokes and anti-Stokes shifts for lower and higher
energy, respectively.
Stokes

ωp

anti-Stokes

virtual level

ωp

ωS = ω p - ω v

ωAS = ωp + ωv

ωv = vibrational energy level
ωv
Figure 2.10: Schematic presentation of energy levels for Raman Stokes and anti-Stokes
scattering.

After the invention of lasers it was soon realized that under intense laser beams the amount
of Raman scattering was several orders of magnitude higher, which lead to the conclusion
of stimulated Raman scattering, first described by Y. R. Shen and N. Bloembergen. [64].
In the simplest form, the stimulated Raman scattering can be described as a coupled
intensity differential equations [36, 65]
dIS
dz
dIP
dz

= gIS IP
= −

νP
gIS IP ,
νS

(2.28)
(2.29)

where IS and IP are the intensities at Stokes and pump wavelengths, g is the Raman
gain coefficient, and νP and νS are the frequencies of the pump and Stokes waves. Thus,
stimulated Raman scattering is an intensity dependent (or third order) nonlinear process
highly dependent on the pump intensity and the Raman gain coefficient.
Raman lasers are a subtype of lasers that use stimulated Raman scattering for amplifying
light. There are two major differences to the common lasers: firstly, as Raman scattering
is based on weak and ”instantaneous scattering process”, (energy is not stored in the gain
medium,) the Raman medium can only be used with intense pump laser, and secondly, the
pump source is not limited to any particular wavelength but only the scattered wavelength
is defined by the difference of pump photon energy and Raman Stokes shift.
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The are several types of Raman laser ranging from Raman fiber lasers, to gas, liquid,
semiconductor and solid-state Raman lasers. The Raman lasers can be pumped either
intra-cavity, like typical continuous wave Raman lasers [66, 67], or extra-cavity , like
synchronously pumped by mode-locked lasers [68, 69], Q-switched lasers [70, 71], or
simple Raman generators [72, 73]. There are even demonstrations of intra-cavity pumped
Q-switched microchips [74, 75], however this extends the cavity length dramatically and
as it was seen previously this would mean very long pulses. Thus, in this thesis hereinafter,
only extra-cavity Raman lasers are considered.
Raman gain medium
length, l

Pump

Output signal

Input mirror, Ri1

Output mirror, Ri2
Raman laser cavity

Figure 2.11: A schematic of a extra-cavity Raman laser.

In its simplest form, an extra-cavity Raman laser shown in Figure 2.11 consist of a Raman
medium of length l with Raman gain coefficient g0 between input mirror Ri1 and output
mirror (Ri2 ), where i denotes for i:th Stokes. In such case, the evolution of the Stokes
intensities Ii over time can be represented as a set of intensity rate-equations under the
uniform intensity approximation of the Stokes beams inside the resonator as follows [76]
dI1
dt
dI2
dt
dI3
dt

=
=
=

2ν1 IP
I1
ksp
2g1 l
(1 − e−g0 I1 N l ) −
I1 I2 −
(L − ln(R11 R22 )) +
IP (2.30)
νP τrt
τrt
τrt
τrt
2g2 l
1
ksp
I2 (I1 − I3 ) −
I2 (L − ln(R21 R22 )) +
I1
(2.31)
τrt
τrt
τrt
2g3 l
1
ksp
I3 I2 −
I3 (L − ln(R31 R32 )) +
I2 ,
(2.32)
τrt
τrt
τrt

where νi are the pump and Stokes wave frequencies, IP is the pump intensity, τrt is the
cavity round trip time, N is 1 or 2 for single- and double-pass pumping, L is the round
trip dissipative loss inside the resonator and ksp is the spontaneous Raman scattering
factor. The Raman gain coefficient factors are defined by
νi−1
gi =
gi−1 ,
(2.33)
νi
for which g0 is the Raman gain coefficient at pump wavelength. The spontaneous Raman
scattering factor is further defined as ksp = 2lKsp where Ksp is also called spontaneous
Raman scattering factor independent of the Raman medium length l, but is dependent on
laser geometry [65]. Finally, it should be noted that this model does not account for the
terms producing off-axis high order Stokes components nor four-wave mixing processes
[65, 76].
Despite the generalizations and simplifications in these intensity rate equations, Ding
et al. [76] found that they give a good approximation for the case of low gain Gi =
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gi IP,max lL < 4 and long pump pulse N = τp /τrt > 50. In this thesis, the peak gain
exceeds this limit at high pump powers, and the pump pulses are rather short in respect
to cavity round trip time (N is 3 – 13 in this thesis). Thus, the model is used only as
simple model to understand the basic behavior and calculations are made for indicative
purposes only.
In this thesis, the goal is to use Raman lasers only for Stokes waves but as Shen et al.
noted already in 1965 that ”the real situation is however that the anti-Stokes wave is
always present and coupled to the Stokes and vibrational waves. Even in a Raman laser, a
small amount of anti-Stokes wave is always dragged along with the Stokes wave in forward
direction” [64]. Thus, anti-Stokes emission was observed for all studies later presented in
Chapter 3, however, with very small output power in comparison to Stokes power.
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Figure 2.12: Simulated pulse formation in a diamond Raman laser using the intensity rate
equations of (a) above 1st Stokes threshold intensity, (b) below 2nd Stokes threshold intensity, (c)
above 2nd Stokes threshold intensity and (d) at high pump intensities. Values used in simulation:
τp = 86 ps, lL = lR = 0.05 cm, n = 2.42, g0 = 15 cm/GW, g1 = 8.3635 cm/GW, R12 = 0.82,
R11 = 0.99, R22 = 0.15, R21 = 0.25, L = 5 · 10−04 , N = 2, ksp = 10−08 , νL = c/532nm,
ν1 = c/573nm, ν2 = c/620nm, trt = 8.1 ps.

