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Abstract
This thesis presents research results in two general areas of the solid-state laser
technology commonly used in defence applications. The first area uses volume Bragg
gratings (VBGs) as cavity mirrors, giving wavelength selection, linewidth reduction
and improved frequency doubling efficiency. The second area is in extending the
operating temperature range of diode-pumped Nd-doped pulsed lasers through the
use of VBGs, external-cavity absorber-locked diode lasers and enhancements of pump
chamber efficiency.
For a laser-diode end-pumped Nd:YVO4 solid-state laser, a VBG laser cavity, with
output powers of up to 6.2 W is demonstrated at 1064 nm. With a conversion efficiency
of 0.4 and M2 of ≤1.2, the laser linewidth is reduced by a factor of 16, to 72 pm,
compared to a conventional dielectric mirror cavity. Intra-cavity losses due to the
VBG are shown to be 2%. The 1064 nm VBG cavity is then Q-switched using an AO
modulator to generate peak powers of 2.3 kW. The second harmonic generation in a
MgO:PPSLT crystal produced a 20% increase in second harmonic power, compared to
a cavity with a conventional dielectric mirror. The improvement is attributable to the
reduced linewidth. A similar configuration, but using a VBG with 98% reflectivity at
1342 nm, generates up to 3.8 W of output power. The use of two VBG mirrors in a
single cavity, further narrows the linewidth, allowing for output powers up to 2.3 W, in
a single longitudinal mode. In-cavity heating of the VBG is found to give a reduction
in reflectivity, a shift in the centre wavelength and increased linewidth. This is both
modelled and experimentally demonstrated.
For enhanced pumping of high-energy Q-switched Nd:YAG zigzag-slab lasers,
two techniques of externally locking the wavelength of the QCW laser diodes are
demonstrated. A chirped 808 nm VBG locks the wavelength of a newly developed
chirped quantum-well laser-diode array, without the need for fast-axis collimation.
Locking over a temperature range of 50 ◦ C is demonstrated, with a predicted locking
range of 70 ◦ C. As an alternative to VBG locking, a laser diode bar locked at 885 nm
is also demonstrated by using a thin Nd:YVO4 absorber. Filtered feedback locks
the spectrum into peaks, which are in the Nd:YAG absorption bands over a 45 ◦ C
range. In a parallel effort, a pump laser array configuration that increases the overall
absorption path length from 1 to 3 cm in a side-pumped zigzag slab is demonstrated. By
optimising the bounce lengths of the pump light and the inclusion of multi-wavelength
laser bars, operation up to 80 ◦ C is demonstrated with an absorption efficiency of
80%. By adjusting the diode drive pulse duration, a Q-switched laser using this pump
head operates from -40 to +60 ◦ C with a constant energy of 60 mJ. The operational
temperature range of this configuration is shown to be over 120 ◦ C.
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Chapter 1
Introduction
Since the inception of the laser by Maiman in 1960 [1] and despite the claim that they
were “ solutions looking for a problem ”, militaries around world quickly recognised
the potential of the laser for a wide variety of combat functions.
Whilst high-energy laser weapons were at the forefront of military aspirations, the
initial role for the laser was to mark targets, guiding new sensor enabled bombs much
more accurately than had previously been possible to achieve. For the last thirty
years, targeting lasers have been fitted to a wide range of military devices, from fixed
wing aircraft to ground-based vehicles. The deployment of hand-held targeting lasers
has also increased over the past thirty years, and is now considered standard issue
equipment for most special forces operators and joint forward air controllers.
The laser targeting market in Western countries was estimated to be in excess of
£70 million [2]. As a result of technological advances improving size, weight, functionality and cost, the market is expected to grow by 50% over the next ten years [3].
A more recent requirement for military operators is the deployment of optical countermeasures. Increasingly, the use of stealth technology and optical sensors in military
equipment has stimulated development in the optical countermeasures field. Roles,
such as denying communications, disabling missile targeting systems and dazzling
optical sensors, are now key capabilities for a modern military.
The first part of this thesis investigates the use of volume Bragg gratings to create
multiple narrow-linewidth sources. The aim is to develop sources that, in the future,
could be used to create a cost-effective multi-wavelength source for the countermeasure
applications described previously.
The bulk of the predicted growth in the laser market is expected to occur in
the hand-held segment, where older flashlamp-pumped systems are gradually being
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replaced with diode-pumped technology. The focus of the second half of this thesis,
chapters 7, 8 and 9, is the development of diode pumping technologies to satisfy
the man-portable laser requirements. The main characteristic of the new pumping
configuration is the ability to operate without any active thermal control. In current
targeting lasers deployed in vehicles and aircraft, a significant portion of the power
consumption, overall weight and cost are attributed to the thermal management. To
allow for covert operation in the field, the laser must be lighter, more portable and
more efficient and therefore must be able to operate without any thermal control.

1.1

Target Designator / Rangefinder Laser Requirements and
Characteristics

The purpose of both the targeting laser and the laser dazzler is to direct energy onto
a target. The incident energy on the target will either disable any optical sensor or
the subsequent scatter from the target will allow for identification from sensors placed
a large distance away. The first targeting lasers were based on the initial Ruby laser
developed by Maiman, as well as the Q-switching techniques developed shortly after.
The ability to increase the overall peak power onto a target by Q-switching, allowed
for an increase in the range at which the signal could be detected [4] [5].
Fig. 1.1 shows the typical parameters that define the stand-off distance for a
targeting laser, the diagram is based on that presented by Kruapech and Widjaja [6].

Figure 1.1 – Diagram of targeting system with key laser parameters.

The key parameters are also shown in equation (1.1) [6]. This equation determines
the power received by a sensor placed at some distance away from a designated target.
2

Prec =

Etx D2 At
× τatm τsys
8πR4 Θ2 t

(1.1)

where
Etx = Output energy transmitted
Prec = Power on target
R = Distance to target
D = Detector aperture size
Θ = Laser half angle divergence
At = Target area
τatm = Atmospheric transmission factor
τsys = System transmission factor
t = Laser pulse duration
λ = Wavelength
From equation (1.1), the laser performance can only affect a limited number of
parameters. The first parameter is the transmitted energy. The simple linear relationship shows that by increasing the output energy from the laser, the level observed on
the receiver can be increased. Likewise, by decreasing the pulse width, the peak power
incident on the detector could be increased. For the adjustment of the pulse width
however, we are limited by the performance of the sensor used to detect the scattered
light. Older seekers typically operate with a bandwidth of 300 MHz, limiting the
resolution to ≈ 3 ns. For the accurate detection of pulses at this operational bandwidth,
the operating pulse width is typically above 11 ns.
The second parameter that is a function of the laser performance is the divergence.
This will essentially control the size of the beam incident on the target. By increasing
or decreasing the divergence, the amount of energy on a target can be varied . The
optimum solution suggests that a narrow divergence will provide the optimum performance. In a real-life scenario however, it must be considered that the target reflectivity
will not be uniform. By filling the target with the laser beam, a reflection from the
whole target is received. Any variations in the reflectivity across the target will be
averaged, ensuring low regions of reflectivity do not limit the scatter of the incident
light. A certain level of divergence is therefore required to ensure that sufficient energy
is distributed across the whole target. However, too large a divergence will significantly
reduce the overall energy on the target, therefore limiting the range of the laser.
In the 1970s, experiments to determine the required energy on the target led to
the development of the “Ground / Vehicular Laser Locator Designator” or G/VLLD,
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which defined the required laser performance for land-based lasers. The performance
outlined the required energy exiting from the laser to be in the region of 120 mJ. To
achieve sufficient energy on target, the divergence of the laser was determined to be
200 µrads. The divergence produces a beam with a diameter of 2 m at a distance
of 10 km. This is sufficient to achieve target coverage on an object such as a tank
[7]. The requirement to operate the laser at certain repetition rates arose from the
need to encode the designation signal. This allowed for the signal to be isolated
from other optical sources and to prevent countermeasures from being deployed. The
repetition rate of today’s military targeting lasers is typically in the region of 10 - 20 Hz.
There are a number of other important characteristics of a targeting laser that must
be considered. The first is the ability to maintain boresight of the laser to a given datum point. The boresight of the laser refers to the angular direction in which the laser
fires. At all times, this must be referenced to a datum point such as a mechanical fixing
or an optical viewing path. The potential for errors in the boresight of the laser will
impact on the targeting accuracy of the system. At best, this would decrease the accuracy of the targeting systems, at worst it can lead to the marking of an incorrect target.
The final requirement of the targeting laser is the robustness and manufacturability
of the design. The environments in which the laser is required to operate can be
considered fairly extreme. The required operational temperature range varies depending
on which vehicle the laser is deployed onto. For a laser deployed on an aircraft, the
temperature range is over 100 ◦ C. This range covers storage temperatures in a desert
environment, which can lead to temperatures as high as 60 ◦ C, and operation at high
altitudes, where temperature can be as low as -40 ◦ C. Hand-held lasers, deployed in
Arctic operations, can also experience -40 ◦ C temperatures. This wide temperature
range, combined with the vibration and shock demands placed on the laser, affect
how the laser is designed. As a result, the laser cavity and pump head configurations
used in military lasers are typically bespoke when compared to other industries. In
the next section we present the bespoke laser cavity and pump head designs used to
meet both the operating conditions and performance characteristics discussed. Section
1.2 then develops the requirements and characteristics of an optical countermeasures
configuration.

1.1.1

Laser Gain and Cavity Parameters

We first briefly describe the principles of operation for a laser. The description focuses
on a 4-level diode-pumped laser, operating in both a continuous-wave (CW) and
Q-switched regime. The absorption of optical emission in a material that possesses an
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energy state identical to the energy of the incident photon, leads to the promotion of
an atom to a higher energy level, this is shown in Fig. 1.2a. As a result of phonon
interactions between the atom and the lattice, there is a rapid decay from this level into
the upper lasing level. The ability of the atoms to remain in this upper level typically
determines the storage capabilities of the material and its applicability for Q-switching.
As a result of vibronic interactions, atoms can decay towards the ground state releasing
energy as heat. Depending on the type of material, an atom can spontaneously emit a
photon with energy E, decaying to the lower lasing level in the process. The average
amount of time the atom will spend in the upper lasing level is a function of the materials kinetic constants. This average period is typically called the fluorescence lifetime.
In the presence of a strong electromagnetic (EM) field with the same energy E however,
the decay of the atom is stimulated, leading to optical gain for the incident EM field.
The level of optical gain can be increased by promoting a large number of atoms to
the upper lasing level, thereby generating a population inversion between levels 2 and 3.
The ability to store atoms in the upper lasing level determines the ability of the
material to provide high gain for a pulsed or a CW EM source. For a CW source,
the fluorescence lifetime is typically not as important, as incident intensity is always
present, allowing for stimulated emission to occur. For a pulsed EM source, the lifetime
will limit the build-up of the population inversion before the optical pulse arrives.
The highest level of gain is therefore achievable from materials that possess a long
fluorescence lifetime, allowing for a build-up of atoms in the upper lasing level prior to
the pulse’s arrival.
In a laser, the EM field builds up from spontaneous emission within a laser cavity.
The cavity traps the EM radiation allowing for multiple passes of the laser crystal,
thereby experiencing gain on each pass. A small amount of the EM radiation is
coupled out, which provides the laser output. For the laser to be stable, the losses
from the light coupled out, must be equal to the gain achieved by the EM radiation
after a single round trip. The level of gain is a function of the population inversion
and therefore the threshold level is denoted as Nth where N refers to the population
density of the upper lasing level.
In a CW regime, the population inversion is clamped at threshold, and is therefore
independent of the pumping rate. Pulsing the diode pump source would not significantly increase the overall gain. By introducing a large loss into the cavity, the effective
population inversion threshold can be increased to a number of times above the initial
threshold. By modulating this introduced loss, the threshold inversion can initially
build-up during the high loss period. The limitation of increasing the population
5

Figure 1.2 – a: Energy diagram of 4-level laser. b: Transient population inversion and
optical intensity of a Q-switched pulse.

inversion is then the fluorescence lifetime of the atoms in the upper level. When an
output pulse is required, the cavity losses are reduced. This allows for the build-up of
a giant pulse which can extract the large inversion population. This Q-switching technique allows for significantly larger pulse energies to be generated for a given optical
pump pulse. The population inversion and optical pulse build-up are shown in Fig. 1.2b.
Two different methods of Q-switching are presented in this thesis. The initial
Q-switching technique uses a CW pump source, with an acousto-optic modulator
(AOM) used to modulate the cavity losses. The inversion threshold builds up during
the pumping period, with the AOM providing large cavity losses. The AOM is then
opened for a short period allowing the optical pulse to build-up and decay in the
cavity. The AOM is then closed to limit the build-up of a secondary pulse. This AOM
is typically modulated at the fluorescence lifetime to maximise the gain build-up.
In the second method used in this thesis, the diodes are pulsed in a quasi-continuouswave (QCW) manner, with pulse durations in the order of 230 µs. By pulsing the
diodes and operating at a relatively low repetition rate, large pulse energies (≥ 100 mJ)
can be achieved with relatively low thermal loads within the gain medium, limiting
the thermal lens. This is the typical method of operation for targeting lasers.
The first Ruby laser designs used for target designation were quickly replaced with
Neodymium-doped glasses [5]. This was primarily due to the ease of manufacturing
large Neodymium-doped glasses compared to that of the Ruby crystals. The glass host
materials have poor thermal properties however, limiting scalability and increasing
the size of the crystals used. The first demonstration of a Neodymium-doped yttrium
aluminium doped garnet (Nd:YAG) laser in 1964 [8] quickly resulted in the material becoming the gain medium of choice for targeting lasers. The superior optical,
6

thermal and mechanical properties, as well as favourable laser properties, allowed for
increased energies within much smaller gain mediums compared to that of Ruby and
Neodymium-doped glass.
The doping of YAG with Nd3 + ions leads to the most commonly used gain material
Nd:YAG. Undoped YAG is an optically isotropic material with mechanical properties
similar to that of sapphire. The relatively low thermal expansion coefficient and high
thermal conductivity allow for reduced thermal gradients compared to glass materials.
The cubic structure of the YAG host material results in a fairly narrow gain bandwidth,
leading to a high emission cross-section at 1064 nm. Due to a size mismatch of the Nd
ions, the doping level in single crystals is typically limited to 1.4% when grown by the
Czochralski method [9], although higher doped material has been produced using the
temperature gradient technique [10].
Increases in the doping density will also decrease the fluorescence lifetime due to
increased energy transfer and phonon interactions [11]. The energy levels for Nd:YAG
are shown later in Fig. 1.3. The main cause of concentration quenching is due to the
interaction of a donor ion in the F3/2 and an acceptor ion in the I9/2 ground state.
This interaction leads to two final ions in the I15/2 state, which decay via multi-phonon
emissions back to the ground state [12]. As the doping density is increased, the number
of Nd ions present in the ground state also increases. This in turn increases the
ion-to-ion interaction rate, thereby increasing the quenching effect [12] and decreasing
the fluorescence lifetime. In the Q-switched configurations used in military designators,
for longer optical pump periods, a decrease in the fluorescence lifetime will reduce
the overall energy available. For a 1.1% doped Nd:YAG crystal the fluorescence
lifetime is 230 µs compared with 119 µs for a 3% doped material [10]. Highly doped
ceramic Nd:YAG has shown the ability to substitute up to 9% Nd3+ in YAG [13]. The
fluorescence lifetime decreases to ≈ 40 µs [14] as a result.
Increasing the doping density does increase the effective absorption cross-section,
allowing for an increased absorption efficiency. The absorption peak of a 1% doped
Nd:YAG at 808 nm is 9 cm−1 . By increasing the doping density, the peaks in the
absorption profile can be significantly increased [15]. The performance of an Nd:YAG
system could be improved by highly doped Nd:YAG configurations when pumping
away from the peaks in the absorption spectrum, or when limited absorption path
length is available.
In a Q-switched configuration, a balance between the increased absorption and
subsequent degradation of the fluorescence lifetime is required to optimize the perfor7

mance of the laser system. High conversion efficiencies in highly doped Nd:YAG have
still been reported, with output energies of up to 8 mJ and conversion efficiencies of
up to 28% demonstrated [16]. In the configurations used throughout this thesis the
Nd:YAG doping density is limited to 1.1%. This allows for pump pulse widths of over
230 µs to be used, reducing the peak power requirements of the pump source.
More recently, other gain materials operating in the same wavelength region have
been used to generate the required energy levels [17] [18]. Yb:YAG has similar mechanical properties, whilst optically pumping into the absorption band at 940 nm
reduces the quantum defect. The reduced quantum defect, which is a result of the
energy difference between the pump and emission wavelengths, increases the efficiency
and also reduces the heat generation in the material. Conversion efficiencies of up
to 81% in CW configurations have been demonstrated [19]. The long upper state
lifetime of Yb:YAG also allows for the gain to be stored efficiently, however, the low
emission cross-section limits the actual gain extraction. Operation at 1053 nm has been
demonstrated at energies up to 220 mJ in a diffraction limited beam [20]. Another
drawback is the fact that Yb:YAG is inherently a quasi 3-level system. As a result
of increased ground state excitation at higher temperature, operation below 20 ◦ C is
required. As a result of the low emission cross-section and its temperature dependence,
Yb:YAG is not typically used for military targeting lasers.
Whilst operation of the first laser-diode pumped Nd:YAG laser was published in
1973 [21], the use of flashlamp pumped targeting lasers is still prevalent in a large
number of military targeting equipment used today. Whilst the dramatic increase
in available power, efficiency and reduced cost over the last 10 years has seen the
laser-diode-pumped solid-state laser become the most suitable choice for almost all
modern designs. With military product life cycles of up to 30 years, it is no surprise
to find flashlamp pumped systems still in use today.
As a result of the characteristics of flashlamp pumping, the design of most laser
designators had a number of common features. The use of Nd:YAG rods or slabs within
a reflective chamber was common in a number of military and commercial products as
well as in scientific research. The advent of the laser-diode pumped Nd:YAG laser,
however, has created a number of different configurations capable of achieving efficient
pumping of the gain medium for high output energies [22] [23].
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1.1.2

Thermal Lensing

In order to meet the requirements for output energy and divergence, the laser configuration must possess low induced thermal lensing and efficient absorption of the pump
light.
Thermal lensing occurs as a result of spatial variations in the optical path length
leading to an induced phase variation across the beam. The heat load arises due to
non-radiative transitions that result from the absorption of the pump light. An energy
diagram of the 4-level system in Nd:YAG is shown in Fig. 1.3. Nd:YAG has a wide
absorption band in the 808 nm region allowing for atoms to be promoted from the
ground level to the F5/2 level. The strongest emission cross-section occurs at 1064 nm
between the F3/2 and I3/2 level. The decay of promoted atoms from both the upper
pump band to the upper lasing level and from the terminal laser level to the ground
state generates heat through phonon interactions. Further heat is generated through
various other non-radiative transitions that occur from higher-lying energy levels[24].