A typical theoretical Stokes pulse formation, or intensity oscillation, of a Raman laser
is shown in Figure 2.12 at different pump powers. The corresponding output power,
conversion efficiency and pulse duration are presented in Figure 2.13 as a function of
pump power. The pulse formation of Figure 2.12 can be understood in 4 steps. 1) At the
1st Stokes threshold the 1st Stokes pulse is formed at the end of the pump pulse and the
conversion efficiency is low. 2) When pump power is increased, the 1st Stokes threshold
is reached earlier in respect to the pump pulse and the 1st Stokes pulse has longer time
to gain power, and thus the 1st Stokes pulse duration gets (slightly) longer. 3) When

20

Chapter 2. Theory

P o w e r (m W )

2nd Stokes threshold is exceeded, more power is converted from 1st to 2nd Stokes and
the 1st Stokes conversion efficiency starts to drop: while the 2nd Stokes converts power
from 1st Stokes the 1st Stokes pulse is effectively shortened and distorted. 4) At very
high intensities the competing 1st and 2nd Stokes intensities start to oscillate and the
pulse shape becomes asymmetric. In this model, appearance of 3rd Stokes was neglected.
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Figure 2.13: Simulated output power, pulse duration and conversion efficiency. Note: Model is
not accurate for high gain/power and thus calculated pulse duration of 2nd Stokes is shorter
than in reality.

The most commonly used solid Raman gain materials are crystals such as diamond,
silicon, LiIO3 , Ba(NO3 )2 , KGd(WO44 )2 , BaWO4 and YVO4 [77]. Between these materials,
diamond is superior material for high power Raman lasers due to its outstanding properties
such as high thermal conductivity, high damage threshold, wide transparency range, low
loss, low thermal expansion coefficient and most importantly high Raman gain coefficient
of 42 cm/GW ([111] direction at 532 nm) [78] and large Raman shift of 1332 cm−1 [77].

3 Experimental Work and Results
The experimental work carried out in this thesis, consists of three main components:
the master-oscillator, power amplifier and frequency conversion. The function of the
master-oscillator is to produce short pulses with reasonably small pulse energy, which can
be sustained by the SESAM. The function of the amplifier is to boost the pulse energy to
a level required by the application. The addition of the frequency conversion unit allows
extending the wavelength coverage to spectral regions that are not accessible by direct
emission of the master oscillator.
In this chapter, I will describe the experimental results obtained for each of the three
main components of the system. The master-oscillator is the most important part of the
system in order to meet the desired specifications as it allows the generation of short
optical pulses. The work was initially started with 1064 nm master-oscillator with the
target to obtain sub-100 ps pulses. Later, the work was extended to 1342 nm, with similar
target for pulse duration. The results obtained from these experiments are described in
the section ”3.1 Master-oscillators”.
There are a number of reasons for the use of a separate power-amplifier is advantageous
with the microchip master-oscillator. First of all, the mode area on the microchip has
to be small in order to maintain single transversal mode operation. Due to the demand
for short output pulse, also the thickness of the crystal is limited. Thus, the overall
mode volume in the microchip laser is small and the possibilities for power scaling are
very limited. Therefore, an external power-amplifier is an excellent option for power
scaling. This system architecture also allows independent tuning of the repetition rate
and laser power. Here, we used Nd:YVO4 bulk amplifiers both for 1064 nm and 1342 nm
signal amplification, due to the high emission cross section and naturally coinciding gain
bandwidth. The results obtained from the amplifier experiments are described in section
”3.2 Power amplification”.
The combination of a good master-oscillator and power-amplifier offers the desired pulse
duration and power level at a fixed wavelength. Different wavelength conversion schemes,
such as second, third and fourth harmonic generation, were used to provide more degree
of freedom to move in the spectral domain. The results from the harmonic generation
are presented in section 3.3. While the harmonic generation offers an excellent way to
access 532 nm and shorter wavelengths, it has not been straightforward to generate short
pulses at longer wavelengths (550 – 700 nm), because the 1342 nm master-oscillator could
not meet the sub-100 ps target. Therefore, we started to seek for alternative technical
approaches, which could utilize the 1064 nm and 532 nm system as an ”engine” for
generating longer wavelengths (573 nm and 620 nm). For this purpose we decided to use
diamond Raman laser pumped by 532 nm/1064 nm pulses. The results from the diamond
Raman laser experiments are presented in section 3.4 ”Diamond Raman lasers”. The
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roadmap for wavelengths obtained in this thesis and corresponding frequency conversions
are shown in Figure 3.1

Harmonic generation

Diamond Raman shift
1st Stokes

1064 nm

SHG

SHG
2nd Stokes

532 nm
1st
Stokes

SFG +
355 nm

1240 nm

SHG

620 nm

573 nm
1342 nm
SHG

266 nm

671 nm
SFG +
447 nm

Figure 3.1: Roadmap for frequency shifted wavelengths obtained from primary sources at
1064 nm and 1342 nm. SHG: Second harmonic generation, SFG: sum frequency generation. Not
counting the higher order Stokes and anti-Stokes shifts observed. Dashed line: work planned,
but not carried out so far.

3.1

Master-oscillators

The master oscillators were build using SESAMs at 1064 nm and 1342 nm. In general, the
microchip architecture consisted of a 100 – 200 µm thick planar Nd:YVO4 crystal bonded
to a SESAM. The laser cavity was formed between a partially reflective output coupler
coating ROC deposited on the crystal surface and a highly reflective semiconductor Bragg
mirror in the SESAM. In the case of the 1342 nm samples, a pump reflecting coating
(R > 90% at 808 nm and highly transparent at lasing wavelength) was deposited on
the SESAM surface, to avoid any residual pump absorption in the SESAM. After being
coated, the SESAM was attached to the vanadate crystal. Finally, the laser chips were
glued to aluminium sub-mounts. In the laser setups, the sub-mounts were clamped to
larger heat sinks. The pump sources in all cases were commercial fibre-coupled 808 nm
laser diodes from which the light was focused into about 70 µm diameter spot on the laser
chips. A photograph of two microchips on aluminium sub-mounts is shown in Figure 3.2.
A typical master-oscillator setup is shown in Figure 3.3. The system consists of a 808 nm
fiber-coupled pump diode, collimating lens, polarization selective optics, dichroic mirror,
pump focusing lens and the microchip laser. The function of the dichroic mirror is to
separate spatially the pump light and the signal. Polarizing optics (polarizing cube and
half-wave plate) are used to match the pump polarization along the c-axis of the gain
crystal, providing the highest pump absorption.

3.1. Master-oscillators
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Figure 3.2: Two microchips mounted on aluminium sub-mounts and a 10 cent coin for scale.
f = 30 mm
lens

(half-wave plate)

f = 15 mm
lens

microchip on
sub-mount

808 nm
pump
polarizing cube

dichroic mirror
1064/1342 nm
output

Figure 3.3: A schematic of a typical microchip setup and a pump configuration [P1].

In this work, the output pulse durations were measured with a commercial autocorrelator
(Femtochrome FR-103WS), having a scan range of about 400 ps. Typical autocorrelation
traces at 1064 nm and 1342 nm are shown in Figure 3.4a. Gaussian fitting function was
used for the autocorrelation traces, yielding a value of 102 ps at 1064 nm and 204 ps at
1342 nm.
The longer pulse duration at 1342 nm is explained by two main reasons: longer gain
crystal and lower modulation depth of the SESAM. As indicated by equation (2.14) in
the theory part, the pulse duration depends linearly on the cavity length and absorber
modulation depth. Due to lower emission cross section at 1342 nm, a thicker gain crystal
and lower modulation depth of the SESAM is needed to overcome the lasing threshold.
Thus, the pulse duration at 1342 nm is not as short as pulse duration at 1064 nm, and the
sub-100 ps target was not met at this wavelength. However, the pulse duration of 204 ps
at 1342 nm is the shortest reported pulse duration at this particular wavelength from a
Q-switched microchip laser. For a point of comparison, typical microchip parameters and
output parameters at 1064 nm and 1342 nm are summarized in Table 3.1.
In addition to short pulse duration, a narrow spectral width (<0.1 nm) of the laser is also
an important parameter for some applications, such as time-gated Raman spectroscopy,
targeted in this work. Due to short cavity length, the microchip lasers presented here,
are intrinsically single-frequency lasers. This property arises from the fact that the gain
bandwidth is narrower than spacing between two adjacent Fabry – Pérot cavity modes
(i.e. the free spectral range of the Fabry – Pérot resonator, eq. (2.1)). For example, at
1064 nm the gain bandwidth is about 1 nm wide, and the spacing of the Fabry – Pérot
cavity modes is about 2.6 nm for a 100 µm thick crystal. Therefore, the gain is able to
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Figure 3.4: (a) Typical autocorrelation traces of microchip outputs and (b) spectra at 1064 nm
and 1342 nm, measured with an optical spectrum analyzer having a resolution of 0.02 nm
[P1, P3].

support only one longitudinal resonator mode at a time. The spectral width of the laser
mode is defined by the finesse and free spectral range of the cavity (see eq. (2.2)), which
ensures narrow spectral width below 0.1 nm, with typical output coupler reflectance of
about 90%. The output spectra at 1064 nm and 1342 nm, measured with an optical
spectrum analyzer with resolution of 0.02 nm, are shown in Figure 3.4b. The spectral
widths were 0.08 nm and 0.02 nm, for 1064 nm and 1342 nm, respectively. The narrower
spectrum at 1342 nm is likely explained by the lower gain and smaller free spectral range.
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Figure 3.5: (a) Output power and repetition rate of a 1342 nm Q-switched microchip laser
versus pump power and (b) spectra at different output powers [P1].

Figure 3.5a reveals the output power and the repetition rate of a Q-switched 1342 nm
microchip laser as a function of the pump power. The pulse formation – pulse duration
and energy – are mostly defined by the population inversion and modulation depth of
the SESAM, independent of the pump power. Consequently, the average output power
and the repetition rate are both linearly dependent on the pump power, as seen in
Figure 3.5a. In other words, higher pumping leads to higher repetition rate and average
power, while the pulse energy and pulse duration remain nearly constant. The output
spectra corresponding to different power levels of Figure 3.5a, are presented in Figure 3.5b.

3.2. Power amplification
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The observed red shift with increasing power is due to heating of the gain chip, leading
to shift of the cavity resonance by the amount of thermal expansion. In this particular
case, single-frequency operation is demonstrated up to 18.6 mW average power and at
23.6 mW multiple transversal operation is indicated by the appearance of a side mode in
the spectrum.
Table 3.1: A comparison of the typical microchip parameters and output parameters at 1064 nm
and 1342 nm.

Wavelength
nm 1342 1064
Publ.
P1
P3
Microchip parameters:
Gain thickness
µm
200
100
ROC
%
86
90
Pump reflector @ 808 nm
%
>90
no
nro. of QWs
2×3
Modulation depth1
%
4
8 – 10
Microchip results:
Wavelength
nm 1342 1064
Spectral width
nm
0.02
0.08
Pulse duration
ps
204
102
Average power1
mW 1.04
10
Repetition rate
kHz 100
100
Pulse energy
µJ
0.01
0.1
Peak power
kW 0.05
0.92
1
Modulation depth is estimated from as-grown
samples, i.e. with SESAM-air interface.
To summarize, the SESAM Q-switched 1064 nm microchip lasers fulfill the specifications
for narrow spectrum, short pulse duration and low repetition rate, set for the masteroscillator. In case of 1342 nm master-oscillator, the sub-100 ps target pulse duration
was not met, but the obtained 204 ps pulses still set the record for shortest Q-switched
pulses at this wavelength, and could be useful for many applications. The Q-switched
microchip features and obtained output parameters are summarized in Table 3.1 for both
wavelengths.