Figure 1.3 – Energy levels of Nd:YAG taken from Laser Physics and Applications,
Landolt-Bornstein, Vol. 12, (2008)

The quantum defect created from pumping at 808 nm and lasing at 1064 nm leads
a heat load fraction of 0.27 of the overall absorbed power. A number of different nonradiative transitions and cross-relaxations also occur, increasing the heat load to 0.39
[25]. One of the main sources of heat load arises from the quenching effect described
previously. The ion-to-ion interaction rate has a dependence on the population inversion
density. When stimulated emission occurs, the population inversion decreases, thereby
decreasing the quenching effect. This effect reduces the heat load to 0.32. Excited-state
absorption from ions promoted to the F3/2 level, as well as ESA at pump wavelengths
of around 820 nm [26], can also cause increased heat loads at high inversion densities
9

[24].
Zigzag Slab Gain Medium
The design of the pumping configuration should therefore look to create geometries
that limit the overall induced thermal lens. A pumping geometry that reduces the
thermal lensing strength has been demonstrated by using the zigzag slab laser gain
medium [27]. A diagram of the zigzag slab laser is shown in Fig. 1.4.

Figure 1.4 – a: Diagram of conduction-cooled, side-pumped zigzag slab. b: Zigzag
path through slab. c: Image of Nd:YAG zigzag slab.

In its simplest form, the zigzag slab is pumped from one side and is conduction
cooled from the opposite side. In an ideal case this pumping configuration produces a
one dimensional heat flow in the slab, with the highest temperature at the pumping
face. As a result of the thermo-optic effect in Nd:YAG, the temperature gradient will
result in a refractive index change across the slab.
The zigzag path through the slab, shown in Fig. 1.4b, allows the beam to traverse
back and forth between the higher temperature pump face and the low temperature
heat sunk side. As a result, the optical path difference between rays starting from
the pump side and heat sunk side are similar, reducing the strength of the thermal
lens. Any optical birefringence in the slab will also be averaged across the beam as a
result of the zigzag path. The use of zigzag slabs has shown to reduce the strength of
the thermal lens by a factor of 4 when compared to a side pumped rod configuration [28].
In Q-switched configurations, energies of up to 0.5 J have been demonstrated at
Selex using the conduction cooled thick Nd:YAG zigzag slab described here. The
Nd:YAG zigzag slabs are also used in CW configurations to achieve high average
powers. Powers as high as 100 W [29] have been demonstrated in these configurations.
In order to scale to higher powers, the slab can be cooled from both sides either by
conduction-cooling or water-cooled configurations. Water-cooling of both sides of the
slab has allowed powers to be scaled to hundreds of watts [30] [31]. The complexity of
the water-cooled configurations and the decrease in operational life as a result of a
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sealed water system can limit their use in military products.
The slab faces and overall width are optimised to maximise the fill factor of the
slab. A low fill factor will lead to areas of un-extracted gain, reducing efficiency. As
presented by Chung et al. [32], for a slab with a square aperture of 5×5 mm, the
required bounce angle to maximise the gain extraction is 59◦ . Rather fortuitously, this
is also close to Brewster’s angle, allowing for the possibility of un-coated slab ends.
However, if slab aperture size was increased, the required bounce angle to maximise
gain extraction will be different.
Thermal lensing, however, is still present in Nd:YAG zigzag slabs. The complete
averaging of the induced phase errors across the beam is only true if an infinitely long
slab is considered [33]. When taking into account the real life scenario of optically
pumping a gain medium with laser-diode arrays (LDAs), changes in the deposition of
gain and the one dimensional heat flow leads to an increase in phase errors [34].
The deposition of the gain into the material, and therefore the heat load, is dependent on the laser-diode pump configuration. A homogeneous pump profile in the
slab will limit the induced phase errors. The relatively long length of the slab allows
for LDAs (laser diode arrays) to be used in a side pumped configuration. LDA’s can
provide high peak powers in small overall emission areas, with arrays now providing
up to 6 kW/cm2 [35]. Fig. 1.5 shows the pump configuration used in Selex’s current
targeting lasers. The slab has a 5×5 mm optical face with a length of 67 mm.

Figure 1.5 – a: Top view of diode-pumped zigzag slab configuration. b: Side view of
diode-pumped zigzag slab configuration.
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As shown in Fig. 1.5, the slow axis of the arrays is perpendicular to the optical axis
of the slab. Each array contains 10 bars, stacked horizontally, with a 400 µm spacer
between each one. As a result of the fast axis divergence, typically 36◦ , the intensity
profile of each array is top-hat by the point it reaches the slab face. The arrays are
placed side by side to create a continuous emission region.
The configuration does differ from the ideal case due to the finite length of the pump
region. At the final LDA on either side, there will be a definitive edge to the gain profile.
The diffusion of heat at this boundary point will result in the loss of the one dimensional temperature profile and will alter the optical path length across the beam. The
variation in the optical path length will lead to an increase in the thermal lens strength.
Also, whilst the LDAs are placed as close together as possible, the low divergence
of the slow axis, typically 16 ◦ , limits the emission from adjacent arrays mixing together. The resultant pump profile across the slab face will have troughs in the regions
between each array. The troughs in the pump profile will further alter the heat flow,
varying the optical path length across the beam. As a result of the characteristics of
the pump profile, the thermal lens strength will be increased from the ideal case [36] [37].
Deposition of the gain itself can also change the overall thermal profile in the gain
medium. The strength of the absorption will determine how close to the surface the
heat is deposited. In a 1.1% doped Nd:YAG slab, the absorption coefficient is as high
as 9 cm−1 . If the emission of the LDA was fully locked into the peak wavelength, the
overall power absorbed in the first 500 µm could be over 20 kW/cm2 . The resultant
heat load of 6.4 kW/cm2 , calculated using the 0.32 factor introduced earlier, will lead
to a large temperature rise close to the front surface of the slab. Large temperature
gradients close to the surface can lead to surface bulging effects [8], introducing variations in the optical path length across the beam. By adjusting the centre wavelength
of the emitters to avoid the strong absorption peak, the induced thermal lens can be
reduced. In reality, the finite linewidth of the arrays typically limits the overall power
at the peak absorption coefficient. To ensure the thermal lens strength is minimised,
Selex operates the LDAs in the 806 nm region instead of the peak region at 808 nm
[38]. Operating in this region also reduces the temperature sensitivity of the pump
configuration slightly. The 808 nm peak is fairly narrow; even a small change in the
temperature of the LDAs will lead to a shift in the emission wavelength, causing a
large reduction in the absorbed power. The 806 nm region is much broader, reducing
this temperature sensitivity.
Analysis of the thermal lens in zigzag slabs can be completed using a finite element
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analysis (FEA) package, such as Comsol [8]. The analysis is often coupled with
ray-tracing packages, such as Zemax or ASAP, allowing for the generation of accurate
heat loads within diode-pumped configurations [36]. A combination of these packages
has been developed at Selex and is further developed in this thesis. The use of the
FEA package allows for the heat distribution in the slab to be determined by the use
of accurate heat loads and boundary conditions. For a zigzag slab pumped with five
LDAs, the typical focal power of the induced thermal lens is 20 m. The modelling of
this is shown in more detail in chapter 8.

1.1.3

Laser Divergence

The previous section has shown that the use of a zigzag slab is ideally suited for high
power applications where relatively low thermal lensing is required. The actual size
of the gain medium will determine a number of different parameters. In the example
shown in Fig. 1.5, a large gain medium would increase the overall pumping area,
allowing for higher energies to be achieved. An increase in the cross section of the
slab will, in the same cavity configuration, increase the required number of modes to
efficiently extract the gain. As a result of the increased number of higher order modes,
there will be a degradation in the beam quality of the laser [8]. The length of the slab
can be increased however, without any degradation in the beam quality. Longer zigzag
slabs can therefore achieve high output energies, whilst maintaining the divergence of
a short slab. Practical issues involving the peak power density exceeding the material
damage threshold inevitably limit the achievable power using this technique.
The divergence is related to the cross section of the gain medium by the Fresnel
number NF r , where
NF r =

a2slab
Lcavity λ

(1.2)

Where aslab is the gain medium radius, Lcavity is the cavity length and λ is the wavelength. The Fresnel number describes the diffraction losses in a cavity. For Fresnel
numbers close to 1, the cavity will exhibit large diffraction losses as a result of the
aperture in the cavity. A low Fresnel number will typically favour lower order modes as
a result of the strong diffraction losses. As the Fresnel number increases, the diffraction
losses are reduced. These configurations will not attenuate the higher order modes
as much, due to the reduced diffraction losses. As a result, the mode discrimination
within the cavity is reduced compared to the previous case.
Selex lasers use plane-parallel, thermally-stabilised cavities, typically operating
with Fresnel numbers of ≈ 6, with an aperture size of 5 mm. The 5 mm slab diameter
allows for relatively easy handling and mounting of the gain material, without any
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risk of damage to the slab. The cavity length is typically in the order of 1 m. The
long cavity length not only allows for improved divergence from the resonator but
also provides fairly long pulse durations for a resonator operating a number of times
above threshold [39]. For a 1 m cavity length, the typical fundamental mode diameter,
calculated using the resonator stability criterion with a thermal lens of 20 m, is 2.2 mm.
To fully fill the 5 mm slab area and extract all of the gain, higher order modes are
required. The mode diameter of the higher order Hermite Gaussian modes increases
with the relationship [8]
√
ωm = ωo 2m + 1

√
ωn = ωo 2n + 1

(1.3)

Where n and m are the mode numbers in the horizontal and vertical directions, ωo is
the size of the fundamental mode and ωm /ωn are the diameters of the higher order
modes. To fill a mode volume of 5 mm, mode numbers of up to 2 are capable of
propagating in the slab. Mode numbers higher than 2 would experience large losses
per round trip as a result of clipping from the slab aperture. Lower order modes will
experience lower losses and will be able to achieve threshold. Fig. 1.6 shows the mode
radius as a fraction of power.

Figure 1.6 – Plot of fractional power in mode vs. encircled diameter for a series of
higher order modes. Taken from Solid State Laser Engineering P 5th Ed. W. Koechner.

Fig. 1.6, at a mode volume of roughly 2.3 times that of the fundamental mode
(= 5 mm aperture), confirms that modes as high as 2,0 are capable of fitting within
the slab aperture without significant losses.
The divergence angle increases with the factor ω/ω0 , a mode with a 1/e2 diameter
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of 4.4 mm will therefore increase the divergence by a factor of 2. The divergence of
the fundamental mode Θd can be calculated using the equation
Θd =

2λ
πω0

(1.4)

From this calculation, the divergence of the fundamental mode would be 614 µrads.
A mode with a 90% diameter of 4.4 mm would increase the divergence to 1.25 mrads.
Selex lasers typically operate with divergences of 1-1.3 mrads, in line with the calculation.
As the thermal lens strength increases, the fundamental mode size reduces, and the
required number of modes to fill the aperture increases. An increase in the mode number will increase the divergence, for example, an increase in the thermal lens strength
from 20 m to 5 m would reduce the fundamental mode size to 1.7 mm. Assuming a
mode with a waist size of 4.4 mm can still operate within the cavity, the divergence
would increase from 1.2 to 2.1 mrads. In order to meet the divergence requirements
shown previously in equation (1.1), a low induced thermal lens strength is required to
minimise the divergence.
The simple modal analysis completed here allows for divergence values to be
calculated based on the size of the fundamental mode. This calculation, however, has
only taken into account the Hermite Gaussian modes. When considering clipping
from a square aperture, it would typically be expected to observe Hermite Gaussian
modes over Laguerre Gaussian modes. We have assumed a thermal lens strength
of 20 m for the mode size calculation. Modelling of the thermal lens strength has
shown that the actual curvature of the phase is not a perfect parabolic function.
The spatial variation in the thermal lens strength may allow for other higher order
modes that have not been considered in this calculation. The result maybe a slightly
larger or smaller divergence value than calculated here. To fully analyse the modal
composition of the beam, a Fox-li analysis[40] of the resonator can be completed. This
analysis allows for the total phase and intensity of the cavity mode to be calculated by
propagating a beam through the cavity using the beam propagation method. Spatial
phase variations, inhomogeneous gain profiles and diffraction from apertures can be
factored in to produce a beam containing all the supported modes in the resonator.
This analysis is planned for future work.

1.1.4

Laser Cavity Design

The cavity designs in military lasers typically differ from normal cavity designs due to
the demands of the external environment. The requirement to maintain alignment over
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a wide temperature range and the ability to operate under mechanical stress requires
a resonator that is alignment-insensitive. As a result, resonator designs typically use
refraction or prisms to steer the beam, rather than mirrors.
One of the most common resonator designs is the cross-Porro resonator [8]. The
resonator is shown in Fig.1.7a. The alignment insensitivity arises from the coupling of
two Porro prisms and a corner cube.

Figure 1.7 – a: Cross-Porro resonator configuration b: Single ray traced through Porro
prism. c: Single ray traced through angled Porro prism. d: Full beam traced through
Porro prism.

The Porro prisms provide angular insensitivity to any incident angle perpendicular
to the knife edge of the prism [41]. This is shown in Fig. 1.7b and c for a single ray.
The cavity beam actually fills the full aperture of the Porro prism, the resultant beam
is rotated around the knife-edge of the Porro. This is shown in Fig. 1.7d. The incident
beam undergoes a 180◦ image rotation upon reflection from the Porro. This is also
shown in Fig. 1.7d, whereby a ray originating on the left side of the knife edge is
reflected back on the right side of the knife-edge.
By coupling two Porro prisms together at 90◦ to each other, the resonator alignment
becomes insensitive to the rotation of the Porros. The misalignment of either Porro
will change the position and direction that the resonator modes pass through the gain
medium, leading to a reduction in energy, but importantly, the resonator will still be
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aligned.
The corner cube adds further stability due to its alignment insensitivity in both
the horizontal and vertical directions. The inclusion of the corner cube also allows for
the resonator to be folded, reducing the length of the overall laser chassis.
As stated earlier, the cross-Porro resonator is effectively a plane-parallel cavity,
with the resultant thermal lens within the slab moving the resonator into the stable
region of the cavity stability criterion. This resonator design typically uses polarisation
to couple light out of the cavity. Adjustment of the resonator reflectivity is performed
by the rotation of the wave plate in Fig. 1.7. The adjustment of the cavity Q-factor for
Q-switching is typically achieved by using a Pockels cell. In the configuration shown
in Fig. 1.7 the Q-switch is operated in a quarter-wave configuration, with a double
pass of the Q-switch providing a full half-wave retardation.
As well as the inherent stability, the cross-Porro resonator design was often implemented in flashlamp-pumped cavities due to the averaging of the induced birefringence.
The rotation of the beam within the Porros averaged any induced depolarisation as
the beam double-passed the slab [8]. The image rotation, in which the near field beam
is rotated on every round trip, can also reduce the effect of the thermal lens. As a
result, the induced phase errors from a single pass of the gain medium are averaged
across the beam as it propagates back with a 180◦ rotation [42]. The effect of thermal
lensing has been shown to reduce, compared to a resonator without image rotation
[43]. The image rotation per round trip can be varied simply by controlling the angle
of the Porros [44]. As a result of the change in the relative Porro angles, the alignment
sensitivity is increased.

1.1.5

Laser Performance

The laser cavity configuration and gain medium geometry discussed previously have
been chosen to ensure that the beam quality and alignment sensitivity are capable of
meeting the requirements of a military laser. Using the configuration outlined in section
1.1.4, we must now define the typical pump power required to meet the desired output
energy. The pump power required will define the number of LDAs needed; this in
turn will set the overall length of the slab needed to allow for coupling of the pump light.
The population inversion threshold for the cross-Porro resonator configuration
discussed previously can be calculated by equating the round-trip losses of the resonator
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to the level of gain within the slab. This is shown in equation (1.5), where the terms
on the left-hand side represent the overall cavity gain and the terms on the right-hand
side represent the cavity losses. Equations (1.5) - (1.8) use Svelto’s notation and are
taken from [45].
Nth σ lgain =

Lcav
c τcav

(1.5)

where
τcav = Cavity lifetime
lgain = Gain medium length
Lcav = Cavity length
σ = Emission cross-section
In a Q-switched configuration, however, the actual population inversion is a number
of times above threshold. The actual population inversion N2 can be calculated using
the equation
N2 =

Ppump ηf l (tp ) tp
hν Vpump

(1.6)

where
Ppump = Pump power
ηf l (tp ) = Reduction in pump efficiency due to fluorescence lifetime
tp = Diode pump pulse duration
Vpump = Pump volume
The factor N2 /Nth is therefore the number of times above threshold the Q-switched
configuration is operating. The function ηf l (tp ) is the reduction of the pump power
due to spontaneous emission. The efficiency is a function of the diode pump pulse
duration. As the diode pulse duration is increased towards the fluorescence lifetime,
the overall efficiency is reduced. This is calculated using the equation shown below
[46]
−tp

1 − e tsp
ηf l =
tp /tsp

(1.7)

The fluorescence lifetime tsp for a 1.1% doped crystal is typically 230 µs, Fig. 1.8
shows the reduction in pump efficiency as the pump pulse duration is increased for a
series of different fluorescence lifetimes. As discussed earlier, increases in the doping
density will reduce the fluorescence lifetime. At a pump pulse duration of 230 µs the
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overall pump efficiency is 0.66. As the fluorescence lifetime decreases, so does the
efficiency at a fixed pump pulse width.

Figure 1.8 – Pump power efficiency as a function of fluorescence lifetime.

To achieve the same level of absorbed energy at the higher doping densities, the
required peak power would be higher. This could be achieved either by increasing
the number of diode bars or by increasing the peak power of the LDA. Both of these
options will result in an increased cost. However, the result of increasing the peak
power could also reduce the lifetime of the devices due to the higher operating current.
As discussed earlier, the doping density of the crystals used in all of Selex’s targeting
lasers is 1.1%. This allows for efficient pumping of up to 230 µs.
The output energy is calculated using the equation [45]
Eout =

ln(Roc ) N2 Am
hν ηe
2 Nth σ

(1.8)

where
ηe = Extraction efficiency
Am = Area of mode
Roc = Cavity reflectivity
The extraction efficiency factor ηe is a function of the number of times above
threshold the cavity is operating at [45]. For a laser operating at 7 times above
threshold, this factor is ≈ 1. This drops to 0.9 for a laser operating only 3 times above
threshold. Using equation (1.8), the output energy can be calculated as a function
of the pump power. The calculation shown here uses typical values for the targeting
lasers produced by Selex. Fig. 1.9 shows the slope efficiency as the pump power is
varied from 3 - 5 kW with a pump pulse duration of 200 µs. The mode size was taken
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to be 0.665 cm2 and the cavity losses were set at 10% per round trip. The fluorescence
lifetime tsp for this calculation was 230 µs. In order to complete the calculation, the
output coupling value is required. Fig. 1.9b shows the output energy versus reflectivity
at 3 and 4 kW. The optimum reflectivity is slightly different for different pump powers.
The optimum output coupling at 4 kW is 46%. In order to reduce the intra-cavity
intensity however, the reflectivity is often reduced further. By reducing the reflectivity
by 13%, the intra-cavity intensity reduces by 30%. This is also shown in Fig. 1.9b.
By de-tuning the cavity in this manner, optical damage due to high intensities in
the cavity can be reduced. For the calculation in Fig. 1.9a, the optimum reflectivity
for each pump level was calculated, and a detuning factor of approximately 10% was
applied.