3.2

Power amplification

As mentioned previously, the pulse energy and pulse duration of the Q-switched masteroscillator remain nearly constant regardless of the pump power. An external poweramplifier allows us to increase the pulse energy and peak power, preferably without
affecting the spectrum or pulse width.
There are several amplifier materials and configurations commercially available today. The
most commonly used materials include doped crystals and glasses, doped optical fibers
(glass) and optical semiconductors. Out of these, semiconductors are a poor choice of
materials for amplifying low repetition rate lasers, due to their short upper state lifetime,
typically in the range of 1 – 2 ns, which prevents them from storing energy between the
pulses.
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Ytterbium-doped double-clad fiber amplifiers have long upper state lifetime and can
provide very high gain, high efficiency and high output powers up to the multi-kW
range [79]. However, the small mode field diameter and high pulse intensity make this
approach prone to nonlinear optical effects such as self-phase modulation and stimulated
Raman scattering, which may negatively affect both spectral and temporal properties of
the pulses [80].
In contrast, in bulk crystal or glass amplifiers the mode area can be up-scaled avoiding the
nonlinear effects. However, doped crystal materials have very limited gain bandwidth, due
to which only Nd:YAG and Nd:YVO4 are potential options for 1064 nm and Nd:YVO4 for
1342 nm. Out of these two materials, YAG has higher thermal conductivity and higher
saturation fluence [81], which makes it suitable for high power amplification. YVO4 on
the other hand, has higher emission cross section [57], which makes it better suited for
small signal amplification, pursued here.
Doped crystal (and glass) amplifiers can be arranged in a number of configurations
including traditional bulk, slab and rod arrangements, for example. Slab and rod amplifier
are essentially bulk amplifiers in which the amplifier geometry may provide improved heat
transfer and/or pump beam guiding. Such amplifiers could be highly advantageous for
short pulse amplifications, especially with very high pulse energies [22, 82 – 84]. However,
here we chose to use traditional Nd:YVO4 bulk crystal amplifiers as the minimum viable
solution, having simple pump arrangement, sufficient amplification, low cost and wide
commercial availability.
In this thesis, two power amplifier setups were built, one for 1064 nm and one for 1342 nm.
The basic principles of the two setups are the same with the major difference that the
1342 nm system included two stages of amplification, due to weaker emission cross section.
The schematic presentations of the setups are shown in Figure 3.6.
Both amplifiers incorporate 5 – 6 mm long, 0.5%-doped Nd:YVO4 crystals with c-axis
parallel to master-oscillator polarization, pumped by 808 nm fiber coupled diode lasers
(fiber core diameter 105 µm, NA 0.22). The front surfaces of the amplifier crystals were
anti-reflection coated for 808 nm and laser signals. The back surfaces were coated for high
reflection at laser wavelength and high transmission at 808 nm, while 1342 nm crystals
also had high transmission for 1064 nm. The front surface was also wedged at 2-degree
angle to prevent lasing in the amplifier. The laser beam diameters in the amplifier crystals
were about 100 µm, which closely correlated with the 808 nm pump spot diameters. The
amplifier crystals were wrapped in indium foil and clamped to Peltier cooled heat sinks
maintained at 20 ◦ C temperature.
The double-pass amplifier setups shown in Figure 3.6 include optical circulators, formed
by half-wave plates, polarizing beam splitter cubes and Faraday rotators, where the light
is passed around to another stage of double-pass amplifier and finally to the output (at
1342 nm setup), or directly to the output (at 1064 nm setup). The setups also contain
additional isolators to prevent feedback from the amplifier to the microchip laser and
from the output back to the amplifiers. The two-stage amplifier at 1342 nm also contains
an additional long-pass filter to filter out 1064 nm signal and therefore prevent lasing at
1064 nm.

3.2. Power amplification
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Figure 3.6: Top: Schematics of amplifier setups at 1064 nm and 1342 nm [P2, P3]. MO: masteroscillator, HWP: half-wave plate, PBS: polarizing beam splitting cube, FR: Faraday rotator,
FEL1100: 1100 nm long-pass cut-off filter, M: (silver) mirror. Bottom: Generic photograph of
the 1064 nm master-oscillator power-amplifier setup on optical table.
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Figure 3.7: Amplifier output powers for 1064 nm (a) and 1342 nm (b) setups versus combined
pump power at 808 nm [P2, P3].

With a 1064 nm input power of ∼10 mW at 100 kHz, a maximum output power of 1.32 W
was reached at 8.7 W of incident pump power (combined from two pump diodes), as
shown in Figure 3.7a. At 1342 nm, 80 mW of output power was reached at pump power
of 7.6 W, with input power of ∼4.5 mW at 444 kHz (Figure 3.7b). For comparison, at
7 W pump power level the 1064 nm signal was amplified by factor of 110× from 10 mW
to 1100 mW, while the 1342 nm signal was amplified only 17× from 4.5 mW to 75 mW.
Also, both pulse duration and spectral width in both cases were measured before and
after amplifiers and no changes were observed, in either case.
To summarize, the obtained results clearly indicate that the 100-ps pulses at 1064 nm can
be amplified to sufficiently high power without penalty to pulse duration or spectral width.
The 1342 nm system could just barely meet the power targets, but the amplification
was significantly smaller in comparison to 1064 nm, and also the system was far more
complex.

3.3. Second harmonic and sum frequency generation

3.3
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Second harmonic and sum frequency generation

Many high efficiency solid state laser materials, such as Nd, Yb, Er, Ho, Tm-doped crystals
and glasses, emit in the infrared region, and can be pumped with efficient, low-cost diode
lasers. The number of directly visible emitting solid state laser materials, such as Pr-doped
crystals and Ruby, is very limited. They also require visible pump sources that are not as
mature and widely available as infrared-diodes. Due to these reasons the visible and UV
regions are commonly accessed by harmonic frequency conversion of infrared lasers.
As discussed in section 2.3, the nonlinear frequency conversion processes are highly
intensity dependent and benefit greatly from narrow spectral width of the input signal.
In this work, the intrinsically narrow spectrum, short pulse duration and high intensity
enable direct frequency conversion in single-pass configuration with high efficiency. Thus,
the system used here, avoids the need for intra-cavity frequency conversion and more
complex resonant external-cavity frequency conversion [36, 85]. The single-pass frequency
conversion units are extremely simple, easy to align and can be cascaded (as modules).
Overall, this makes the frequency conversion scheme compact and robust.
Table 3.2: Used harmonic frequency conversion crystals and results.

Harmonic wl.
nm
266
355
532
620
Fundamental wl.
nm
532
1064+532 1064 1240
Publ.
P3
P3
P3
-1
Properties:
Material
BBO
LBO
LBO LBO
Type
I
II
I
I
◦
θ
90
42.2
90
85.8
◦
φ
47.7
90
11.6
0
Length
mm
5
15
10
10
◦
Temp.
C
25
25
25
25
def f
pm/V 1.75
0.54
0.83
0.82
Results:
Wavelength
nm
266
355
532
620
Spectral width
nm
0.06
0.08
0.11
Pulse duration
ps
<86
<86
86
46
Avg. Power
mW
83
143
720
128
Repetition rate
kHz
100
100
100
100
Pulse energy
µJ
0.83
1.43
7.2
1.28
Peak power
kW
>9
>16
79
21
Conv. Eff.
%
19
13
56
50
Input pulse
ps
86
102/86
102
62
1
To be published
2
Quasi phase-matched (QPM) poling period is 13.5 µm

671
1342
P2
PPLN
QPM2
10
83.2
17
671
0.12
225
55
444
0.124
0.52
69
326

A typical single-pass frequency conversion scheme consists of a focusing lens, nonlinear
crystal, collimating lens and a dichroic mirror that separates the frequency converted
signal from the input beam. In this thesis, 2nd, 3rd and 4th harmonic wavelengths were
generated from the 1064 nm, and 1342 nm and 1240 nm inputs were both frequency
doubled. The 1240 nm signal was generated from a Raman laser discussed in the next
section. Schematic presentations of the setups are shown in Figure 3.8 with a photograph
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of a typical frequency conversion setup. The details of the nonlinear crystals used are
listed in Table 3.2.

1064 nm
1240 nm
1342 nm

532 nm
620 nm
671 nm

LBO
DM
LBO
PPLN

1064 nm + 532 nm
1064 nm

355 nm
LBO-1

LBO-2

DM

532 nm

1064 nm

266 nm

1064 nm
LBO

DM

BBO

DM

Figure 3.8: Top: Schematic presentations of the harmonic frequency conversion setups, each
dashed box presenting one modular step. LBO: Lithium Triborate, PPLN: Periodically Poled
Lithium Niobate, BBO: Beta Barium Borate, DM: Dichroic mirror, HWP: Half-wave plate
[P2, P3]. Bottom: A generic photograph of a harmonic conversion setup.

The frequency converted powers versus incident power with corresponding conversion
efficiencies are presented in Figure 3.9, along with their corresponding spectra and typical
beam profiles. The main results, highest power with corresponding conversion efficiency
and pulse duration, are also compiled in Table 3.2.
The obtained results show that the >50 mW average power target was reached at all
harmonic wavelengths. Also the target for spectral width of less than 0.1 nm was met
in all cases, except that at 266 nm spectral width could not be measured with sufficient
resolution, due to lack of a suitable measurement device. Conversion efficiency from IR
to visible exceeded 50% in all cases. The conversion from 532 nm to 266 nm was 19%,
and from 1064+532 nm to 355 nm was about 13%. The lower conversion efficiency at

3.3. Second harmonic and sum frequency generation

31

6 0
4 0

4 0 0

2 0

2 0 0

0

2 0 0

4 0 0

6 0 0

1 0 6 4 n m

0
1 0 0 0 1 2 0 0 1 4 0 0

8 0 0

P (1 0 6 4 ) < P (5 3 2 )

1 0

1 0 0
5

5 0
0
0

2 0 0

4 0 0

1 0 6 4 n m

6 0 0

+ 5 3 2 n m

8 0 0

1 0 0 0

0
1 2 0 0

1 5

4 0

1 0

2 6 6 n m

2 0

5
0

0

0

p o w e r (m W )

6 0

1 0 0

2 0

2 0 0
3 0 0
4 0 0
5 3 2 n m p o w e r (m W )

5 0 0

0 .0
5 3 1 .2

5 3 1 .7

5 3 2 .2

5 3 2 .7

5 3 3 .2

1 .0
0 .8
0 .6
0 .0 6 n m

0 .4
0 .2
0 .0
3 5 3 .7

3 5 4 .2

3 5 4 .7

3 5 5 .2

3 5 5 .7

6 0

4 0
3 0

4 0

2 0

2 0

1 0
0
0

1 0

2 0

3 0 4 0 5 0 6 0 7 0
1 3 4 2 n m p o w e r (m W )

8 0

9 0

0

5 0
4 0

7 5

3 0

5 0

2 0

2 5

1 0
0

0

5 0

1 0 0
1 2 4 0 n m

1 5 0

0 .6
0 .4
0 .2
0 .0

2 3 0

2 4 0

2 5 0

2 6 0 2 7 0 2 8 0 2 9 0
W a v e le n g th ( n m )

3 0 0

3 1 0

1 .0
0 .8
0 .6
0 .4

0 .1 2 n m

0 .2
0 .0
6 7 0 .0

6 7 0 .5

6 7 1 .0

6 7 1 .5

6 7 2 .0

6 0

1 0 0

0

0 .8

W a v e le n g th ( n m )

P o w e r
C o n v e r s io n e ffic ie n c y

1 2 5

1 .0

8 0

P o w e r
C o n v e r s io n e ffic ie n c y

5 0

C o n v e r s io n e ffic ie n c y ( % )

p o w e r (m W )

6 0

6 7 1 n m

0 .2

2 5
P o w e r
C o n v e r s io n e ffic ie n c y

8 0

p o w e r (m W )

0 .0 8 n m

0 .4

W a v e le n g th ( n m )

1 0 0

6 2 0 n m

0 .6

p o w e r (m W )

C o n v e r s io n e ffic ie n c y ( % )

p o w e r (m W )
3 5 5 n m

1 5

P o w e r
C o n v e r s io n e ffic ie n c y
P (1 0 6 4 ) > P (5 3 2 )

0 .8

W a v e le n g th ( n m )

2 0 0
1 5 0

1 .0

p o w e r (m W )

C o n v e r s io n e ffic ie n c y ( % )

0

C o n v e r s io n e ffic ie n c y ( % )

P o w e r
C o n v e r s io n e ffic ie n c y

6 0 0

2 0 0

p o w e r (m W )

2 5 0

C o n v e r s io n e ffic ie n c y ( % )

5 3 2 n m

p o w e r (m W )

8 0 0

1 .0
0 .8
0 .6
0 .4

0 .1 1 n m

0 .2
0 .0
6 1 9 .0

6 1 9 .5

6 2 0 .0

6 2 0 .5

6 2 1 .0

W a v e le n g th ( n m )

Figure 3.9: Left: Frequency converted powers and conversion efficiencies given as function
of input power. Right: Corresponding output spectra and beam profiles (VIS)/pictures (UV).
[P2, P3] and 620 nm data to be published.
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355 nm was in part due to mismatch in overlap of 1064 nm and 532 nm input signals,
both spatially and temporally. At 266 nm the conversion efficiency is in part limited by
the large spatial walk-off in the BBO crystal, which limits the crystal length.
To summarize, the combination of SESAM Q-switched microchip master-oscillator, bulk
power-amplifier and single-pass harmonic generation in bulk crystal provides an efficient
way for generating sub-100 ps pulses at UV and visible parts of the spectrum. The chosen
laser architecture is also modular, robust and easy to align, which makes it also interesting
for commercial applications.