Figure 1.9 – a: Slope efficiency of Q-switched laser. b: Output energy and intra-cavity
energy variation with output coupling.

From Fig. 1.9 we can see that for an output energy of 100 mJ, the required pump
power is 3.1 kW. Selex’s current airborne laser products typically look to generate
in the region of 170 mJ from the oscillator section of the cavity. As a result, the
pump power used for the current generation of airborne lasers is 5 kW. The technology
developed throughout the second part of this thesis is aimed at generating similar
pump powers to those discussed. Any change in the pump configuration should be
capable of achieving these typical energies.

1.1.6

Laser Diode Configuration

The pump configuration of the LDAs has been discussed in section 1.1.2. The configuration is typically chosen to minimise the thermal lens by creating a homogeneous
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pump profile. The overall power required will determine the emitter density, pump
size and electrical characteristics. Currently, Selex legacy products use 1 cm diode
bars capable of providing 100 W at 95 A. When the first laser-diode-pumped targeting
lasers were produced by Selex, this represented the maximum output power available.
To achieve the 5 kW required, up to 5 LDAs each providing 1 kW were aligned longitudinally as shown in Fig.1.5. Recently, pump powers of 300 W per bar [35] have been
demonstrated using increased emitter density and high current operation.

1.1.7

Ring Resonator

More recently, military laser resonators have also been constructed using a ring geometry. The ring geometry differs from the cross-Porro resonator by operating with a
unidirectional travelling wave, compared to the standing wave operation in the crossPorro resonator. The ring geometry has a number of advantages over the cross-Porro
resonator. One of the main advantages is the absence of Porro prisms in the resonator.
Whilst Porro prisms provide insensitivity to angular rotation in one axis, the actual
fabrication of the optic can lead to fairly low yields. The knife-edge region of the Porro
is typically required to be less than 5 µm [8], which is difficult to manufacture reliably.
Furthermore, any defect in the knife-edge region can also lead to a degradation in
beam quality.
Fig. 1.10 shows a typical ring resonator configuration. The cavity consists of two
folding devices. The first is simply a folding prism, the second is an image rotating
prism used to provide 90◦ image rotation per round trip.

Figure 1.10 – Unidirectional ring resonator.

Without the inclusion of the retro reflector, the cavity operates in both directions.
By reflecting one of the propagation directions back in the opposite direction, the
threshold of one direction is smaller than the other. The direction with the lower
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threshold then builds up faster, saturating the gain. As a result of the unidirectional
operation, ring resonators are often used to achieve single longitudinal mode operation.
The unidirectional nature ensures that travelling wave operation occurs, thereby reducing the spatial hole burning in the cavity. In the configuration used in Selex lasers
however, the laser does not operate in a single longitudinal operation. The presence of
higher transverse order modes and the limited extraction that occurs in the relatively
low number of round trips within the Q-switch pulse allow for other modes to operate.
The characteristics of the ring resonator design also differ from the cross-Porro
resonator. The ring resonator completes only a single pass of the gain per round trip.
As a result, the threshold of the ring resonator, for a given set of cavity losses and
reflectivity, is higher than that of the cross-Porro resonator. The optimum reflectivity
in the ring cavity is much higher as a result.
Operation in a ring configuration also leads to the use of half-wave Q-switching
instead of the quarter-wave configuration used in the cross-Porro resonator. This
results in a higher Q-switch voltage to achieve the half-wave retardation. The contrast
ratio of the half-wave configuration is higher than the quarter wave configuration
shown in the cross-Porro resonator As the temperature varies, changes in wave plate
thickness, coating performance, bulk optical stresses and polariser contrast ratio can
lead to a significant reduction in the overall contrast ratio of a given setup. The
cross-Porro resonator operates a double-pass of each component, increasing the risk of
depolarisation, which can cause optical damage [47].
Ring resonators have been used to generate output energies of up to 250 mJ using
a Nd:YAG zigzag slab gain medium at Selex. Similar beam qualities to those achieved
with current targeting laser designs have been demonstrated[48] with output energies
up to 130 mJ.

1.1.8

Thermal Control in Current Targeting Lasers

Until recently, forms of active thermal control have been present in most production
military lasers. In flashlamp systems the pump source will dissipate up to 50% of
the overall input power as heat. The walls can typically reach 1200 K at the end of
the pump pulse. The main requirement for water-cooling is to prevent the overall
temperature rise in the flashlamp, thereby increasing the lifetime. Water-cooling has
been used in previous versions of hand-held markers from the 1970-2000 [49] [50] to
remove heat from the flashlamp. Use of water-cooling significantly increases the size
and weight of the device but also increases the risk of damage due to moving parts
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and water-tight seals required around the cooling loop.
The broad emission bandwidth of the flashlamp does allow for pumping to be
achieved over a wide temperature range, albeit inefficiently. Operating temperatures
of flashlamp systems therefore do not require accurate temperature control, but rather
the removal of excess heat. The bandwidth of a LDA is much narrower, typically 3 nm.
The temperature dependence of the LDA, which is discussed in chapter 6, is much more
sensitive and requires accurate control of the operating temperature. Most laser LDA
pump heads use some form of active cooling to control the temperature. The most
commonly used configuration is a thermo electric cooler (TEC) combined with some
form of heat exchanger. The TEC is used to accurately control the LDA temperature,
and the heat exchanger is used to remove heat from the system. Combined with a
PID (proportional, integral and differential) feedback circuit, the TECs can accurately
achieve stabilities of ≤ 1◦ C.
The biggest disadvantage of this configuration is the power consumption of the
TEC and thermal control. Fig. 1.11 shows a Selex pump head configuration with
typical power consumption values of each function of the laser.

Figure 1.11 – Breakdown of thermal control characteristics.

In extreme conditions, such as operation at -40 ◦ C, the TEC can account for some
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40% of the overall power consumption of the laser. On most aircraft and vehicles the
overall power consumption is not a key consideration. On hand-held lasers and lasers
operating on UAVs, power consumption is the key factor.
The requirement to stabilise the temperature of the LDAs also introduces other
performance limitations. The time taken for a laser operating at -40 ◦ C to increase the
LDA temperature to 60 ◦ C will be in the order of 4 minutes. In a combat environment,
the typical engagement time is less than 3 minutes. This method of operation would
require the device to be switched on long before any engagement occurs. If the device
was running off batteries, this would further reduce the operational time available.
Another possible impact is the reliability of the devices. Whilst TECs do have a fairly
long lifetime, any catastrophic failure of the cooling system could prevent the laser
from operating. The removal of the cooling system could increase the reliability of
the laser. The total weight and cost of the system can also be improved by removing
the temperature control. The thermal control accounts for 10% of the total weight
and 5% of the total cost of the laser. The removal of the thermal control would also
improve these parameters.

1.2

CW Countermeasures

The other investigation completed in this thesis is the development of a laser source capable of generating a series of wavelengths for electro-optical countermeasures (EOCM).
Electro-optical countermeasures have been used within military systems since the
Second World War [51]. The use of dazzlers to visually impair both human operators
and visual sensors have been in operation since 2009 [52], with frequency doubled
Nd-based lasers operating at 532 nm [53] the most commonly used. More recently,
dazzlers operating at similar wavelengths to the targeting laser wavelength have been
used to dazzle missile seekers, preventing accurate targeting.
The most common form of counter-countermeasures used to limit the effect of the
green dazzlers are narrow band filters that block out the desired wavelengths. Whilst
filters can typically be used to block a specific emission region, a series of wavelengths,
distributed throughout the total sensory band, is challenging to filter out without
impairing the sensor performance. The investigation completed here is therefore
focused on generating a minimum of three wavelengths, in both the low infra-red
range and the visible range [54], preferably in CW operation. The different methods
of achieving this requirement are discussed in chapter 3. The use of volume Bragg
gratings is also presented in this chapter as the best solution to meet these requirements.
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Chapter 3 first looks at the use of VBG’s within a solid state laser configuration,
operating at both 1064 nm and 1342 nm. Chapter 4 documents the thermal effects
observed in VBGs under high thermal loads and the coupled nature of the VBG
performance and the intra-cavity intensity. Section 5 then utilises the VBGs to achieve
single longitudinal mode operation at 1342 nm. The final section looks to investigate
the second harmonic generation of the 1064 nm emission to prove the possibility of
generating a series of visible wavelengths and to demonstrate the improvements gained
by using a VBG laser cavity. Further work completed outside of what is presented here
includes the operation of a dual-wavelength laser operating at both the fundamental
wavelengths described earlier [55]. The operation of a dual-wavelength laser combined
with the second harmonic investigation completed in chapter 5 further develops the possibility of a single laser cavity providing all the required wavelengths for this application.
The aim of the overall programme for which this work was completed was to
develop a number of different visible and IR sources for use within countermeasure
applications. The actual operation of the countermeasure system is not within the
scope of this thesis, however the overall requirements can be discussed. One mode of
operation of an EOCM system could include the dazzling of a sensor array on a given
target. As a result, the EOCM laser would be configured with a set of beam steering
mirrors and guidance systems to allow for accurate targeting. The target itself may
be a significant distance away therefore the same characteristics of defining the energy
on a target discussed earlier are applicable.
The non-lethal optical countermeasures requirement was for CW operation, with a
high beam quality. The ability to generate up to several watts in the red (630 nm),
yellow (570 nm) and green (532 nm) regions would provide a capable countermeasures
system. The following chapters therefore look to generate up to 8 W from both a CW
and Q-switched source in the low IR region. This allows for second harmonic and sum
frequency generation to be used to create a visible source. The investigation looks
to use current off the shelf components to create a multi-band CW source. In the
next section the characteristics of a CW laser are presented as well as the chosen gain
material Nd:YVO4 .

1.2.1

CW Laser Characteristics

The gain material used in this investigation is Nd:YVO4 . The main requirements that
drive the selection choice are both the favourable laser properties and the presence of
multiple emission lines. The energy diagram of Nd:YV04 is shown in Fig. 1.12, the transition lines were taken from Sardar et al. [56]. The emission cross-section of Nd:YV04

25

is 10 times higher than that of Nd:YAG at the 1064 nm emission line. A second emission line in the 1340 nm region is also present with a cross-section of 6.5×10−19 cm2 [57].

Figure 1.12 – Energy transitions of Nd:YVO4 .

The material also possesses strong absorption lines in the 809 nm region allowing
for efficient pumping using GaAs laser diodes. The Nd:YVO4 is uni-axial with the
emission cross-section in the π polarisation much larger than that of the σ polarisation.
As a result the laser emission is strongly polarised.
The biggest disadvantage of Nd:YVO4 is its low thermal conductivity of 0.05
W/cm K [8]. As a consequence of the low thermal conductivity and a relatively low
tensile strength, the fracture limit of Nd:YVO4 is fairly low [58]. In end-pumped configurations, the fracture limit of 54 MPa is almost four times lower than that in Nd:YAG
[59]. The use of undoped end-caps can reduce the thermal loading on the front face by
reducing the overall temperature rise within the crystal [8]. Nd:YVO4 crystals with undoped end-caps have been shown to decrease the thermal lens strength in the crystal by
up to 50% [60]. Commercial sources of undoped end-caps are also now readily available.
Nd:YVO4 has been used to generate up to 25 W in an end pumped configuration
[61] with a pump wavelength of 808 nm despite the low thermal conductivity. In
Q-switched configurations up to 4 mJ has been demonstrated [62].
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1.2.2

CW Analysis

The analysis for the space-independent CW operation can be derived from the rate
equations for a 4-level system developed by Statz and De Mars [63]. From equation
(1.5) and the following equations, the output power in CW operation can be calculated
[45]
Rth =

Nth
τsp

(1.9)

where
Rth = Pumping rate threshold
Nth = Inversion density threshold
τsp = Fluorescence lifetime

Pout = Ab Is

γ   R

p

2

Rth


−1

(1.10)

Where Ab is the area of mode, Is is the saturation intensity, Rp is the pumping rate
above threshold and γ is the logarithmic loss due to the cavity output coupling. The
pumping rate is dependent on both the power from the pump source and the incident
spot size of the pump light. In the same manner as previously completed for the zigzag
slab, the thermal loading should be limited to ensure thermal lensing does not limit
operation on a single transverse mode. For CW configurations, a number of different
pump regimes are available that can achieve this goal. In the previous section the
zigzag slab configuration, which limited the thermal lens strength, was presented. The
thick zigzag slab, however, does not allow for selection of the fundamental mode. To
achieve improved beam quality, thin waveguide slabs [64] or grazing incidence bounce
slabs [65] [22] are often used. Thin slab configurations allow for high pump powers
to be focused into the crystal whilst limiting the overall induced thermal lens. The
output beam quality is typically diffraction limited in the waveguided direction, but is
often a number of times the diffraction limit in the other plane. The focusing of the
pump light in these configurations is often complex due to the requirement for the
pump light to totally internally reflect along the slab.
Grazing incidence bounce slabs have also shown operation at high powers whilst
achieving operation on the fundamental mode. Using gain media with high absorption
efficiencies, the pump light can be focused from an emitting bar into a narrow section
of the gain medium. Selection of the fundamental mode can be achieved by limiting
the absorption depth of the pump light, thereby only selecting the lowest order mode.
The narrow bounce angle also allows for averaging of the thermally induced lensing.
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Grazing incidence slabs have been shown to generate output powers of up to 40 W
with an M2 of 1.1 [66]. The absorption depth of the pump light must be well defined,
and highly doped material is often used as a result in order to limit the absorption
depth. The actual extraction of the pump light is also fundamentally limited by the
grazing incidence of the cavity mode.
For near diffraction-limited performance, end-pumped lasers typically provide the
highest efficiencies compared to the other configurations described here. The selection
of the fundamental mode can be achieved by adjusting the pump spot size to match
that of the cavity mode. In Nd:YVO4 conversion efficiencies as high as 70% have been
demonstrated with output powers up to 47 W [67] with pump powers of up to 200 W
at 888 nm [68].

1.2.3

Thermal Lens and Cavity Mode Size Analysis

The selection of the fundamental mode is achieved by matching the size of the absorbed
pump spot to that of the cavity mode. The two factors are interlinked however due to
the induced thermal lensing within the laser crystal affecting the size of the cavity
mode. In a plane-plane cavity configuration the thermal lens is the main determinant
in the cavity mode size. The focal length of the thermal lens can be calculated from
the temperature rise that results from the absorbed intensity.
For a basic calculation in an end pumped rod configuration, assuming a parabolic
temperature profile and that all the heat is removed from the rod surface, the steady
state radial temperature rise that results from the absorbed pump power is given by
[8] where
∆T =

Ph
4πKth lrod

(1.11)

Where Kth is the thermal conductivity, lrod is the thickness of the rod and Ph is
the thermal power. Ignoring photo-elastic contributions, the induced thermal lens
strength can be calculated from temperature gradient of the rod, where the focal
length is calculated using the following equation [8]
fth =

2πωo Kth
dn
Ph
dt

(1.12)

where dn/dt is the temperature dependence of the refractive index and ωo is the
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beam waist size. Fig. 1.13 shows the calculated focal power of the thermal lens as a
function of the pump spot size for an incident pump power of 12 W. The two different
plots in Fig. 1.13 are a result of the uniaxial nature of the Nd:YVO4 .

Figure 1.13 – Focal power of induced thermal lens in Nd:YVO4 as a function of pump
spot size.

To achieve a more realistic thermal lens calculation that takes into account the undoped endcaps, FEA can be completed in the same manner as that for the zigzag slab
in the previous section. Fig.1.13 shows the thermal lens calculation for an Nd:YVO4
rod with 4 mm undoped end-caps at either side. The modelled incident pump power
was 12 W with a pump spot radius of 400 µm. Fig. 1.13a shows the temperature map
of the crystal with 12 W of incident pump power. The resultant optical path length
variation across the crystal is shown in Fig. 1.13b. For this calculation the diode spot
size was constant through the rod and did not take into account the focused nature
of the pump light. The variation in spot size through the rod will lead to a slightly
different heat deposition than that modelled here.
From the temperature plot, the effective path length variation across the rod surface
can be calculated. The calculated focal power of the thermal lens for 12 W of pump
power is 200 mm. The FEA predicts a weaker thermal focal length than the calculation
completed previously. The FEA model should provide a more accurate result as this
takes into account the undoped end-caps in the crystal and the absorption profile of
the pump light.
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Figure 1.14 – a: Temperature profile of Nd:YVO4 with 12 W of incident power. b:
Modelled optical path difference across mode.

1.2.4

Cavity Mode Analysis

To calculate the effect the thermal lens strength has on the fundamental mode size,
ray matrix propagation calculations can be performed. The ray matrix calculations
are shown below starting with the complex beam parameter q.
1
1
λ
=
+i
q(z)
R(z)
πnωz 2

(1.13)

The complex beam parameter describes a Gaussian beam at a given location z.
The real parameter refers to the curvature of the wavefront Rz and the imaginary part
refers to the waist ωz , where n is the refractive index at point z. The ray transfer
matrix method is then used to describe how the beam propagates through the cavity.
The standard transfer matrices are shown below.

Curved Mirror =

0

−2
R

1

Free Space Propagation =

Lens Duct =
where γth =

!

1

(1.14)

!
1 L

(1.15)

0 1

cos(γth z)

−1
(nγth
)sin(γth z)

−(nγth )sin(γth z)

cos(γth z)

!
[46]

(1.16)

p
n2 /n0 , n0 is the bulk crystal refractive index and n2 is the radial

refractive index variation. Using the basic matrix transfers, the size of the fundamental
waist, as well as the stability of the cavity can be determined.
The new complex beam parameter for a beam that has traversed the optical system
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represented by the transfer matrix M is
q2 =

M1,1 q1 + M1,2
M2,1 q1 + M2,2

(1.17)

The cavity is stable when periodic focusing occurs, whereby q1 = q2 and is defined by
the relationship
−1 ≤

M1,1 + M2,2
≤1
2

(1.18)

The embedded waist at the first mirror in the matrix calculation is then calculated
using the equation
|M1,2 | λ
ω22 =
π

s

1
1 − (0.5(M1,1 + M2,2 ))2

(1.19)

The spot size at any point in the cavity can then be calculated by equation (1.17)
using the waist calculated at q1 to determine q2 . By equating the real and imaginary
parts of the q1 to the complex beam parameter, the waist in the crystal can be
calculated.
The cavity mode size and stability can be calculated using commercial software,
such as Lascad or GLAD. The cavity analysis for this thesis was calculated using the
freely available software package LASCAV from the university of St. Andrews.
In the next four chapters, an investigation of VBGs operating as high reflective
mirrors is completed. The calculations described here are used to calculate the optimum
spot size within the cavity, the induced thermal lens and the required cavity length to
match the pump spot to that of the fundamental mode of the cavity. The performance
characteristics of the laser are also considered using equations (1.10) and (1.9).