3.4

Diamond Raman lasers

As shown in the previous section, the generation of harmonic frequencies enables formation
of sub-100 ps pulses at 532 nm, 355 nm and 266 nm, however, this technique does not
allow us to produce sub-100 ps visible pulses at wavelengths longer than 532 nm. For
this reason, the Raman laser approach was used to target the hard-to-reach wavelengths
at 570 – 630 nm.
As discussed in section 2.3.2, generation of stimulated Raman scattering is dependent
on the Raman gain material, pump wavelength and intensity. Here, diamond was the
material of choice, for its superior thermo-optical properties. The absolute Raman gain
[78] at 532 nm is more than twice the gain at 1064 nm, thus the first Raman laser
experiments were started using 532 nm pumping. Later, also 1064 nm pumping was used.
In total, three different diamond Raman lasers were built, two of which operated at
573 nm (532 nm pump) and one at 1240 nm (1064 nm pump). All systems consisted of
a thin planar diamond, coated on both sides to form a simple monolithic plane-plane
cavity. The setups contained the pump, a half-wave plate, pump focusing lens, the Raman
diamond and an output collimating lens. Different pump focusing lenses were tested in the
experiments as the pump intensity significantly affects the pulse duration and generation
of higher order Stokes lines. A photograph of a typical Raman laser setup is shown in
Figure 3.10. The details of the diamonds and coatings are summarized in Table 3.3 and a
microscope picture of a diamond Raman laser sample is shown in Figure 3.11.

Figure 3.10: A photograph of a typical Raman laser setup.

The Diamond-1 and Diamond-2 were provided by Prof. Alan Kemp’s group from the
University of Strathclyde, Glasgow, Scotland, and they were both designed for pumping
at 532 nm.

3.4. Diamond Raman lasers

33

Figure 3.11: A polarizing microscope picture of a Raman diamond. The color changes in the
diamond correlate to changes in birefringence. Aperture diameter in the picture is about 4 mm.
Table 3.3: Input and output coating reflectance (%) of the diamond Raman lasers. HR: high
reflectance (>99.6%).

Pump
Thickness
Publ.
1st anti-Stokes
Pump
1st Stokes
2nd Stokes

Diamond-1
532 nm
0.5 mm
P4
Ri1 /Ri2
23/35
18/HR
HR/82
15/25

Diamond-2
532 nm
2 mm
To be publ.
Ri1 /Ri2
23/35
18/HR
HR/60
15/15

Diamond-3
1064 nm
0.5 mm
To be publ.
Ri1 /Ri2
52/44
0.1/HR
HR/52
3/1.2

With Diamond-1 (thickness 0.5 mm) we achieved up to 180 mW of average power at
573 nm 1st Stokes with conversion efficiency of 47.6% using f = 75 mm pump focusing
lens (∅47 µm pump spot), while the highest conversion efficiency of 52% was achieved
at 157 mW of average power. At high powers the conversion efficiency is limited by
the appearance of 2nd Stokes output as seen in Figure 3.12. The corresponding pulse
durations varied around 56 – 76 ps, as seen in Figure 3.12. By scaling up the pump spot
size, with f = 100 mm lens (∅62 µm pump spot) the conversion efficiency was slightly
reduced, but the pulse durations decreased to 36 – 39 ps. A typical output spectrum is
shown in Figure 3.12 and has a spectral width of 0.05 nm. The diamond was also tested
using f = 50 mm pump focusing lens (∅31 µm pump spot) and up to 16.4 mW of 2nd
Stokes emission was observed at 620 nm and less than 2 mW of 1st anti-Stokes at 497 nm
was observed. In other words, smaller pump spot size generates more higher order Stokes
and anti-Stokes emission (clearly seen in Table 1 at [P4]).
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Figure 3.12: Top-left: Output power of the Diamond-1. Top-right: Conversion efficiency from
532 nm pump to 1st Stokes and 2nd Stokes output power. Bottom-left: Measured and simulated
pulse duration. Bottom-right: 1st Stokes output spectrum and a photograph of the output beam.
(0.5 mm diamond Raman laser at 573 nm with various pump focusing lenses). [P4]

Studies with Diamond-2 (thickness 2 mm) were done under intense pump focusing with a
f = 19.1 mm lens (∅12 µm pump spot). High pump intensity lead to efficient 2nd Stokes
output up to 62 mW average power with 18% conversion efficiency (pump to 2nd Stokes),
while 58 mW (17%) was generated at the 1st Stokes line. The output power curves can
be seen in Figure 3.13. The cascading effect to 2nd Stokes output can be clearly seen
reducing the 1st Stokes efficiency, while the overall conversion efficiency keeps increasing,
and reduced only at high powers. The appearance of 2nd Stokes output also makes the
1st Stokes pulse asymmetric as can be seen in autocorrelator traces in Figure 3.13. This
is a results, of conversion to 2nd Stokes from the trailing edge of the 1st Stokes pulse,
as predicted in theory (Figure 2.12). High intra-cavity intensity of the 1st Stokes also
creates a very short and intense 2nd Stokes pulse down to 24 ps with 10 mW average
power, being the shortest pulse duration achieved in this work.
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Figure 3.13: Output characteristics of Diamond-2. Top-left: Output power. Top-right:
Conversion efficiency from 532 nm pump to 1st Stokes and 2nd Stokes output power. Middle-left:
Autocorrelation (AC) signal of the 1st Stokes output. Middle-right: Autocorrelation (AC) signal
of the 1nd Stokes output. Bottom-right: Measured pulse durations of 1st and 2nd Stokes output.
Bottom-right: 1st and 2nd Stokes output spectra. (2 mm diamond Raman laser at 573 nm and
620 nm). To be published.