1.3

Conclusion

This chapter has introduced both the requirements of military resonators and the
subsequent design developments used to meet these requirements. The characteristics
of the laser resonators, in terms of pump power, output coupling reflectivity and
efficiency have also been presented for both Q-switched and CW operation.

1.4

Thesis Layout

The main consideration in the first section is the development of a diode pumped
Nd:YVO4 laser using VBGs as high reflectivity (HR) mirrors. In chapter 2 an in-
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troduction to VBG theory is completed and modelling of the VBG performance is
presented. In chapter 3 the configuration of VBG lasers operating at 1064 nm and
1342 nm is presented, with the effects on the laser efficiency, mode parameters and
spectral line width investigated. In Chapter 4, the thermal effects within VBGs are
discussed and the coupled nature of the cavity intensity to the VBG performance
is proposed. Chapter 5 shows the construction of a double VBG laser operating
at 134 2nm. The ability to achieve SLM operation up to an output power of 2.3 W
is shown and predictions of the optimum configuration for the laser are discussed.
Finally, a Q-switched VBG laser is constructed and the effects of the spectral performance of the VBG on the efficiency of the second harmonic generation is investigated.
The main consideration in the second section of this thesis is the development of
the military lasers discussed in section 1.1, that can operate without thermal control.
An investigation into locking the laser-diode wavelength is completed in chapter 7.
In chapter 8, the use of a long absorption length configuration to achieve athermal
performance is investigated. Chapter 9 looks at selectively locking the LDA over
temperature to improve the performance compared to that in chapter 7.
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Chapter 2
Volume Bragg Grating Theory
In this chapter, the theory and operation of Volume Bragg Gratings, or VBGs as they
are commonly known, is described. VBGs have been used in a number of different
configurations from line narrowing of laser cavities [69], locking of laser diodes [70],
to transverse mode selection within end-pump resonators [71]. The mathematical
solution of Bragg scattering is outlined in this chapter and applied to VBG’s. The
chapter provides a basic outline of the key VBG parameters that determine the spectral
performance. The chapter then highlights the effects of a change in these parameters as
a result of thermal aberrations. The main output of this chapter is the demonstration
of two models that can calculate the performance of a VBG, with and without thermal
loading. The results of this chapter therefore have an input into future chapters, where
the thermal effects can degrade the laser performance. The actual manufacturing of
VBGs is also discussed and the performance limitations outlined.

2.1

Basic Bragg Theory

VBG’s can be used as an optical element in both transmissive and reflective modes.
Fig. 2.1 shows both these modes of operation. The angle θ is the angle of the incident
array from normal and φ is the slant angle.

Figure 2.1 – Reflecting and transmitting VBGs.

The theory for VBG transmission and reflectivity was first developed by Kogelnik
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et al. in 1969 [72]. Kogelnik’s derivation of the solutions for a volume grating is briefly
outlined here, allowing for a model of the performance of a grating to be constructed.
Starting with the scalar wave equation
∇2 E + kc2 E = 0

(2.1)

where kc is the propagation constant in the grating. The value kc is defined as
kc2 = ωa2 c2  − jωa µσ

(2.2)

where ωa is the angular frequency. The actual spatial modulation in the grating in
terms of both  and µ is defined as
 = o + 1 cos(K·x)

(2.3)

σ = σ o + σ 1 cos(K·x)

(2.4)

where o and σ o refer to the average dielectric constant and conductivity and K is the
grating vector. The factors 1 and σ 1 refer to the dielectric and conductivity variations
arising from the index modulation in the grating. By combining these equations and
defining two new constants, equation (2.5) can then be defined as
kc2 = β 2 − 2jαβ + 2κβ(eiK.x + e−iK.x )
The two constants are defined as the propagation constant β =
refractive index, and the absorption coefficient α1 =

µcσ0
.
2n

(2.5)
2πn
,
λ

where n is the

A coupling constant κ is

also defined as
κ = π∆n/λ − jα1 /2

(2.6)

where α1 is the absorption coefficient in the grating and ∆n is the refractive index
modulation. The coupling constant refers to the interaction between the input wave
and the reflected wave. The coefficient contains two elements in a similar manner
to the complex refractive index. The real parameter represents the coupling of the
waves as a result of the index modulation variation. The imaginary part represents
the absorption within the grating. As highlighted by Kogelnik, in the absence of
absorption, the coupling constant is dependent on the amplitude of the refractive
index modulation only. If the modulation decreases to zero, the coupling coefficient
also reduces to zero.
The solution to the scalar wave equation describes two waves [73]. Firstly, an
incoming forward propagating wave, denoted here as M , and a second backwards
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travelling wave denoted as N . Considering the two propagating waves in the VBG,
the total electric field intensity is
E = M (z)eiδ.x + N (z)e−iρ.x

(2.7)

The propagation constants of the forward travelling wave and the backwards
travelling wave are δ and ρ. The propagation constants of the backwards travelling
wave ρ are determined by the propagation constant of the grating itself. The incoming
beam will possess its own propagation constant, dependent on both the grating
parameters and the properties of the beam itself. In order for sufficient coupling to
occur, momentum must be conserved and therefore
δ =ρ−K

(2.8)

Equation (2.8) shows the requirements for the matching of the input wave characteristics to that of the reflected wave. As a result of moving away from these conditions,
a phase mismatch will result and momentum would not be conserved. The effect
of this would be to decrease the coupling efficiency, as the forward and backward
propagating wave move out of phase with one another. The parameters that affect the
propagation constant of the incoming wave are the wavelength of the input beam and
the incident angle relative to the Bragg angle. The term ∆λ describes the difference
in wavelength from the input wave to that of the grating vector. The angle ∆θ of the
input wave will also result in dephasing and a reduction in the diffraction efficiency. A
dephasing parameter νvbg , that describes these effects is shown in equation (2.9).
νvbg = ∆θKsin(φ − θ) − ∆λ ∗ K 2 /4πn

(2.9)

The wave equations can be derived by inserting the combined electric fields into
the scalar wave equation. By comparing the similar exponential terms that result from
this and by using a few assumptions, equations (2.10) and (2.11) are derived. The first
00

00

assumption is that we can ignore the higher order M and N terms as we assume a
slowly varying field envelope. That is to say we assume the energy exchange between
the two waves is slow. We also assume no absorption within the grating eliminating
the α1 terms. The term νvbg has been included to represent the change in phase of the
incident beam as a result of the factors described previously.
ct M 0 = jκN

(2.10)

cr N 0 = −jκM + jνvbg N

(2.11)

Two new constants ct and cr have been defined. These constants refer to the
propagation vectors of each wave. The solution to the wave equation for the transmitted
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and reflected wave can be calculated as
M (z) = m1 e(γ1 z) m2 e(γ2 z)

(2.12)

N (z) = n1 e(γ1 z) n2 e(γ2 z)

(2.13)

The boundary conditions from the VBG configuration can then be applied. The
boundary conditions are different for transmitting and reflective gratings. Here we
only consider a reflective grating. For this configuration there are two conditions, at
the point z = 0 the solution M (0) = Minput . For the second known boundary condition,
at the end point of the grating, the reflective wave N (d) = 0.
The boundary conditions are therefore
at Z = 0 M1 + M2 = 1

(2.14)

at Z = d N1 + N1 = 0

(2.15)

By inserting the solutions for M and N into the coupled wave equations in to (2.10)
and (2.11) and applying the boundary conditions, the magnitude and phase of the
reflected wave can be calculated. In the following sections, two separate methods of
calculating the performance of the VBGs are described. The first is for an exact solution
to the equations introduced here. This solution can be used when the parameters of the
grating are constant and no thermal or mechanical distortions are present. The second
method uses a Runge Kutta solver to iterate towards an intensity distribution within
the grating that satisfies both the boundary conditions and the solution described in
equations (2.12) and (2.13).

2.2

Exact Solution to VBG Coupled Wave Theory

The derivation of the analytical solution is shown previously [74]. The solution to the
grating reflectivity Rvbg is shown below
Rvbg = (1 +

1 − ξ 2 /Φ2
p
)−1
sinh2 Φ2 − ξ 2

(2.16)

Two new parameters have been defined in equation (2.16). The first is a new
dephasing term ξ. This term is related to the previous phasing parameter by the
following equation
ξ=

νvbg d
2cr

(2.17)

where cr is the angular variation of the input and reflected waves defined by cr =
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cosθ −

K
cosφ
β

and d is the thickness. The second new defined parameter is Φ, which

is shown in equation (2.18). This describes the reduction in the coupling coefficient
of the grating, as a result of the phase mismatch of both the input and output wave
vectors, to that of the grating vector.
Φ=

2.2.1

πnd
1

λ(cr cs ) 2

(2.18)

VBG Performance

Figure 2.2 – a: Spectral response of 1342 nm high reflectivity grating. b: Spectral
response of VBG for a series of refractive index modulations dn. b) Spectral response of
a VBG at various lengths.

Using equation (2.16), the spectral performance of a high reflecting VBG can
now be calculated. Fig. 2.2a shows the reflectivity of a 1342 nm VBG. The grating
parameters are as follows: the refractive index variation ∆n = 220×10−6 , the average
refractive index, n, is 1.488 and the grating spacing was 450 nm. These values were
provided by the grating manufacturer Ondax.
Fig. 2.2a shows how both high reflectivity and a narrow spectral response can
be achieved in the grating. The effect of varying the parameters of the grating on
the spectral response can also be explored. By analysing the equations that define
the reflectivity, it can be observed how decreasing parameters such as the grating
modulation affects the performance. From equations (2.6) and (2.18) it can be seen
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how a reduction in the refractive index modulation will reduce both the coupling
coefficient and Φ. A reduction in Φ will also result in a reduction in the reflectivity
Rvbg . Fig. 2.2b shows how the spectral response of a VBG varies for a selection of
different refractive index modulations.
The effect of varying the length of the grating can also be explored. The grating
length d is present in both the coupling coefficient factor and also in the dephasing
parameter. An increase in the grating length would see the dephasing parameter
increase. This change would see the gratings spectral response narrow as the grating
length increases. The grating is therefore more sensitive to changes in wavelength.
However, the grating length will also increase the effective reflectivity at each spectral
point. The overall effect of changing the length of the VBG is shown in Fig. 2.2c.

2.3

Runge Kutta Method For Imperfect Gratings

A method to allow for the spectral response of a VBG grating that possesses parameters
such as spatial frequency, refractive index and index modulation whose values vary
through the grating is also required. A method for modelling spectral response of
VBGs with thermal distortions has been presented previously by Shu et al. [75]. This
solution uses the Runge Kutta method to iteratively solve the intensity distribution
using the coupled equations described previously. The transfer matrix technique has
also been used to solve the intensity distribution within the VBG [76]. The transfer
matrix can often be computed quicker. However, programs such as Matlab already
have in-built functions for the Runge Kutta method and are therefore easier to program.
The coupled equations from the scalar wave equation are again shown in equations
2.19 and 2.20.
ct M 0 = jκN

(2.19)

cr N 0 = −jκM + jνvbg N

(2.20)

The parameters νvbg and κ have previously been defined to take account of the
dephasing and the coupling respectively. There are now two coupled equations and
boundary conditions from section 2.1. The Runge Kutta method allows for the calculation of the intensity distribution of the transmitted and reflected waves as they
propagate through the grating.
The two equations are coupled and therefore to calculate one wave, the intensity of
the other at any given point must be known. A solution to the coupled equations can
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still be iterated towards. By starting with estimated values for the transmitted wave
intensity distribution, an intensity distribution of the reflected wave can be generated.
The calculated values for the reflected wave can then be used to re-calculate the
transmitted wave intensity distribution. This process of updating the intensity profile
of each wave is repeated until the values for each wave have stabilised.
The model becomes more complex when high reflectivity gratings are used. For
reflectivities higher than 50%, it is found that the solution does not converge. A
method for calculating the intensity distribution of the higher reflectivity gratings
has been reported by Shu [77]. In order to allow the solution to converge, the grating
must be split into four parts. Each section is iterated in the same method described
previously. This time, however, the boundary conditions for each split section are now
taken from the calculated values of transmitted and reflected waves for the previous
section of the VBG. Initially, the values are guessed, and by repeating the steps a
number of times, at each point using the most recently calculated values for the
boundary conditions, a solution is reached. Fig. 2.3 shows the spectral performance
of a high reflectivity grating, calculated using both the exact solution described in
section 2.2 and the adapted Runge Kutta method.
The Runge Kutta model gives good agreement with the exact equation method using the same input parameters. A small difference was observed between the reduction
in the transmitted wave, and the value of the reflected wave by around about 2%. It is
believed that this error arises from the adaptive step size method used in MatLab to
perform the fourth order Runge Kutta iteration. This adaptive step size significantly
improves speed, but leads to different step sizes being taken for the transmitted and
reflected waves. As a result, when attempting to use the previously stored intensity
distribution for the opposite wave, there are discrete points that do not coincide with
the values required to calculate the wave. Currently, a nearest neighbour routine is
employed, which will lead to a slight error. Interpolation techniques could improve
the accuracy of the code, although they would also increase the calculation time.
There is now a method to calculate the reflectivity of an unmodified grating, using
an exact method and an iterative method. The iterative method can also allow for the
calculation of thermally distorted gratings by using spatially dependent values for the
refractive index and grating vector. If, for example, the spatial variation in the grating
vector is known, for each iteration performed, a different value for the grating vector
can be used. This is the method of operation described by Waritanant et al. [78].
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Figure 2.3 – Comparison of exact and Runge Kutta model for high reflectivity VBG.

2.4

VBG Construction

Two different methods of calculating the reflectivity of VBG’s have been demonstrated.
It has been shown from equations (2.16) to (2.18) that in order to achieve a high
reflectivity, narrow bandwidth VBG, both the smallest refractive index modulation
possible and a long grating length are required. These parameters will also depend on
the actual processing of the VBG itself, such as the parameters of the glass and the
limitations of the index writing process.
VBGs are constructed from Photo-Thermo-Refractive glass (PTR). PTR glass is
a silicate based glass with composition (mol.%) 70 SiO2, 15 Na2O, 5 ZnO, 5 NaF,
4 Al2O3, 1KBr, 0.01 Ag2O [79]. The glass blanks are processed to achieve thermal
insensitivity and allow for the production of high diffraction efficiency gratings. The
actual fabrication of the grating is completed in a two stage process. First, the device
is selectively exposed to high intensity UV radiation. The band gap energy for the
PTR glass is centred at 305 nm but is highly transmissive above 400 nm. UV radiation
in the 300 nm region is therefore strongly absorbed. Typically, He:Cd lasers operating
at 325 nm [80] are used for irradiation, although other laser such as N2 or Ar lasers
can also be used. The pulse energy of the exposure depends on the required refractive
index change, ranging from 0.1-10 J/cm2 [81]. To write the actual refractive index
modulation, two coherent UV sources are used to produce an interference pattern on
the glass plate. The exposure to the intense UV produces ionization of the cerium ion.
The ionization releases an electron which is trapped by a silver ion, allowing the silver
ion to become a neutral atom.
The second process is the baking of the glass, at a temperature of around 450-500 ◦ C
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[82]. The baking process contains two phases. Initially, the glass is heated up to
400 ◦ C, allowing for diffusion of the silver atoms. The silver atoms then group to form
tiny silver crystals. These crystals then act as the nucleation site for formation of
NaF crystals. The formation of the NaF crystals leads to a refractive index change
within the glass. The baking process typically lasts around two hours although the
duration can be varied to adjust the refractive index variation. The refractive index changes as a function of dosage, with changes as small as 125×10−6 [74] achievable.
The formation of the NaF crystal that results in the change in refractive index is a
permanent feature within the glass. As result, the damage threshold of the VBG’s are
in the order of 10 J/cm2 [81]. The characteristics of the damage threshold are typically
due to the intrinsic quality of the glass sample itself. The damage threshold has been
found to vary from 20 J/cm2 for an inclusion free glass down to 3 J/cm2 for a glass
that contained inclusion. The grating strength and angle of incident beam relevant to
the grating axis were found not to affect the damage threshold [81].
Whilst the UV irradiation process allows for narrow band filters to be accurately
fabricated, the material proprieties of the glass itself also contributes to performance of
the grating. The low thermal expansion [83] and small thermo-optic coefficient, dn/dt,
also make the grating stable over temperature. The low absorption from 400 nm up
to 2500 nm [84] also allows for gratings to be used over a wide range of wavelengths.
Residual absorption can play a role in altering the performance of the VBGs, as
is shown later. Whilst absorption within region of 800-1500 nm is small, thermally
induced aberrations have been shown to be present within VBGs [85]. The thermal
abberations can cause a number of different behaviours in the VBG. The spectral
performance of the VBG can vary, leading to chirping of the VBG or shift in the
actual centre wavelength of the device.

2.4.1

VBG Thermal Modelling

The thermal effects within VBGs have been documented previously [85] [78]. The
PTR glass that the VBG is constructed from still has a small amount of absorption
above the bang gap of 365 nm. Published data suggests an absorption coefficient in
the region of 10 −3 cm−1 [86] [87] in the near IR region. Whilst this value is small,
when used in high power configurations we can observe the effects of this absorption.
In order for VBGs to be used within future systems, an understanding of the causes
of these effects and ideally, a model that will predict these effects is required. Using
the Runge Kutta model, coupled with Finite Element Analysis (FEA) of the thermal
induced aberrations, the behaviour of the VBGs can be analysed. This method of
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VBG modelling has been presented by Waritanant et al. [78].
Starting with the coupled equations that describe the performance of a VBG, to
first order, the equation has two parameters that will be affected by thermal heating,
both to differing degrees. The main contribution to the thermal behaviour arises
from the dephasing term ζ. It can been seen that nav , which is the average refractive
index taking into account the grating modulation, and K (where K =

2π
),
Λ

will have a

temperature dependence. This temperature dependence arises from both the thermal
expansion coefficient varying K and the thermo-optic coefficient which will affect nav .
The overall temperature dependence is a combination of these two factors, as shown
below [87]
dλB
dnav
dΛ
1 dn
=2
Λ + 2 nav = λB (
+ αp )
dT
dT
dT
n dT

(2.21)

Where αp is the effective absorption in parts per million. The refractive index
coefficient dn/dt is 0.05 × 10−6 ◦ C−1 . This will cause the refractive index to change
slowly as a function of temperature. The thermal expansion coefficient dL/dt is
8.4 ×10−6 m ◦ C−1 . The combined temperature effect is therefore dominated by the
thermal expansion, which is much larger than the dn/dt coefficient. Equation (2.21)
shows a Bragg wavelength temperature coefficient will therefore be equal to the thermal
expansion coefficient 8.4 pm/◦ C [87].

Figure 2.4 – a) Modelled setup. b) Thermal modelling of VBG.