This work was continued with a target to extend the picosecond diamond Raman lasers to
1240 nm by 1064 nm pumping. For this purpose, coatings were deposited on Diamond-3
(thickness 0.5 mm) to provide proper reflectance for pump and signal. The effect of
the output coupler reflectance to the pulse duration and conversion efficiency was first
simulated using the intensity rate equations (2.30) – (2.32). The results of the simulation
are shown in Figure 3.14, and suggest that there is a trade-off between the shortest pulse
duration and conversion efficiency. Here, the emphasis was put on short pulse duration
and about 50% reflectance at 1240 nm was chosen for the output coupler. The 50%
reflectance also gives an options to increase the reflectance later by depositing more Bragg
reflector layer pairs to the mirror structure, if necessary. The aim was also to suppress
the higher Stokes and anti-Stokes lines by minimizing the mirror reflectances at these
wavelengths. The deposited coating reflectances are given in Table 3.3.
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Figure 3.14: Simulated 1st Stokes pulse duration and conversion efficiency versus output
coupler reflectance.
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The Diamond-3 operated at 1240 nm and the pump was focused with a f = 48 mm
lens, creating spot of 30 µm in diameter. Up to 246 mW of 1st Stokes output power
was achieved with pulse duration of 61 ps, and 25% conversion efficiency. The pulse
duration was found to gradually increase, being as short as 41 ps at 45 mW output power.
At high powers also up to 3rd Stokes and down to 3rd anti-Stokes emission lines were
observed, however the powers were only some hundreds of µW at higher order Stokes and
anti-Stokes lines, and at best few mW at 2nd Stokes lines. A typical output spectrum is
shown in Figure 3.15 and has a spectral width of 0.06 nm.
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Figure 3.15: Top-left: 1240 nm output power given as function of 1064 nm pump power
(Diamond-3). Top-right: Conversion efficiency from 1064 nm to 1240 nm. Bottom-left: Measured
pulse durations at 1240 nm and frequency doubled 620 nm. Bottom-right: 1st Stokes output
spectrum and an output beam profile. To be published.
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Table 3.4: Selected results of the diamond Raman lasers.

Diamond-#
1
1
2
2
3
Publ.
P4
P4
To be publ. To be publ. To be publ.
Pump wl.
nm
532
532
532
532
1064
Pump f
mm
100
75
19.1
19.1
48
Pump spot
µm
62
47
12
12
30
Stokes #
1st
1st
1st
2nd
1st
Wavelength
nm
573
573
573
620
1240
Spectral width
nm
0.05
0.05
0.05
0.05
0.06
Pulse duration
ps
39(1
76(1
34(2
24(2
62
Avg. power
mW 143(1 170(1
10(2
10(2
246
Repetition rate kHz
100
100
100
100
100
Pulse energy
µJ
1.43
1.7
0.1
0.1
2.46
Peak power
kW
35
21
2.8
4.0
37
Conv. eff.
%
40
50
17
18
25
Input pulse
ps
86
86
86
86
102
1
Pulse duration and average power given at a point corresponding to conversion
efficiency. Shorter pulses are possible at lower power and conversion efficiency.
2
Shortest measured pulse durations and corresponding average power.
The stimulated Raman scattering can be understood as a 3rd order nonlinear process
and the coupling to anti-Stokes wave can be described as a four-wave mixing process.
In order to efficiently convert the light to anti-Stokes wave, a proper phase-matching is
required [65]. If the diamond Raman laser is in angle in respect to incident pump beam
the phase-matching condition is better satisfied. Thus, throughout the measurements,
the diamond was kept at near zero angle of incidence to the pump in order to minimize
conversion to the anti-Stokes. However, the photograph in Figure 3.16 was taken when
the diamond was tilted by 2° with respect to the incoming pump beam to better satisfy
the phase-matching condition. Under these pumping conditions, the higher order Stokes
modes are non-collinear and are highly asymmetric, as expected [61]. Also, a (weak) ring
pattern, formed by unstable cavity, can be seen in the Figure 3.16.

Figure 3.16: A photograph of the Diamond-1 output beam at high pump intensity and small
incident angle showing 5 different Stokes/anti-Stokes lines observed [P4].
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To summarize, the diamond Raman lasers were found to act as efficient wavelength
converters for sub-100 ps Q-switched pulses from 532 nm to 573 nm, and from 1064 nm to
1240 nm. In addition, the diamond Raman laser acted also as an effective pulse shortening
element. The conversion efficiency and pulse shortening could be tailored by changing
the pump spot diameter and mirror reflectance. A trade-off between maximum pulse
shortening and conversion efficiency was observed. At high pump intensities up to 60 mW
of 2nd Stokes 620 nm emission was observed. The conversion efficiencies of first and
second Stokes could be improved by further optimization of the mirror design.
Short pulse emission at 620 nm was generated via two ways: 1) directly by 2nd Stokes of
532 nm pumped Raman laser, and 2) by frequency doubling 1st Stokes 1240 nm emission
from a 1064 nm pumped Raman laser. In the latter case, up to 128 mW of 620 nm emission
was generated. The efficiency of 1st Stokes emission at 1240 nm could be potentially
further improved by more optimized mirror design, also improving power at 620 nm. In
the 532 nm pumped case, the shortest pulses at 620 nm were 24 ps with 10 mW of average
power. A clear advantage of the monolithic diamond Raman laser is that it can be added
modularly to the system, before or after the harmonic frequency conversion module. In
principle, it is also possible to cascade Raman laser modules, in order to suppress the
competition of 1st and 2nd Stokes emission. It should be also possible to add/cascade
Raman lasers made of different gain materials in order to generate other wavelengths.