The analysis shows that the bulk temperature tuning is simply a function of the
absorption coefficient. However, when considering the spatial distortion of the grating,
more complex modelling will be required.
A model was constructed in Comsol to generate a temperature profile within the
grating. Firstly, the bulk temperature tuning of the VBG is checked, to ensure it is
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consistent with the simple analysis completed above. Fig. 2.4 shows the VBG setup
and the corresponding thermal expansions in the plane of the grating.
Fig. 2.4b shows the cumulative thermal expansion of the grating for a temperature
increase of 50 ◦ C. A total of 1.95 µm expansion across the grating is observed. This
corresponds to a shift in the Bragg wavelength of 0.42 nm. From equation (2.21) a
shift of 0.41 nm would be expected. The small difference may arise from the modelling
method. The model does not actually increase the ambient temperature but instead
simulates a temperature rise in the TEC. This represents a real life scenario, rather
than the simple calculation presented previously.
The thermal effects that will arise from an incident laser beam can now be investigated. Initially a 200 µm 1342 nm beam incident on a 99% reflectivity grating was
modelled. There are two main parameters that affect the thermal gradients. The first
parameter is the absorption coefficient. As discussed earlier, this is typically in the
region of 0.01 cm−1 . The second parameter is the power distribution of the incident
beam within the grating. The intensity profile will affect the grating by expanding it
in a nonlinear fashion, modifying its parameters in all three dimensions. An initial
Runge Kutta model, completed for an unperturbed grating, allows for the calculation
of the intensity distribution through the VBG. The model assumes that a small change
in VBG reflectivity will not significantly affect the intensity distribution. If the VBG
reflectivity reduces significantly, the intensity profile within the grating will change,
thereby changing the overall heat load. For the incident beam, we simply consider
a monochromatic source at the Bragg wavelength. It would be possible however, to
model a broad linewidth source by simply interrogating the spatial intensity profiles
across the spectrum of the source. Fig. 2.5 shows the overall intensity profile modelled
in Matlab and the actual converged solution of the spectral intensity distribution.

Figure 2.5 – a: Modelled intensity distribution in VBG. b: Intensity distribution of
transmitted and reflected beam for incident intensity profile.
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An exponential curve was fitted to both the reflected and transmitted wave to
allow for simple integration into Comsol, this is shown in Fig. 2.5b. By including
the absorption coefficient, the thermal load within the grating can then be modelled.
Fig. 2.6 shows the resultant temperature rise in the grating.

Figure 2.6 – Modelled temperature map in a VBG.

A temperature rise of 20 ◦ C in the VBG was modelled for an incident of power
of 150 W. The localised thermal expansion data is then extracted from the Comsol
model for the Runge Kutta VBG reflectivity calculation. The reflectivity is now
adapted to include a spatial dependence on the modulation spacing. Fig. 2.7 shows
the spectral response of the thermally modified grating compared to the unmodified
grating. We can observe a significantly different response to the unmodified grating.
The first parameter that has changed is the peak reflectivity, which has reduced from
99% to 97%. We also observe a significant broadening effect which arises as a result
of two secondary peaks that are now represent a portion of the VBG’s spectral response.

Figure 2.7 – Modelled spectral diffraction efficiency of thermally distorted VBG.
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We can now see how the thermal distortions of the grating will ultimately limit
the ability of the VBG to achieve a narrow linewidth. The presence of the secondary
spectral peaks may also allow for a larger linewidth than that of the unmodified
grating.

2.5

Conclusion

This chapter has introduced the basic concept of the VBG grating. The methods used in
this thesis to calculate the performance of a grating, in both an unmodified configuration
and a thermally distorted configuration have been outlined. The parameters that define
the VBG’s spectral performance have been been discussed and the actual variation
in performance these parameters produce is presented. The concept of using FEA,
combined with a Matlab code using the Runge Kutta solver method has been shown
to predict the spectral performance of a thermally distorted VBG. The thermal effects
within VBGs are further investigated in chapter 4, where the performance of a VBG
under high thermal loads is actually measured.
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Chapter 3
Single VBG Lasers

3.1

Introduction

In this chapter the development of an initial solution that could meet the requirements
outlined in chapter 1 section 1.2 is considered. The demand for a broadband visible
source is to provide dazzling capabilities to defeat optical sensors [54]. Whilst the
requirements for a multi-wavelength visible source can be met by a number of different
laser technologies, a true broadband visible laser in this power region can only be
met by a limited number. Sources such as supercontinuum generation within a fibre
can readily achieve this and, at the time of writing, is the most efficient method of
generating a broad spectrum within the visible region [88]. The threshold for the
χ3 nonlinearity is very high however [89], leading to the use of pump sources with
ultra-short pulses. As a result, this method cannot be used to generate a CW source.
If the use within a ruggedized military platform is also considered, ultrafast lasers are
typically not suited to this environment due to their size and weight as well as their
susceptibility to external factors such as temperature or misalignment.
This complex spectral requirement could also be met by a series of discrete wavelengths. By using more readily available mature technology, a source with a series
of discrete wavelengths could replicate the dazzling performance observed from a
true broadband source. To create a quasi-broadband source at least three discrete
wavelengths would be required [54]. In this chapter, the development of a source that,
in the future, could generate three different wavelengths within the visible spectrum
is investigated. The use of VBGs as a replacement for HR mirrors is detailed in this
chapter, to demonstrate their ability to operate in a laser cavity that could be used
for this purpose, whilst also providing wavelength selection and narrow linewidth. As
discussed later, complex coating requirements for dielectric mirrors that would allow
for wavelength selection are difficult to manufacture. A high power VBG cavity could
therefore provide improved performance, in-terms of narrow linewidth and increased
conversion efficiency, compared to traditional dielectric mirrors.
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One of the simplest ways the wavelength range could be spanned is through use of
a series of optically pumped semiconductor lasers (OPSL). By the adjustment of the
active layer material type and concentration, OPSLs can be fabricated to operate on
a number of different wavelengths. OPSLs in the red and green region have already
generated up to 15 W of pump power [90]. More recently, OPSLs operating in the
yellow/orange region (560-600 nm), generating up to 5 W CW have been demonstrated
[91]. By beam combining a series of these OPSLs, a broadband visible source could be
created.
Whilst this method may provide the simplest route to a turn-key solution, the
limited commercial availability of both the lasers, and the inability to procure stand
alone active gain regions, may limit their use within a number of systems. This
typically occurs when manufacturers look to add maximum value and minimize cost
through their supply chain.
CW Raman lasers operating in these regions have also been demonstrated by
intra-cavity frequency doubling the first-stokes Raman line. In this configuration watt
level powers have been generated in the 580 nm region [92]. However, high incident
intensities are required to achieve efficient conversion.
Lasers using different emission lines in Neodymium host materials could also provide a simple, cost effective route to achieve the requirements. Materials such as
Nd:YAG and Nd:YVO4 , pumped with 808 nm diodes, could act as the pump source for
second harmonic generation (SHG) and sum frequency generation (SFG), generating
a series of visible wavelengths. The various emission lines in these materials have
been discussed in chapter 1 section 1.2.1. The ability to generate both a 1 and 1.3 µm
source could allow for generation of 532, 590 and 670 nm emission, therefore achieving
the minimum requirements for a visible source.
CW and Q-switched SHG and SFG at these wavelengths have been demonstrated
previously in a number of different configurations [8] [93]. In future work, presented in
[55], the possibility of using a single laser to generate the fundamental wavelengths
simultaneously is discussed. Dual wavelength setups have been described previously
[94] to generate 590 nm emission. By power scaling such configurations, and using the
residual 1064 nm and 1342 nm lines to produce the other visible emission wavelengths,
a quasi-white-light source could be created. This setup could achieve the outlined
requirements using only a single laser. The laser would also produce three visible
beams that are co-linear to one another, removing the need for beam combining.
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One of the challenges in these configurations, and in particular the SFG and
dual wavelength setups mentioned above, is the complex coating requirements. The
coating requirement for the SFG, for example, would require three different reflectivity
specifications: two at the fundamental wavelengths and one at the sum frequency
wavelength. A dual wavelength laser could require up to five different features within
the spectral response, leading to a complex coating requirement.
To address this issue, VBGs could be used instead of normal dielectric mirrors.
VBGs can provide high reflectivity in a narrow wavelength range, whilst providing
negligible losses at all other wavelengths. Combined with a broadband anti-reflection
(AR) coating, VBGs could operate as the wavelength selective element in a solid state
laser cavity.
VBGs can also be used to suppress the stronger emission lines in a cavity. The
main 1064 nm transition line in both Nd:YAG and Nd:YVO4 typically builds up within
the laser cavity, preventing oscillation at any other wavelength. By providing high
reflectivity at a weaker emission line and limited feedback at the stronger emission line,
the operating wavelength can be controlled. VBGs could also be used to provide high
reflectivity at the stronger emission line and couple this out of the cavity, preventing a
high Q-factor cavity being formed at this wavelength.
At the time of writing, VBGs have been used in solid state laser cavities in a number
of different configurations. The first demonstration of a VBG solid state laser was by
Chung et al. [69] in which a high diffraction efficiency VBG was used to narrow the
linewidth of a Ti:Sapphire laser. A number of papers have shown the ability of VBGs to
create narrow linewidth configurations without the need for other intra-cavity components such as etalons. Up to 1.9 W have been generated in these configurations [95] [94].
The use of VBGs to force operation on weaker emission lines has also been demonstrated [94]. VBGs have also been used within high average power slab waveguide
lasers to control the emission wavelength. Lasers generating up to 80Ẇ in a Tm:YLF
slab [96] with an M2 of 2.5 in the waveguided plane have been demonstrated. Scaling
of these configurations is achievable due to the relatively large spot sizes incident on
the VBG, limiting the thermal aberrations.
End-pumped rod and thin disk VBG cavities operating with low M2 have also been
demonstrated, with powers up to 4.7 W [97] and 2 W [98] respectively.
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A multi-spectral VBG cavity would therefore be an efficient method of generating
the requirements, based on mature solid-state technology. VBGs are now commercially
available in customizable specifications. This chapter firstly explores the viability of
using VBGs as a replacement for dielectric high reflectivity (HR) mirrors within an
end-pump rod laser cavity, at higher powers than have previously been demonstrated.
To achieve this, a dielectric mirror laser cavity running at 1064 nm, is compared to
that of a VBG / dielectric mirror laser cavity running at the same wavelength.
Initially the various parameters of the laser configuration are investigated. The aim
is to optimize the setup for 1064 nm operation in terms of cavity mode size, pump spot
size and cavity output coupling. Two differing configurations are then constructed, a
1064 nm cavity based on dielectric mirrors and a dielectric / VBG cavity. Comparing
the performance of the two cavities allows us to compare the performance of a VBG
to that of a standard dielectric mirror. Finally, a second VBG cavity is configured to
allow the laser to run on the weaker emission line at 1342 nm, thereby demonstrating
the VBGs ability to suppress the stronger emission line, whilst operating at relatively
high powers.

3.2

1064 nm Dielectric and VBG Laser Configuration

The laser used in this configuration was a diode-pumped, three mirror Nd:YVO4 laser
cavity, constructed for this investigation. This is shown in Fig. 3.1. A 0.5 % doped
Nd:YVO4 rod based crystal, with a length of 28 mm, including 4 mm undoped end-caps
at either side, was mounted into a copper heat sink and air-cooled. The pump source
was a 40 W 808 nm diode, fibre coupled into a 800 µm core fibre. Two focusing lenses
were used to focus the diode light into the crystal through a dual coated mirror. The
mirror provided high transmission at 808 nm and high reflectivity at 1064 nm. By
adjusting the position of the two lenses, the focussed spot size can be varied.

3.2.1

Optimum 1064 nm Nd:YVO4 Laser Parameters

In this section the expected performance of the laser resonator introduced previously
is briefly described. This allows the optimum setup in terms of spot size, coupling and
beam quality to be achieved. Using the equations described in section 1.2.2 in chapter
1, the cavity characteristics were modelled.
The cavity was operated in a plane-plane configuration to limit the need for curved
optics. The thermal lens strength would therefore provide the cavity stability. The
magnitude of the thermal lens was calculated from the equations in chapter 1 section
1.2.3. The pump spot must be matched to the size of the fundamental mode, but the
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Figure 3.1 – 1064 nm three mirror cavity diagram.

defined pump spot size will also impact on the thermal lens strength. By calculating
the thermal lens focal length and the resultant cavity length required to match the
pump spot size, the best configuration for the plane-plane cavity was ascertained. This
configuration allowed for 16 W of pump power in a 400 µm spot, with a cavity length
of 364 mm. The cavity configuration produces a fundamental mode size of ≈ 400 µm
in both the x and y axis. The thermal lens strength was calculated to be 134 mm in
the vertical axis and 381 mm in the horizontal axis. The optimum output coupling for
this configuration was calculated to be 78%.

Figure 3.2 – Modelled laser output power with various output couplers.

The slope efficiency of the laser was then calculated for the various output couplers
available. The reflectivity of the output couplers was 60%, 80% and 90%R. The model
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uses a constant cavity mode size, therefore any variation in the focal length of the
thermal lens is not included in this model. The result is a linear relationship between
pump power and output power. The calculated output power for each coupler is shown
in Fig. 3.2. For the model, losses of 3% were estimated. This was calculated from the
coating scans of the mirrors and AR surfaces. The 80% coupler provided the optimum
performance in the calculation, with a slope efficiency of 0.48 and a maximum output
power of 6.4 W.

3.2.2

1064 nm Mirror Cavity Results

The cavity shown in Fig. 3.1 was then constructed. The spot size of the pump was
adjusted by displacement of the two lens focusing setup to achieve a 400 µm waist
within the crystal. A waist size of 385 µm was measured using a CCD camera. The
performance of the cavity was then investigated under lasing conditions to ensure
agreement with the calculated values shown previously.
The performance of the cavity with output couplers ranging from 60-90 % reflectivity was then characterised. The results of this are shown in Fig. 3.3.

Figure 3.3 – a: 1064 nm dielectric mirror slope efficiency measurement. b: Modelled
and measured power vs. reflectivity.

A maximum power of 6.8 W was generated using the 80% R coupler. The slope
efficiency of the 80% and 60% output couplers was calculated to be 0.51 and 0.61
respectively. This is in good agreement with the calculations completed in the previous
section, validating the calculations. The output power also shows a linear relationship
with the pump power suggesting the variation in the thermal lens focal power does
not vary the pump / cavity mode overlap.
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In the next section, where VBGs are used instead of a standard dielectric mirror,
one of the main factors that may differ will be the losses introduced into the cavity. A
comparison of the output power and reflectivity values are compared in Fig. 3.3b for
the measured and modelled results. The modelled results show cavity losses of around
3-3.5% provides reasonable agreement with the measured results. A second analysis of
the cavity loss was completed by performing a Findlay-Clay analysis (FCA) [99] from
the different output couplers. This is shown in Fig. 3.4

Figure 3.4 – Findlay-Clay analysis of 1064 nm cavity using dielectric mirror.

From the FCA, the cavity losses were measured to be 4.5 %. This is compared to
3.5 % from the previous results. The FCA values represent actual measured values from
the cavity, compared to the modelled results in the output coupling analysis. Whilst
there is a small difference, the model does appear to provide reasonable agreement with
the measured results. A number of different factors could affect both the parameters in
the model and assumptions made to calculate the threshold in the FCA. For example,
whilst each output coupler was aligned for optimum performance, small variations
in the alignment for each output coupler may have occurred. Due to the limited
data points taken for the FCA analysis, any small change in the threshold values will
represent a larger change in the calculated cavity losses.
The beam quality of the laser was then measured using the 80% output coupler.
This is shown in Fig. 3.5
The M2 was measured to be 1.12 and 1.08 in the vertical and horizontal planes
respectively. The M2 measurement of the mirror cavity will allow for a comparison
to the VBG cavity, and any phase errors introduced by the VBG will be highlighted.
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Figure 3.5 – M2 measurement of 1064 nm mirror cavity in the horizontal and vertical
axis. Far field beam inset.

A degradation of the beam quality or change in the divergence would show that the
introduction of the VBG has introduced such errors upon the reflected beam. The
error can arise from a number of different sources, the biggest error, as discussed
in chapter two, could be thermal lensing in the VBG. The VBG may also exhibit
degraded beam quality as a result of variations in the polished surface, or even the
grating itself.
The final factor to be measured is the linewidth of the cavity. The narrow spectral
response of the VBG should significantly narrow the spectrum compared to the mirror
cavity. The linewidth was measured using a Jarrel-Ash Grating based spectrometer,
with a resolution of 0.25 nm. The spectrum is shown in Fig. 3.6

Figure 3.6 – 1064 nm dielectric mirror linewidth.

The FWHM spectrum was measured to be 1.25 nm and is centred at 1064.3 nm
± 0.25 nm . The spectrum in Fig. 3.6 is fairly broad, and possesses a slight kink
at 1065 nm. The fluorescence spectrum of Nd:YVO4 peaks at 1064.4 nm [100]. The
output spectrum of the laser therefore follows that of the emission cross-section, as
53

expected.
Overall, the cavity performed as expected when compared to the modelling and
theory. The output power and threshold values were similar to those calculated in
section 3.2. A small difference of 1% was present between the modelled losses and the
measured results, a number of different factors that could cause this discrepancy have
been considered. The beam quality measurement suggests the mode matching between
the pump and cavity mode is sufficient to select operation on the fundamental mode.
The output spectrum also follows the emission cross-section spectral characteristics.

3.2.3

VBG Cavity

To analyse the performance of the VBG, an identical cavity was configured and the
HR mirror M1 replaced with a VBG. This is shown in Fig. 3.7a. Fig. 3.7b shows a
photo of the setup. The cavity length and pump spot size were identical to those in
section 3.2.2.

Figure 3.7 – a: VBG cavity diagram. b: Photo of configuration.

The VBG was ordered from Ondax with a specification reflectivity of 99% at
1064 nm and spectral bandwidth of 0.3 nm. The VBG grating parameters needed to
achieve the required performance were provided by Ondax. The index modulation in
the grating was 180×10−6 with a grating spacing of 357 nm. Using these parameters
the VBG reflectivity and spectral response can be calculated. This is shown in Fig. 3.8.
The VBG linewidth was modelled to be 180 pm, in agreement with the performance
data supplied by Ondax.
The VBG was mounted within an aluminium mount and placed onto a TEC as
shown previously in Fig. 2.4. As discussed in chapter 2 section 2.4.1, the VBG spectral
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Figure 3.8 – Calculated spectral response of 1064 nm VBG.

performance and centre wavelength is temperature dependent. The VBG temperature
was controlled by TEC driven by a Marlow SE5000 TEC controller with a temperature
accuracy of ±0.25 ◦ C. The centre wavelength was measured at room temperature to be
1063.25 ±0.5 nm using a Perkin Elmer spectrometer, this compares to the quoted value
of 1063.8 nm measured by the manufacturer. For both measurements, the VBG centre
wavelength was lower than the specified value. As result, in order to operate the VBG
at the peak emission cross-section in Nd:YVO4 , the VBG will require high temperature
operation. Tuning the VBG centre wavelength from 1063.8 nm to 1064.4 nm would
require a temperature increase of 60 ◦ C from ambient.
The same measurements as those taken in the mirror characterisation were then
repeated for the VBG cavity to allow for a comparison between the two.

3.2.4

VBG Cavity Characterisation

The laser was configured as shown in Fig. 3.7a, using the 80% output coupler at
position M3. To maximise the output power, the VBG must be tuned to the optimum
operating temperature. By temperature tuning the VBG, the centre wavelength of
the VBG can be tuned across the emission cross-section of Nd:YVO4 . Initially the
temperature tuning effect of the VBG was characterised whilst the cavity was lasing.
The absorbed pump power for this measurement was 16 W. The centre wavelength
was measured using a High Finesse WS6 high precision wavelength meter with an
accuracy of 1 pm. The tuning of the VBG with centre wavelength is shown in Fig. 3.9.
The overall linear slope in Fig. 3.9 shows the VBG tunes with a temperature
coefficient of 10 pm/◦ C, in agreement with the literature. However, the tuning is
not completely continuous and distinct shifts in the discreet measurement points are
present. The measurement taken here is the actual centre wavelength of the cavity
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Figure 3.9 – 1064nm VBG temperature tuning performance.

emission, not the VBG centre wavelength. The VBG should tune linearly as shown
previously [97] [101]. Whilst the grating centre wavelength is tuned linearly as a
function of temperature, the cavity will still lase on the mode with the lowest threshold.
Where troughs in the emission cross-section exist, the threshold of the modes either
side of the trough will be much smaller. The wavelength is then locked into a given
operating wavelength until the emission cross-section or round-trip net gain increases.
As a result, the VBG centre wavelength appears to be remaining constant despite the
increasing VBG temperature. This locking effect can be observed strongly at the peak
emission wavelength of 1064.455 nm, whereby an increase of 8◦ C does not appear to
change the wavelength significantly.
The optimum performance of the cavity should be achieved at the peak emission
cross-section. The temperature tuning of the laser and the output power vs. wavelength is shown in Fig. 3.10.
The graph shows significant variation in output power as a function of wavelength. We observe distinct shifts in centre wavelength, with peaks at 1064.045 nm and
1064.45 nm. These regions represent peaks in the emission cross-section of Nd:YVO4
[100]. From Fig. 3.9 these peaks also represent the locations where the VBG tuning
rate was not linear.
The limitation of this behaviour is that continuous tuning range across the emission
cross-section of Nd:YVO4 cannot be achieved. From figs 3.9 and 3.10, a large jump
in the wavelength region from 1064.10 - 1064.24 nm is observed. It was not possible
to operate the laser in this wavelength range suggesting a trough in the emission
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Figure 3.10 – 1064 nm VBG cavity wavelength tuning.

cross-section is present. Fundamentally the emission region relates to the 4 F3/2 to
4 I11/2 transition in the Nd3 material. The emission from 1062-1064.5 nm is due to
two transitions. The peak emission wavelength at 1064.45 nm is consistent with those
reported elsewhere [102], this occurs from the R1 -Y1 transition line. The weaker emission, at 1064.055 nm, is due to the R2 -Y1 emission. It can be inferred from Fig. 3.10
that the emission cross-section of the R1 line is much stronger than that of the R2 line,
which agrees with previous results [100]. The shift in wavelength is therefore a result
of a change from one transition to the other.
The cavity was then characterised with a series of output couplers with differing
reflectivities, as was completed in the previous section. The same three output couplers
were used, however, using the 90%R coupler induced thermal lensing within the VBG,
degrading the grating reflectivity. The performance and investigation of this effect
is discussed in chapter 4. A comparison between the remaining output couplers was
completed for the conventional mirror and VBG cavities. These are shown in Fig. 3.11.
Fig. 3.11a and b shows a comparison of the VBG and mirror cavities for the 60%R
and 80%R output couplers respectively. Fig. 3.11a shows that with the 60% coupler
we observe comparable performance, albeit with the VBG slightly worse than that
of the mirror cavity. Fig. 3.11b shows slightly different behaviour, the output power
of the VBG cavity is now lower when compared to that of the mirror cavity. It was
observed that a small amount of power still leaked from the rear surface of the VBG
in each configuration. The levels of light in each case suggested the reflectivity of the
VBG was ≥ 99.3%.
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Figure 3.11 – a: Performance of 1064 nm laser cavity with: a: 60%R output coupler.
b: 80%R output coupler.

It was also observed that for each output coupler, the VBG had a different optimum
operating temperature. The optimum for the 60% R was 61 ◦ C compared with 71 ◦ C
for the 80%R coupler. A slight difference in the centre wavelength between the two
couplers of around 10 pm was also measured. These effects can be explained by heating
within the VBG as a result of minute absorption of the cavity light, this is further
discussed in chapter 4.
A FCA was then performed. In this analysis the threshold values from the 90%
coupler were also used. The performance of the cavity at threshold, and low output
powers should not be affected by thermal gradients within the VBG due to the low
intra-cavity power. The analysis is shown in Fig. 3.12.

Figure 3.12 – a: 1064 nm VBG laser Findlay-Clay analysis. b: Output coupling
analysis.
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The FCA analysis shows that the intra-cavity losses have increased to 6% compared
to 4% measured for the mirror cavity. In the output coupling loss analysis the losses
were calculated to be 5%, compared to 3.5% measured for the mirror cavity. The offset
of the two measurement techniques is consistent with that measured for the mirror
cavity. The possible causes for this have been highlighted previously.
The different measurement methods allow for an analysis of losses from both the
slope efficiency threshold measurement and the maximum pump power operating point.
Due to thermal effects in the VBG, it is possible the losses of the cavity could increase
with the intra-cavity intensity. The measurement of the threshold point for the FCA
analysis may not give an indication of these losses. The output coupling analysis would
highlight this effect as only the peak pump power values are used. Both analyses show
an increase of 1.5% compared to that of the mirror cavity. This suggests that whilst
the VBG exhibits higher losses than the mirror cavity, these losses are constant with
varying pump power.
The higher losses clearly affect the VBG performance. This is shown in Fig. 3.11b
where the VBG performance differs from the mirror cavity. This effect is not observed
strongly in Fig. 3.11a due to the lower reflectivity. The output coupling dominates
the cavity losses in the 60% R case, where the cavity lifetime, and therefore the
number of round trips, will be less. The result is that the losses are not as significant for the higher output coupled configuration, reducing the effect of the VBG losses.
To further investigate the source of the losses, a simple transmission test using
a 1060 nm laser diode was completed. The wavelength is sufficiently different so as
to ensure no coupling with the grating occurs. If the losses were due to absorption
this would be measured in this test. The literature suggests the losses should be in
the order of 10−2 cm−1 , which for a 5 mm grating, would not be easily measured. The
losses were measured to be ≤ 1% which is within the measurement error. This suggests
the losses are not due to any intrinsic absorption or any defects in the coating on the
VBG.
As a result of these measurements, there may also exist a secondary loss mechanism
which is not a function of linear absorption. The losses may also be a property of
the reflected beam. The coupling of the forward wave into the backwards travelling
wave introduced in chapter 2 may induce further losses. If we move away from the
assumption of the perfect grating parameters, scattering of the transmitted beam
as we move close to the Bragg wavelength / angle could lead to poor coupling into
the reflected beam. The loss would be characterised as a variation in the grating
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vector. The symptom of this would be the scattering of the reflected wave, causing an
intra-cavity loss.
The M2 of the VBG cavity was measured. Any induced phase errors or grating
vector errors could degrade the beam quality of the laser compared to that of the
mirror cavity. The results are shown in Fig. 3.13.

Figure 3.13 – 1064 nm VBG M2 measurement.

The M2 of the VBG laser was measured to be 1.18 and 1.14 in the vertical and
horizontal axis respectively. The analysis shows the VBG does not particularly improve
or degrade the beam quality of the laser for this setup. A comparison of the far field
profiles was also completed. From Figs 3.5 and 3.13 the variation in the far field
divergence was analysed. The divergence of the dielectric mirror cavity was measured
to be 2.41 mrads and 2.15 mrads in the vertical and horizontal axis respectively. For
the VBG cavity the divergence was measured as 2.36 mrads and 2.29 mrads in the
vertical and horizontal axis. From Fig. 3.13, the beam profile is more circular than
that in Fig. 3.5, which has an elliptical profile. The elliptical profile arises due to the
biaxial nature of the Nd:YVO4 , producing different thermally induced focal lengths
in the vertical and horizontal planes. The increase in divergence of the VBG cavity
beam suggests a small amount of additional focusing is occurring in the horizontal axis.
However, the strong modal selection of the pump beam ensures that beam quality does
not degrade. A small phase error may be present a result of the VBGs introduction. If
the magnitude of the phase error was larger however, a degradation in the M2 would
be expected, as a change in mode size would give rise to higher order modes. Errors in
the grating vector are also not strongly observed. A variation in this parameter would
also allow for higher order modes to oscillate within the cavity, thereby increasing the
M2 values.
Finally, the linewidth of the laser was measured. An interferogram linewidth measurement, described in the Appendix I, was used to provide an accurate measurement
of the laser linewidth. A linewidth of 72 pm was measured, an order of magnitude
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reduction compared to the 1.25 nm measured for the mirror cavity. Fig. 3.14 shows
the Fabry Perot rings captured to measure the linewidth.

Figure 3.14 – Fabry Perot rings for VBG cavity.

The FWHM spectrum of the laser is narrower than the actual spectral response
of the VBG. The presence of spatial hole burning will force operation on a number
of modes, beyond this, gain saturation will further broaden the spectrum. However,
within a free-running laser, the full spectrum will observe the same reflectivity. In
the VBG configuration, as soon the wavelength moves away from the VBG centre
wavelength, the reflectivity reduces. From the VBG spectral performance modelled
earlier, 72 pm corresponds to a reduction in reflectivity of 3% from the centre point.
In current cavity configuration, this represents a large increase in the overall cavity
losses. The result shows that the effects of line broadening can be countered by a
small reduction in the reflection coefficient.

3.2.5

Discussion

A single VBG laser operating at 1064 nm up to 6.8 W has been demonstrated. The
comparison of the dielectric mirror cavity to that of the VBG shows how VBGs can
be used as a replacement for HR mirrors within laser cavities. The VBG did exhibit
increased losses when compared to that of the mirror cavity. This could limit their use
within low gain configurations. The increased cavity losses were investigated within
this chapter. Transmission losses, measured at a wavelength out with the acceptance
bandwidth of the grating, accounted for only a small amount of the measured losses.
As described in chapter 2 section 2.1, further losses may arise from poor coupling
of the transmitted beam into the reflected beam. This is essentially a decrease in
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the reflectivity of the grating. The reduced reflectivity does not account for total
increase in cavity losses. A small amount of the increased loss must be a result of
scattering from the VBG grating. This effect would be characterised by incident light
being reflected from the VBG, but not actually coupled into the cavity mode. The
scattering is a result of small variations in the grating vector. The magnitude of the
vector errors would have to be small otherwise the diffraction efficiency of the grating
would decrease. The fact that a small increase in the divergence occurred for the VBG
cavity shows that some form of phase error is present. The strong modal selection of
the cavity will limit any change in the beam parameters. In another cavity, where the
mode selection is not as strong, a large change in the beam quality or divergence may
occur.

3.3

1342 nm Single VBG Laser

The use of VBGs as a replacement for HR mirrors has been demonstrated in the
previous section. The initial configuration operated on the 1064 nm emission line,
which possesses the highest emission cross-section. As a result, attenuation of any the
other wavelengths is not required. In this section a VBG is used to achieve operation
at the weaker 1342 nm emission line. In order to force oscillation at 1342 nm, the
1064 nm emission line must be sufficiently attenuated. Dielectric mirrors can be coated
to provide strong attenuation at 1064 nm and high reflectivity at the weaker 1342 nm
line. If the role of a visible source with an intra-cavity SHG element is considered, a
further HR or AR coating at the second harmonic wavelength may also be required.
A coating that possesses a number of features in its spectral performance is therefore
required. Furthermore, if the operation on an even weaker line such as that of 1123 nm
(in Nd:YAG) in considered, a coating with four different wavelength performance
specifications would be required. As discussed earlier, this complex requirement could
be met with a high diffraction efficiency VBG, combined with a broad-band AR coating.
The energy diagram of the 1342 nm transition was shown in Fig. 1.12 in chapter
1. Pumping at 808 nm and operation on the 1342 nm emission line leads to a large
quantum defect. The quantum efficiency is therefore η = 0.6. Despite the large
quantum defect, which will inevitably limit efficiency, Nd:YVO4 represents the ideal
laser crystal at this wavelength due to the high emission cross-section.
This section investigates the use of VBGs as a HR mirror in a 1342 nm laser.
Following the same process as the previous section, the cavity is modelled to determine
the optimum configuration. The cavity is then setup in this configuration and the
performance investigated.
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3.3.1

Modelling of 1342 nm Nd:YVO4 Laser

The performance of the laser at various pump spot sizes was initially modelled. Due
to the reduced emission cross-section at 1342 nm, the optimum focusing of the diode
pump spot will be reduced, as higher intensities are now required to extract the gain.
Fig. 3.15 shows the output power at various spot sizes. The total cavity losses were
estimated to be 6%, including VBG losses of 2% from section 3.2.4. In Fig. 3.15a, for
each calculation the cavity mode was assumed to be matched to the pump spot size.

Figure 3.15 – Modelling of 1342 nm cavity. a: Power vs. cavity reflectivity at various
pump powers. b: Laser characteristics with a 320 µm spot size.

Using the thermal lens model described in chapter 1 section 1.2.3, the thermal
lens strength was calculated. In the 320 µm spot configuration, the thermal lens focal
length was calculated to be 90 mm and 185 mm in the vertical and horizontal axes
respectively. The cavity length required to match the fundamental cavity mode to
pump spot was 233 mm. The limitation of reducing the pump spot size further is the
increased thermal lens strength. This causes an astigmatic cavity mode within the
laser crystal, which cannot operate on the fundamental mode in both axis.
1342 nm Volume Bragg Grating
A second VBG with a centre wavelength of 1342 nm was also ordered from Ondax
with a reflectivity of 99% and a bandwidth of 0.3 nm. The grating parameters required
to achieve this were provided by Ondax. The grating modulation size was 220×10−6
with grating spacing of 376.9 nm and a length of 5 mm. The calculated performance is
shown in Fig. 3.16. The bandwidth of the VBG was calculated to be 250 pm and the
diffraction efficiency 98%.
The same cavity configuration described in the previous section and shown in
Fig. 3.7 was used. However, the cavity length was decreased to 233 mm. The VBG
was again mounted on a TEC to provide temperature control, with the TEC mounted
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Figure 3.16 – Diffraction efficiency as a function of wavelength for 1342 nm VBG.

onto a heat sink. The pump spot size was adjusted by changing the separation of the
focusing lenses and the displacement from the crystal.

3.3.2

1342 nm VBG Cavity

In the same manner as the 1064 nm VBG, the temperature performance of the laser
was investigated to obtain the optimum operating point. The temperature of the
VBG was varied from 50 ◦ C up to 80 ◦ C using the 80% output coupler at position
M1. Fig. 3.17a and b shows the output power as a function of wavelength and the
operating wavelength as a function of VBG temperature.

Figure 3.17 – a: Variation in output power with wavelength for 1342 nm VBG cavity.
b: Tuning of cavity centre wavelength with temperature.

The optimum temperature was measured to be 64 ◦ C, operating at a centre wavelength of 1342.3 nm. At this operating point the VBG cavity output power was 3.8 W
for 16 W of pump power, giving an optical conversion efficiency of 23%. The thermal
tuning rate, shown in Fig. 3.17, shows the ability to tune across the full wavelength
64

range without any significant jump in wavelength.
The wavelength coefficient was measured to be 15 pm/◦ C compared to 10 pm/◦ C
measured for the previous 1064 nm VBG. The values shown in the literature are
typically 11 pm/◦ C at 1342 nm [94].

Figure 3.18 – Slope efficiency measurement for various reflectivity output couplers.

A series of output couplers were fitted in position M3 and the slope efficiency measured. The best performing output coupler was determined to be the 80 % reflectivity
coupler, in good agreement with the modelled results from earlier. Fig. 3.18 shows the
performance. The slope efficiency of the 80%R output coupler was measured to be 0.35.
A Findlay-Clay analysis was then performed to calculate the cavity losses to compare to the 1064 nm configuration. This is shown in Fig. 3.19

Figure 3.19 – Findlay-Clay analysis of 1342 nm cavity.
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The FCA shows the losses of the cavity were measured to be 8%, slightly higher
than the 6.5% measured for the 1064 nm VBG cavity. Cavity losses other than those
attributed to the VBG will also contribute to this value. Losses from AR coatings and
optical surfaces may be larger for the 1342 nm case than for the 1064 nm cavity. As a
result, it cannot be determined that the VBG losses are larger in this case. It is clear
from all the measurements of the cavity losses that the inclusion of a VBG as a cavity
mirror does induce higher cavity losses.
The M2 of the laser was then measured using the 80%R coupler. The far field
profile of the laser is also shown in Fig. 3.20b.

Figure 3.20 – a: M2 of laser. b: Far field image.

The M2 of the 1342 nm laser was measured to be 1.13 in the horizontal and 1.21 in
the vertical. In a similar manner to the 1064 nm cavity, the 1342 nm VBG cavity is
capable of providing a near diffraction limited beam.
The linewidth of the laser was measured using the interferogram technique described
previously. The finesse of the etalon at 1342 nm is only 6, reducing the minimum
measurable bandwidth to 8 pm. Fig. 3.21a shows the interferogram result for 3.8 W of
output power using the 80% coupler. Fig. 3.21b shows a comparison of the bandwidth
of the laser for each output coupler.
At the highest output power of 3.8 W, a linewidth of 46.5 pm was measured. Very
limited difference in the measured linewidth was observed for different values of output
coupling reflectivity. This suggests that the linewidth is strongly controlled by the
grating’s spectral response rather than any other broadening effects.