4 Conclusion
4.1

Main results and progress beyond the state-of-the art

The main objective of this thesis was to develop sub-100 ps Q-switched microchip lasers
for UV, visible and IR regions. The technical approach combined neodymium doped
YVO4 laser crystals and SESAMs as a Q-switching element. This unique combination
of high emission cross section solid state gain material and micrometer thick absorber
enables the use of very short laser cavity, leading to short output pulse duration.
The SESAM Q-switched 1064 nm microchip lasers fulfilled the specifications for narrow
spectrum, short pulse duration and low repetition rate, set for the master-oscillator. In
the case of 1342 nm master-oscillator, the sub-100 ps target pulse duration could not be
reached, but the obtained 204 ps pulses still set the record for the shortest Q-switched
pulses at this wavelength. The outputs from the master-oscillators were amplified without
penalty to pulse duration or spectral width. Up to 1.3 W of 1064 nm signal was produced
in a single-stage bulk Nd:YVO4 amplifier. At 1342 nm a dual-stage amplifier system was
built producing up to 80 mW of average power, meeting the preset power target relevant
for nonlinear conversion and applications. The results obtained at 1342 nm lead to the
conclusion that further improvements in pulse shortening and power amplification would
face severe limitation owing to low gain available in existing laser crystals.
The excellent results obtained at 1064 nm enabled further harmonic generation in singlepass configuration to 532 nm, 355 nm and 266 nm, with reasonable output power of
720 mW, 150 mW and 83 mW, respectively. A further pulse shortening was also observed
in the process of harmonic generation. Following a similar approach, the 1342 nm signal
was frequency doubled to 671 nm with 69% efficiency and 55 mW of average output
power.
Furthermore, we demonstrated the first picosecond diamond Raman laser with a Qswitched pump laser. The 573 nm Raman laser was pumped by 85 ps pulses at 532 nm
and it could produce 39 ps output pulses with 143 mW average power and 40% conversion
efficiency. Another diamond Raman laser was demonstrated at 1240 nm, pumped with
1064 nm Q-switched amplified system, delivering 62 ps pulses with 246 mW average power.
This laser was also frequency doubled to 620 nm resulting in 46 ps pulse duration and an
output power of 128 mW. The red 620 nm wavelength was also achieved as 2nd Stokes
emission from 532 nm under intense pumping, and as short as 24 ps pulse duration with
10 mW of average power was achieved. The obtained results show that the diamond
Raman laser acts as an efficient wavelength converter and pulse shortening element in
the picosecond range.
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Pulse Repetition
Peak
energy
rate
power
(µJ)
(kHz)
(kW)
0.83
100
(>9)2
1.5
100
(>16)2
7.2
100
79
1.5
100
36
1.8
100
22
1.7
100
32
0.1
100
3.9
0.62
100
1.3
100
26
0.65
100
10
0.124
444
0.52
13.2
100
122
2.5
100
37
1.12
100
19
0.01
2300
0.05
0.8
444
0.52
expected to be shorter than the

4th harmonic of 1064 nm
3rd harmonic of 1064 nm
2nd harmonic of 1064 nm
1st Stokes Raman, 532 nm pump
1st Stokes Raman, 532 nm pump
1st Stokes Raman, 532 nm pump
2nd Stokes Raman, 532 nm pump
2nd Stokes Raman, 532 nm pump
1st Stokes Raman at 1240 nm and 2nd harmonic
1st Stokes Raman at 1240 nm and 2nd harmonic
2nd harmonic from 1342 nm
Amplified, direct
1st Stokes Raman, 1064 nm pump
1st Stokes Raman, 1064 nm pump
Direct
Amplified, direct
fundamental pulse duration.

Method

Table 4.1: Compiled figures of merit of the laser output parameters obtained in this work. Most values listed are the highest output powers achieved
and pulse duration corresponds to that of listed power level. From dynamic systems some additional – worthy of mentioning – figures are given.

Pulse
Average
Publication Wavelength duration
power
(nm)
(ps)
(mW)
P3
266
(<86)1
83
P3
355
(<86)1
150
P3
532
86
720
P4
573
39
149
P4
573
76
182
P4
573
49
167
To be publ.
620
24
10
To be publ.
620
-3
62
To be publ.
620
46
128
To be publ.
620
33
65
P2
671
225
55
P3
1064
102
1320
To be publ.
1240
62
246
To be publ.
1240
55
112
P1
1342
204
24
P2
1342
326
80
1
Pulse duration at UV was not measured. Value is
2
Calculated with 86 ps pulse duration.
Irregular pulse shape.
3
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The main technical achievements obtained are summarized in Table 4.1. The laser
architecture developed exhibits several generic benefits: the master-oscillator is very
compact and monolithic, and does not require fine aligning of the cavity elements. The
pulse energy can be scaled with a simple and robust power-amplifier, while the repetition
rate can be tuned by the master-oscillator. The laser system consists of modular blocks
and further power amplification can be done by just adding another stage of amplification
to the system. Similarly, new wavelengths can be generated by adding harmonic conversion
or Raman laser modules into the system. Such, modular design allows cascaded frequency
conversion schemes and may combine Raman lasers and harmonic generation in chosen
order. For example, in this thesis 620 nm signal was produced from both frequency
doubled 1240 nm Raman laser and directly from a Raman laser pumped by 532 nm.
Finally, such modularity makes the overall system easy to align, simple, robust, and build
by bulk materials it is low-cost device.

4.2

Future outlook

The future development of sub-100 ps Q-switched microchip systems could take several
direction, some of which are summarized below:
1. Development of sub-20 ps pulse sources by optimizing SESAM and Raman lasers
2. Expansion of the wavelength coverage (see Figure 4.1)
3. Power scaling towards 100 µJ pulse energy, and beyond
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Figure 4.1: Demonstrated spectra, master-oscillator spectra, frequency converted spectra and
future work visualized. UV: ultra-violet, VIS: visible and NIR: near-infrared spectral regions.

Related to these generic targets, the shortest optical pulses obtained in this work were
24 ps with 10 mW of average power at 620 nm (2nd Stokes, Diamond-2). It is reasonable
to expect that 10 – 20 ps, or even transform limited 5 ps pulses with spectral width
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of 0.11 nm, could be achieved in the future with more optimized system. Simply, by
optimizing the coatings of a Raman laser, one could optimize the power at the 1st or
the 2nd Stokes line. In the case of 1064 nm pumped diamond Raman laser for example,
1485 nm 2nd Stokes emission could potentially be generated with reasonable efficiency.
The 1485 nm could prove useful for application, such as eye-safe high resolution LIDAR. It
would also enable generation of frequency doubled signal at 742 nm, which would closely
overlap with the operation range of alexandrite lasers. The excellent results obtained at
620 nm suggest that we should be able to generate at least 20 mW of 310 nm UV signal
with sub-50 ps pulse duration.
Some short pulse applications require also high average power and high pulse energy.
Based on previous reports [86] on short pulse amplification and data sheets of commercially
available amplifiers, it seems likely that over 100 µJ pulse energy and over 10 W average
power could be achieved using 1 W of 1064 nm input and one stage of power amplification.
Finally, the objectives of this thesis gave very strict requirements (sub-100 ps) for the pulse
duration and the gain material was thus limited to Nd:YVO4 at 1064 nm. However, many
applications do not have such stringent requirements for the pulse duration. Thus, the
same microchip approach could be incorporated with other laser gain materials reaching
more wavelengths, and serving other applications.
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