3.3.3

Discussion

In the first part of this chapter the performance of a VBG cavity was compared to
that of a standard mirror cavity to show the ability to operate at higher average
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Figure 3.21 – a: Interferogram for 1342 nm laser at 3.8 W output power. b: Measured
linewidth at various output coupler reflectivities.

powers than previously demonstrated. The VBG cavity demonstrated up to 6.8 W of
output power without any degradation in other parameters such as beam quality. This
represents the highest power achieved at this wavelength within a VBG solid state laser
configuration, operating with an M2 of 1.1. It has been shown through experimental
results, that VBGs can provide an alternative to standard dichroic mirrors. The ability
of the VBG to dramatically reduce the linewidth of the laser without any impact on
the overall performance has also been demonstrated. The linewidth was reduced from
1.25 nm to 73 pm as a result of the VBG. The narrow linewidth, whilst not single
longitudinal mode operation, can improve other processes such as second harmonic
generation, this is investigated in chapter 6. In chapter 5, the ability of a VBG cavity
to achieve single longitudinal mode by further narrowing the cavities spectral response
is also investigated.
The ability to allow lasers to operate efficiently on a weaker emission line has
also been demonstrated. The section highlights the ability of the VBG to scale to
higher power than has previously been demonstrated in an end-pumped solid-state
laser configuration at 1342 nm. The laser in this configuration was able to generate
3.8 W with an M2 of 1.2 and a linewidth of 47 pm.
In both configurations, a linewidth that is narrower than the actual VBGs spectral response is observed. As discussed previously, the VBG reflectivity reduces as
the wavelength moves away from the VBG centre wavelength. Whilst the grating
bandwidth in the case of the 1342 nm VBG is 250 pm, this bandwidth represents the
FWHM spectral response. It is unlikely that a longitudinal mode at the half maximum
point, where the VBG reflectivity is 50%, would be able to achieve threshold. As the
wavelength moves closer to the centre point, the likelihood of a laser mode achieving
threshold increases. The limitation of operating on only a single mode will be spatial
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hole burning, once enough modes can experience gain to sufficiently extract from all
the node points in the crystal, a small change in reflectivity will be sufficient to prevent
the lasing of modes. For the 1064 nm VBG, a 3% reduction in the reflectivity appears
to be sufficient to prevent any subsequent modes from achieving oscillation. For the
1342 nm VBG only a 0.5% drop in reflectivity is sufficient to attenuate other modes.
The variation in the different levels of cavity losses required to narrow the bandwidth
is expected due to the different emission cross-sections of each emission line. The
smaller emission cross-section is more sensitive to losses due to the reduced extraction
of gain.

3.3.4

Conclusion

The ability to operate an Nd:YVO4 laser in a cavity containing a VBG instead of an
all mirror cavity has been investigated in this chapter. The results have shown the
VBGs provide similar performance in terms of efficiency to that of a mirror cavity.
The output powers were scaled to 6.8 W at 1064 nm highlighting the ability of the
VBGs to operate with relatively high intra-cavity powers. The cavity losses were found
to increase by 2% when changing from the mirror cavity to the VBG cavity. However,
the inclusion of the VBG was found to have no effect on the beam quality. The VBGs
have also been used to operate a Nd:YVO4 laser on the weaker 1342 nm emission line.
Output powers as high as 3.8 W were achieved. At both emission wavelengths, narrow
linewidths of 73 pm and 47 pm for the 1064 nm and 1342 nm emission lines respectively
were achieved.
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Chapter 4
Thermal Effects of VBGs Operating in Laser
Cavities

4.1

Introduction

In this chapter the model from chapter 2 section 2.3 is used to predict how VBGs
behave when high peak powers are incident. The VBG cavity performance is also
experimentally characterized under high thermal loads. The modelling and experimental results allow for the determination of the maximum intensity a VBG can
withstand, whilst maintaining its spectral performance. Any degradation in the spectral parameters will lead to a reduction in the resonator performance. The goal of this
chapter is therefore to determine the maximum power density a VBG can withstand
in an end-pumped configuration similar to that introduced in chapter 3. In the next
chapter single longitudinal mode operation is investigated. For SLM operation an
unperturbed grating is required to operate on a narrow linewidth. To achieve the
effect the absorption of the cavity radiation in the VBG has on the grating properties
must be understood.
As highlighted in chapter 2, thermal effects within VBGs have been characterised
in a number of different setups [78] [85] [87]. The different testing configurations
have shown the changes in the reflectivity, linewidth and wavefront error that arise
as a result of thermal distortions. These configurations have characterised the VBG
with an external source. More recently the thermal effects from VBGs within a laser
cavity generating up to 2 W at 1029 nm have been analysed [86]. In this chapter we
investigate the effects of the VBG when used as a cavity mirror at output powers
up to 6 W at both 1064 nm and 1342 nm. The thermal behaviour of the VBG is now
coupled to the cavity dynamics and will directly impact on the intensity incident
on the VBG. The impact on the beam profile as well as the cavity linewidth is presented.
The performance of the VBG is first investigated using the model developed in
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chapter 2 section 2.3. By modelling the typical parameters used in previous chapter, the
point at which thermal effects occur can be determined. Two different configurations
are then investigated. The initial configuration investigates the effects of the heat
build-up within the VBG by purposely inducing thermal effects. A second configuration
investigates the practicalities of the VBG configuration in a setup identical to that in
chapter 3 Fig. 3.1. This allows us to determine the maximum operating conditions for
a given VBG setup.

4.2

Thermal Modelling of VBG with Incident Laser Intensity

Using the Runge Kutta VBG model, the performance of the VBG in terms of reflectivity,
centre wavelength and linewidth can be calculated. The spectral performance of the
VBG under various loads is first investigated. The absorption coefficient of the incident
light in the VBG has been reported to be in the region of 0.01 cm−1 [78] at 1064 nm.
The effect of changes in incident power on a 1064 nm VBG with the same specification
as that shown in chapter 3 section 3.2.3 is modelled in this section. Fig. 4.1 shows
the spectral performance of the VBG under varying incident powers. The incident
power levels represent those typically expected from a configuration identical to that
in chapter 3 section 3.2 with varying levels of cavity reflectivity and an incident spot
diameter of 300 µm. The incident power refers to one way incident intensity on the
VBG.

Figure 4.1 – Modelled VBG spectral reflectivity at various incident intensities.
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Fig. 4.1 shows the expected performance of the VBG at various incident powers.
From this, the main peak of VBGs spectral performance can be seen to narrow and
the peak reflectivity reduce, as the incident intensity increases. The reflectivity of the
side lobes also increase at higher intensities. A change in all three of the parameters
discussed previously is observed. Each parameter is briefly investigated to quantify
the effect on the VBG performance.
In Fig. 4.1 the peak reflectivity is reduced as the incident power is increased. With
an incident optical power of 85 kW/cm2 , the VBG reflectivity has decreased to 89%.
This compares to the 14 kW/cm2 case in which only a 1.5% reduction is observed.
Fig. 4.2a shows a plot the peak reflectivity of the VBG as a function of the incident
intensity on the grating. The actual grating reflectivity reduces as soon as a thermal
load is incident on the VBG.

Figure 4.2 – a: Modelled VBG reflectivity at various incident intensities. b: Modelled
centre wavelength at various incident intensities.

When considering only the smallest load modelled, the 14 kW/cm2 case, a reduction
in the VBG reflectivity is still observed. From the modelled results, the use of a VBG
in high intra-cavity intensity applications would be difficult to implement. The actual
load represents only a 10 W source in a 300 µm spot diameter, which for an intra-cavity
power, is fairly small. To limit the overall reduction in reflectivity to less than 1%,
the intra-cavity intensity should be reduced to less than 10 kW/cm2 . The thermal
performance will therefore have implications on low emission cross-section setups where
high intra-cavity intensities are required to extract the gain. However, a setup that
operates with an increased spot size on the VBGs could allow for this.
The variation in the centre wavelength, taken in this case to be the peak of the
reflectivity curve, was also investigated. Fig. 4.1 also shows a red shift in the centre
wavelength of the VBG as the thermal load increases. The increase in operating
wavelength could limit the thermal tuning capability of the VBG. The red shift in
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centre wavelength could be counteracted simply by temperature tuning. This may add
cost and complexity however. Fig. 4.2b shows the centre wavelength variation with
increasing intensity.
The tuning rate also varies as the incident power is increased. Initially, a linear
tuning rate is observed, with the VBG centre wavelength increasing by 0.03 nm from
the unloaded case to the 28 kW/cm2 case. Beyond this, the centre wavelength actually
decreases slightly. This behaviour can also be seen in Fig. 4.1. The actual tuning of
the centre wavelength stops as the secondary peaks in the spectral response begin to
rise. The secondary peaks also exhibit a centre wavelength shift as the thermal load is
increased.
The final parameter modelled is the change in the linewidth. In chapter 5 single
longitudinal mode operation is investigated, for which the VBG linewidth is a clearly
a key parameter. In chapter 6 the performance gains from second harmonic generation
as a result of a line-narrowed configuration is demonstrated, which again relies on the
VBG linewidth. Any increase in the linewidth would have an adverse affect on these
configurations. As a result, the operating parameters should be optimized to limit any
variation in the VBGs spectral response. Fig. 4.3 shows the FWHM spectral linewidth
as the incident pump power is increased.

Figure 4.3 – Modelled spectral linewidth of VBG at various intensities.

The linewidth shows similar behaviour to the temperature tuning effect. An initial
increase in the VBG linewidth is observed from 14-28 kW/cm2 . As intensity increases
further, the linewidth actually decreases. The effect of the shift towards the secondary
peak appears to narrow the linewidth of the main peak. This result is interesting as
it suggests the linewidth will decrease with larger intensities, possibly aiding narrow
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linewidth operation of the laser. Narrow linewidth operation may be more difficult to
achieve however due to the rise of the secondary peaks within the VBG. As the pump
power is further increased, the secondary reflectivity peak may rise to the point where
it becomes possible for a mode to operate on this emission line.
The modelling has shown how the performance of the VBG degrades under higher
thermal loads. At the maximum incident power, the reflectivity of the VBG was found
to reduce to 87% whilst the centre wavelength increases by 0.03 nm over the modelled
range. The linewidth of the VBG also increased by 10% over the modelled range.
Up until this point only the axial performance of the VBG at the centre of the
grating has been considered. The model predicts the resultant performance of the
VBG from a heat source that is distributed into the grating, in the same direction
as the beam. The actual diffusion of the heat into the edges of the grating, and the
Gaussian nature of the heat load, will create a 3 dimensional heat profile, as shown in
chapter 2 section 2.4.1. The resultant heat load will create a variation in the reflectivity
and centre wavelength over the surface of the VBG. Fig. 4.4 shows a 2D plot of the reflectivity of the VBG for an incident intensity of 87 kW/cm2 . The spatial profile of the
VBG reflectivity is constructed by propagating a series of discrete plane waves in a grid.

Figure 4.4 – Spatial reflectivity of VBG.

It can be seen from Fig. 4.4, at a fixed centre wavelength significant change in
the reflectivity of the VBG is observed. Whilst the reflectivity reduces to 87% at the
centre of the VBG, the outer edges have a reflectivity of 99%. The spatial reflectivity
performance of the VBG could lead to the excitation of higher-order modes by providing a higher reflection coefficient to modes incident on the edges of the VBG. By
limiting the incident power, the variation in the reflectivity over the surface of the
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VBG could be limited.
The limitation of this modelling method is the assumption of a plane wave through
VBG. Whilst the cavity is in the stable region of the stability criterion, the plane wave
assumption is valid as the wavefront must be flat at the VBG surface. If however, due
to the nature of the variable VBG reflectivity, the cavity becomes unstable, the plane
wave assumption may not be valid. To accurately model the reflection of a wave with
varying intensity and phase distributions, the plane wave assumption can still be used.
However, the decomposition of the incident beam into a series of plane waves with
varying angular components must be performed. The reflectivity of finite intensity
distributions has been presented previously in this manner by Hellstrom et al. [73].

4.3

Experimental Thermally Induced VBG Behaviour

In the previous section the expected behaviour of the VBG under high incident
intensities has been modelled. It has been shown that the residual absorption of
the intra-cavity intensity should significantly degrade the performance of the VBG.
Initially, a cavity that should suffer from these effects is configured to experimentally
confirm the behaviour of the modelled VBG. When using the VBG as a cavity mirror,
the intra-cavity intensity is much higher than the actual output power of the laser.
The level of incident power is therefore much higher than previous investigations,
which used an external probe source [78]. The performance of the grating within a
laser cavity, with high intensities incident on the VBG, is therefore investigated.
To achieve the high incident intensities, the 3 mirror thermal lens stabilised 1064 nm
cavity introduced in chapter 3 was used. The cavity length was increased to 58 cm to
reduce the spot size on the VBG to a 200 µm diameter. The increased cavity length
should still ensure the pump beam is matched to the fundamental cavity mode. The
pump radius was 400 µm, the same as the 1064 nm configuration in chapter 3 section
3.2. Initially, a 1064 nm high reflectivity mirror was used in combination with the
VBG. By operating the cavity without an output coupler, the intra-cavity intensity
will be significantly higher. To further increase the thermal effects in the VBG, the
heat sinking shown in chapter 2 Fig. 2.4a was removed and the VBG mounted on a
thermally isolated mount. The motivation for doing this was to allow for the external
temperature to be measured using a thermal imaging camera and to observe the
thermal effects within the grating. A thermal image of the VBG was taken whilst
lasing to illustrate the temperature rise in the VBG. Fig. 4.5 shows the thermal image
with a side view of the VBG glued onto an optical mount. The thermal image has
some artefacts in the VBG that are a function of the thermal camera rather than the
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temperature distribution in the VBG.

Figure 4.5 – Thermal image of VBG whilst lasing.

Fig. 4.5 shows how the edges of the VBG reach a maximum of 60 ◦ C, with an ambient of 27 ◦ C. Due to the limited resolution of the camera, the actual peak temperature
of the VBG cannot be determined, only the temperature at the edges. It is expected
that the temperature rise at the centre will be much larger. It is clear from this image that residual absorption causes an increase in the overall temperature of the device.
The performance of the VBG with the limited thermal extraction and no output
coupler was then compared to an identical cavity with an 80% reflectivity output coupler fitted instead of the VBG. When operating the VBG cavity with no output coupler,
the emission was found to leak solely out of the VBG suggesting the reflectivity had
decreased. A comparison of the slope efficiencies are shown in Fig. 4.6 where the output power from the VBG cavity was measured solely from that exiting from the grating.
The mirror cavity performance was similar to that detailed in chapter 3. When
comparing the VBG cavity to the mirror cavity, at pump powers above 12.5 W a
similar slope efficiency is observed. The performance suggests the reflectivity of the
VBG is close to 80% at this operating point. From the previous chapter, the optimum
coupling for the cavity is 80%, the VBG has therefore tuned close to the optimum
coupling for the cavity. At lower powers however, the slope efficiency appears to vary.
A variation in the slope efficiency would be expected if the reflectivity of the VBG
was changing as the pump power is increased.
The characteristics of the beam were also investigated. Fig. 4.7 shows a comparison
of the beams exiting the output coupler in the mirror cavity and VBG cavity. The
camera was placed 15 cm away from the cavity output coupler.
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Figure 4.6 – Comparison of slope efficiency measurement of mirror cavity and VBG
cavity.

Figure 4.7 – a. VBG cavity beam profile. b. Mirror cavity beam profile.

Fig. 4.7a shows the degradation in the beam profile as a result of a worst case
thermal load within the VBG cavity. The doughnut mode, which appeared within the
first 10 seconds of operation of the VBG cavity, is significantly different to the mirror
cavity profile shown in Fig. 4.7b. Both beam profiles are shown on the same scale with
the size of the VBG beam significantly larger than for the mirror cavity. The mirror
cavity mode size was measured as 0.9 mm compared with 3 mm for the VBG cavity.
In the previous chapter, no degradation in the beam parameters were observed
for the VBG cavity when compared to that of the mirror cavity. In an end-pumped
plane-plane mirror cavity, strong modal selection occurs as a result of mode matching
the focused spot of the pump beam to that of the cavity mode. Small variations in
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the curvature of the end mirror will not strongly affect the cavity mode. In this configuration, however, the mode matching is clearly not sufficient to maintain operation
on the lowest order mode.
This behaviour may be a result of either the varying spatial reflectivity of the VBG,
as shown in the section 4.2, or a thermal lens within the grating affecting the mode size.
We can probe the VBG under these lasing conditions using a probe beam to observe any
optical power within the VBG. Fig. 4.8a shows the experimental setup. A helium-neon
laser operating at 633 nm was used to probe the grating. After passing through the
VBG, the probe beam was focused using a 1 m mirror. The beam profiler was placed
at the focal plane of the 1 m mirror. Any changes in the focal power of the VBG will
lead to a large change in the spot size observed on the beam profiler. For example,
only a 1 m thermal lens focal length would see the probe beam diameter expand by
a factor of 4. The probe beam will only measure the induced refractive index variation across the VBG. It will not be affected by any changes in the VBG grating vector.

Figure 4.8 – a: External probe beam measurement configuration. b: Probe beam
under non-lasing conditions. c: Probe beam under lasing conditions.

Figs 4.8b and c show the probe beam under non-lasing and lasing conditions. There
are two noticeable effects. The first is the change in the location of the beam under
lasing conditions. This suggests an angular component is present when the cavity
intensity is incident on the VBG. The wedging of the probe beam will be caused by
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the heat flow within the VBG. The VBG is mounted and therefore cooled from one
surface. Whilst the mounting surface was thermally isolating, some heat extraction
will still occur, the subsequent thermal gradient will cause a wedging effect in the
probe beam. The second effect observed is a change in the probe beam diameter. In
the non-lasing condition the beam diameter is 1 mm giving a divergence of 1 mrad. In
the lasing case, the probe beam is smaller with a diameter of 950 µm. The behaviour
suggest a small change in the focal power of the VBG under the lasing conditions.
The magnitude of the thermal lens strength however would not cause the degradation
observed in the VBG profile. The cause of this is therefore due to spatial changes in
the grating periodicity.
The variation in the reflectivity and centre wavelength will change the overall mode
profile within the laser. In Fig. 4.7a the diameter of the centre hole is 1mm, similar to
the actual mode size of the mirror cavity beam. The decrease in the reflectivity at the
centre of the VBG may allow for modes towards the outer diameter to extract gain
better than the those at the centre. The modelling has shown previously that each
point in the VBG will have a different spectral response and centre wavelength. The
resultant beam profile may be a result of both a variable reflectivity for a given mode
and spectral selection of higher order modes. Qualitatively there is good agreement
between the modelled spatial reflectivity of the VBG in Fig. 4.4 and the actual beam
profile from the cavity shown in Fig. 4.7a. In order to confirm that the beam profile
is caused by this effect, a full Fox-Li [40] analysis would be required allowing for the
calculation of the mode profile within the cavity.
The worst case thermal loading experiment has shown both a change in the
reflectivity of the VBG and a significant variation in the beam profile. These results
are different to those presented in chapter 3. The results also show that the expected
behaviour predicted in section 4.2 does occur in a worst case scenario. The setup is not
representative of most laser systems however due to the omission of an output coupler
and the lack of any thermal extraction from the VBG. In the next section the behaviour
of a VBG with both an output coupler and thermal extraction is investigated as well
as the coupled nature of the heat source and VBG performance. The intra-cavity
intensities are still similar to those modelled in the first section.

4.4

1342 nm VBG Resonator Testing

The aim of this section is to highlight the coupled nature of the VBG reflectivity and
intra-cavity intensity, and determine the thermal effects present within a VBG that is
sufficiently cooled. The coupled nature of the cavity intensity and VBG reflectivity

78

should lead to a reduction in the intra-cavity intensity, potentially limiting future
setups. The thermal response of the VBG configuration, including the heat flow out
of the VBG, is now a factor in its spectral response. This section therefore looks to
determine the maximum intra-cavity intensity allowed before thermal effects degrade
the VBG performance in terms of cavity linewidth and VBG reflectivity. The following
investigation was completed at an operating wavelength of 1342 nm. This differs from
the previous setup which operated at 1064 nm. The motivation for operating at this
wavelength was to allow for the VBG effects to be characterised, in preparation for the
SLM operation detailed in the next chapter. The effects shown in section 4.2 will still
be observed at 1342 nm as the effective heat loads, and therefore grating expansion,
will be similar. The residual absorption in the VBG is similar from 1064 nm up to
1575 nm [103]. The aim of this section is to determine where the effects predicted in
section 4.2 will occur in the 1342 nm cavity, not to numerically validate the results.
The 3 mirror cavity described in chapter 3, operating on the 1342 nm emission line,
was used for this investigation. The smaller cavity length and mode size compared
to the 1064 nm cavity in chapter 3 section 3.2 also allows for better variation of the
incident intensities. The cavity length was 17 cm and the cavity mode diameter at the
VBG surface was 350 µm. The VBG was cooled in the manner shown in chapter 2
Fig. 2.4a and unlike the previous setup, output couplers were used in this cavity. To
introduce the thermal effects predicted, 3 different output couplers with reflectivity’s of
90, 95 and 97% were used. The modelled intra-cavity intensity at a fixed pump level of
16 W is shown in Fig. 4.9. Fig. 4.9 shows the modelled intra-cavity power as a function
of cavity reflectivity. The expected operating point for each output coupler is marked
in black on the graph. For the range of output couplers used, the intra-cavity intensity
is in the region 37 - 65 kW/cm2 . The modelling completed previously shows the predicted thermal load on the VBG should lead to a degradation in the VBGs performance.
Using the 3 mirror 1342 nm cavity from chapter 3 section 3.3.2 with the output
couplers stated, the output power was measured from both the VBG and the output
coupler. In each case the measurement was taken after 3 minutes of operation to
ensure a steady state scenario. Fig. 4.10a shows the total output power for the 90%,
95% and 97% reflectivity couplers. The cavities will be referred as 90%R, 95%R and
97%R from this point on. Fig. 4.10b shows the output power exiting from the VBG only.
From Fig. 4.10a, the slope efficiency of all the cavities at pump powers above 15 W
are similar, despite the variation in cavity reflectivity. The slope efficiency of the 97%R
cavity is 0.197 compared with 0.247 for the 90%R cavity. It would be expected that
the slope efficiency of the 97%R cavity would be significantly reduced compared to the
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Figure 4.9 – Modelled output power and intra-cavity power vs. output coupling for
1342 nm VBG laser, different output couplers used in investigation are shown in black.

Figure 4.10 – a: Slope efficiency measurement of VBG cavities. b: Output power from
VBG.

90%R cavity. Fig. 4.10b shows the amount of power leaking from the VBG. As the
reflectivity of the output coupler increases, an increase in the amount of light exiting
the VBG is observed. This suggests the VBG reflectivity changes with the intra-cavity
intensity.
Fig. 4.11a and b shows the calculated reduction in the VBG reflectivity as a
function of the intra-cavity power and the total coupling of the cavity. The effective
VBG reflectivity was calculated from the output power exiting from the output coupler.
This approximation assumes a mean intensity field within the resonator [8].
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Figure 4.11 – a: VBG reflectivity as a function of intra-cavity intensity. b: Total cavity
reflectivity as a function on intra-cavity intensity.

In the 95%R and 97%R cases in Fig. 4.11a a similar trend is observed for the
reduction in reflectivity as the intra-cavity intensity is increased. In the worst case
the reflectivity of the VBG reduces to 94%. The behaviour of the 97%R and 95%R
cavities is very similar to that predicted in Fig. 4.2, although the actual modelled
centre wavelengths are different for this setup. The VBG reflectivity in the 90%
coupled cavity does not change at all however. In Fig. 4.11b, at the peak intra-cavity
intensity, similar cavity reflectivities are observed for all the configurations, despite
each configuration having a different reflectivity output coupler.
For the two different couplers which induce the thermal loads, each VBG has
reduced by a different amount to achieve a similar intra-cavity intensity. This is in
contrast to the 90%R coupled case in which the VBG reflectivity has not decreased at
all.
The modelling has shown previously a change in the reflectivity is caused by an
increase in the intra-cavity intensity. In this scenario we now have 3 different VBG
reflectivities for a given intra-cavity intensity. This behaviour suggests the reflectivity
of the VBG is being clamped by the cavity. This is due to the coupled nature of the
VBG reflectivity and the intra-cavity intensity. Fig. 4.12 shows the change in one-way
intra-cavity intensity as a function of pump power. In the 90%R coupled case there is
a linear relationship with intra-cavity intensity, as expected. Both the 95 and 97%
coupled cases exhibit a nonlinear relationship, with the intra-cavity intensity rolling
off at higher intensities.
The external temperature rise of VBG was also measured to determine if the
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Figure 4.12 – One-way intra-cavity intensity as a function of pump power for various
output couplers.

deformed VBGs also exhibit a larger temperature increase. The VBG temperature was
measured at the base of heat sink placed on top of the VBG. For the VBGs reflectivity
to vary, a change in the heat diffused from the grating should be present. The external
temperature rise is shown in Fig. 4.13a.

Figure 4.13 – a: VBG temperature rise as a function of intra-cavity intensity. b:
Operational centre wavelength of cavity

From Fig. 4.13 the higher coupled cavities have a much steeper temperature rise
rate than the lower coupled cavity.
Fig. 4.2 has previously shown how the centre wavelength increases as we increase
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the thermal effects of the grating. It would therefore be expected that the centre
wavelength of the higher coupled cavities to operate at higher wavelength. Fig. 4.13b
shows the centre wavelength of the cavity when the VBG was operated at a constant
heat sink temperature of 55 ◦ C.
The thermally distorted grating shows an increase in the centre wavelength of
0.25-0.35 nm as the intra-cavity intensity is increased. At intra-cavity intensities above
35 kW/cm2 there is a change in the rate at which the grating wavelength tunes. The
modelling in Fig. 4.1 has previously shown the effect of a thermally distorted grating,
where the tuning rate decreases at the higher intensities due the rise of a secondary
peak. The results are therefore consistent with this although, the magnitudes are
different. Secondary effects such as angle tuning may also be present as wedge effects
in the grating may occur as the VBG heats up. The wedging would also affect the
cavity centre wavelength.
The final measurement was that of the linewidth of each cavity. The modelling
has shown an initial increase in the linewidth should occur when operating the VBG
under high thermal loads.

Figure 4.14 – Cavity linewidth at increasing intra-cavity intensity.

Fig. 4.14 shows the linewidth variation as the intra-cavity intensity is increased.
For the higher coupled cavities an increase in the linewidth of the VBG is observed,
for the 90% coupled cavity there is a limited increase. The performance is similar to
that modelled previously in Fig. 4.3. The roll-off predicted at the higher intensities is
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also consistent with the measured results.

4.5

Discussion

The measured results shown in section 4.4 are consistent with expected effects predicted
in 4.2. Future analysis will allow for more accurate modelling of the 1342 nm grating
parameters to exactly correlate the performance. The overall effects will be comparable
as thermal load from the intensity profile within the VBGs will be similar.
One of the parameters of the performance that was not discussed in the previous
section was the differing reflectivities of the VBGs in the 95%R and 97%R cavities
compared to the 90% R cavity, despite the presence of similar thermal loads. In the
95%R and 97%R cases, with the steady state intra-cavity intensity at 40 kW/cm2 ,
the reflectivity of each VBG has reduced under the presence of a thermal load. The
reflectivity of each VBG is ≈ 94%; for the same intra-cavity intensity the 90%R cavity
VBG is undistorted and the VBG reflectivity is 99%.
This behaviour is due to both the thermal impedance of the VBG and the coupled
nature of the intra-cavity intensity to the VBG reflectivity. The two are coupled as
the intra-cavity intensity is a function of the VBG reflectivity. The VBG reflectivity is
also a function of the thermal load in the grating, which is a result of the intra-cavity
intensity. The intensity will reduce as the VBG distorts. The VBG reflectivity will
subsequently reduce, until the two reach a steady state condition.
To explain the varying reflectivity behaviour, the heat sources are analysed. Despite similar intra-cavity intensities at steady state, the cumulative heat source in
the 95%R and 97%R coupled cases will be larger than the 90%R case. At the initial
starting condition, where the VBG is undistorted, the intra-cavity intensity for the
95%R and 97%R cavities will be larger. This will cause the VBG to deform. The
thermal impedance of the VBG will therefore lead to a larger temperature rise in the
95%R and 97%R cavities compared to the 90%R case, reducing the grating reflectivity.
Depending on the magnitude of the thermal impedance, the level of cumulative heat
stored in the VBG will vary.
The definition of steady state operation suggest that at 40 kW/cm2 of intra-cavity
intensity, the rate at which the VBG diffuses heat is equal to the heat source. This
trend can be seen in Fig. 4.12 where the intra-cavity intensities start to level off
for the 97%R and 95%R cavities, despite the increase in pump power. If the intra-
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cavity intensity was increased further and the diffusion of heat is fixed, the VBG
temperature would rise, its reflectivity would then reduce, reducing the intra-cavity
intensity and steady state would be maintained. The steady state operation of the
other couplers suggest that the heat load is starting to reach equilibrium close to
40 kW/cm2 , with similar cavity reflectivities observed for all cases. At intensities
slightly above 40 kW/cm2 , it would be expected that the 90%R cavity VBG would
deform.
As a result of its thermal impedance, the VBG is therefore an optical limiter within
the cavity, adjusting its reflectivity when higher intra-cavity intensities are present
to maintain a lower overall intra-cavity steady state level. If the thermal impedance
could be adjusted, the level of intra-cavity intensity could be controlled.
Further modelling could be completed to determine the thermal response of the
VBG to the intra-cavity intensity. One of the challenges is the absorption co-efficient
of the VBG, which varies by an order of magnitude in the literature [86] [103]. Furthermore, the practicalities of accurately modelling the heat sinking of the VBG is
often difficult due the variable nature of the thermal interfaces.
To fully model the performance, a fully integrated simulation using all the models
presented in the previous chapters, coupled together, would be required. This would
also allow for the transient behaviour of the VBG to be analysed. Using this analysis, the steady state operation of the VBG could be found and should predict the
intra-cavity behaviour observed here. The model would start with the initial output
coupling of the cavity and calculate the intra-cavity intensity. The deformed grating
reflectivity could be calculated from the FEA completed in chapter 2. The model
would then update the corresponding reflectivity, calculate the heat load from the
intra-cavity intensity and re-update the VBG reflectivity from the thermal model
again. A series of iterations would be required to achieve the steady state condition.
A similar model has been proposed by Tjornhammar et al. [86].
As a result of the characterization of the thermal effects in the 1342 nm VBG, the
maximum intra-cavity intensity can be estimated. The modelling completed in section
4.2 suggests that thermal effects should occur from 14 kW/cm2 . From Fig. 4.12, it has
been shown that above 40 kW/cm2 , the VBG reflectivity will reduce and the linewidth
will increase, degrading the cavity performance. Future cavity designs should therefore
look to reduce the intra-cavity intensity incident on the VBG.
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4.6

Conclusion

The thermal effects in VBGs have been investigated in this chapter. The initial
modelling shows changes in VBG reflectivity, centre wavelength and linewidth will all
occur, as a result of high intra-cavity intensities. The effects on the spatial degradation
of the VBG have also been shown, with the possibility of a doughnut like reflectivity
profile occurring. Two separate test cavities were constructed to investigate these
effects. A 1064 nm VBG cavity was constructed with no output coupling. The VBG
reflectivity was found to reduce to 80%, whilst the profile of the near field was degraded.
A second cavity, operating at 1342 nm was constructed and the thermal effects on the
VBG cavity parameters were measured. The reflectivity was found to reduce by up to
4%, with an increase of 0.3 nm in the centre wavelength of the cavity. A 28% increase
in the linewidth was also observed.
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Chapter 5
Double VBG Laser

5.1

Introduction

Chapter 3 has shown the ability to achieve a narrow linewidth using a single VBG
cavity. In order to generate visible light, intra-cavity SHG or SFG will be required. To
produce a stable intra-cavity CW second harmonic output, the cavity must operate on
either a single mode, or on a large number of modes [104]. This is due to the “green
problem”, which leads large temporal fluctuations in the second harmonic intensity.
The linewidth of the VBG is not sufficient to achieve single longitudinal mode operation
in this configuration. To do this, a much narrower spectrum or shorter cavity length
is required. This chapter investigates the modelling and characterisation of a double
VBG configuration for SLM operation at 1342 nm. The use of a double VBG cavity
allows for a large gain medium to be used in a linear cavity, that can operate on a
SLM. Typically, SLM cavities are limited to using small active crystals to limit the
mode spacing, limiting scalability. The ability to use a large gain medium, and also
tune the cavity linewidth by adjustment of the VBG temperature, could allow for
much higher powers to be achieved in SLM operation compared to other techniques
currently used.
The most straight forward route to operate on a SLM is to use a ring configuration.
The increased longitudinal mode spacing and the absence of spatial hole burning
allows for SLM to be more readily achieved [105]. A ring configuration does require an
increased number of optics and accurate alignment of the retro-reflector to achieve this.
Non-planar rings [8] are a popular route to generate SLM operation, without the
requirement for a separate retro-reflector. The non-planar ring cavities are often used
for SLM operation due to the short cavity lengths and the ability to force unidirectional
operation. Non-planar ring resonators have been demonstrated up to 3.5 W at 1064 nm
[106], but scalability of these devices is often limited by thermal aberrations and the
physical size of the gain medium.
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The simplest form of SLM cavity is the microchip configuration. Short cavities,
using only two optics, can readily achieve SLM due to the large spacing between each
longitudinal mode. An SLM microchip VBG laser cavity generating 0.85 W has been
demonstrated previously [107]. Short, single VBG cavities have also demonstrated up
to 1.4 W in a SLM [108]. To scale the output power, larger gain mediums are required,
decreasing the longitudinal mode spacing making it difficult to operate on a SLM in
this configuration.
A configuration that allows for a large gain medium, utilising a limited number of
optics which can easily achieve SLM, could have a number of uses as a pump source
for industrial and metrology products. This chapter presents the configuration of a
double VBG laser operating at 1342 nm on a single longitudinal mode, at much higher
output powers than has previously been demonstrated.

Figure 5.1 – Combined spectral response of double VBG setup.

5.2

Double VBG Setup

Equation (2.16) in chapter 2 shows how the response of a reflective VBG is determined
by the smallest refractive index change(∆n) achievable. Currently, the narrowest
response of a reflective VBG is limited to 80 pm. The spectral response of a single
grating will therefore limit SLM operation to microchip cavities, where the mode
spacing is very large. Another technique for spectral narrowing has been described
by Hemmer et al. [95], where two VBGs are used within a single cavity to narrow
the spectral response. This configuration has been shown to reduce the operating
linewidth of a double VBG Ti-sapphire laser cavity that operated with a linewidth of
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8 pm, although SLM was not achieved. By using two VBGs in the same cavity, the
spectral response now becomes the product of the two. A diagram of the double VBG
is shown in Fig. 5.2. By tuning the centre wavelength of one VBG with respect to the
other, either by temperature or angle tuning, we can reduce the effective bandwidth of
the cavity. Fig. 5.1 shows the spectral diffraction efficiency of the 1342 nm VBG taken
from chapter 3, where one VBG is operating at a temperature of 60 ◦ C. A second VBG,
operating at a temperature of 50 ◦ C is also shown. The combined spectral product of
the two VBGs is shown in black in Fig. 5.1.

Figure 5.2 – Double VBG cavity.

The tuning rate of the VBGs will determine how the spectral response changes as
the temperature of one VBG is varied relative to the other. The linewidth of the double
VBG configuration can be modelled using the tuning rate of 14 pm/◦ C, as measured
in chapter 3 section 3.3.2. This is shown in Fig. 5.3 as a function of the temperature
difference between the two gratings. In this configuration narrow linewidths of up to
10 pm have been achieved [95]. However, single longitudinal mode operation has not
been achieved in a double reflective VBG configuration, utilising a large gain medium.
Fig. 5.3 shows the reduction in overall bandwidth as the temperature between
the two VBGs is increased. The effective reflectivity of the cavity is also calculated
as the temperature difference between the two gratings is increased. As shown in
Fig. 5.1, the combined spectrum of the VBGs leads to an overall reduction in peak
reflectivity of the cavity. As the VBG configuration moves towards a 50 pm bandwidth,
the effective reflectivity of the setup decreases beyond the optimum coupling value of
80 % measured in chapter 3 section 3.3.1.
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Figure 5.3 – Bandwidth and effective reflectivity of double VBG configuration.

5.3

Single Longitudinal Mode Operation

The temperature dependent spectral response of the VBG setup will allow for the
spectral response of the cavity to be tuned, narrowing the cavity linewidth. If the
required narrowing of the cavity spectral response is too narrow however, the output
coupling effect described previously, could lead to a less than optimal coupling. To
determine this, the spectral response required to achieve SLM must be calculated.
The method for calculating the required attenuation of adjacent modes has been
described previously by Zayhowski [109]. The derivation here follows that of Zayhowski’s. The spectral response of the VBG is now applied to this derivation. This
method of calculating the required mode attenuation has previously been used for a
single VBG analysis [107]. In this chapter it is applied to the double VBG configuration.
From chapter 1 it can be seen how different cavity configurations can affect the
ability to achieve SLM. The plane-plane mirror cavity used in this configuration will
lead to the formation of standing waves in the resonator. The presence of these
standing waves will lead to the intra-cavity intensity for any given mode to look like
Fig. 5.4a. The actual extraction of the population inversion with this intensity pattern
will lead to a spatially dependent population inversion defined by the equation
N (z) =

No
1 + Im /Isat
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(5.1)

Where N (z) is the spatially dependent population inversion, Im is the intensity of
a given mode in the cavity, Isat is the saturation intensity and z is the distance into
the gain medium. No is the inversion in the absence of spatial hole burning, which for
this calculation, has been assumed to have a weak dependence on z. Depending on
how high above threshold the cavity is operating, which is equivalent to Im /Isat , the
population inversion will now look like that in Fig. 5.4b.

Figure 5.4 – a: Intensity profile of standing wave as a function of distance within the
cavity. b: Spatially varying population inversion for Im /Isat = 1,5 and 50 normalised to
Nth .

Fig. 5.4 also shows how the intra-cavity intensity Im affects the extraction of the
population inversion. If we simplistically describe the small signal gain of each mode
as
Z
go =

σN (z)dz

(5.2)

each mode therefore will observe a different level of gain, depending on the presence
and extraction of other modes, as well as the circulating intensities of these modes.
The spatial hole burning effect described here can lead to a larger bandwidth when
compared to lasers that do not suffer from this effect. The increased bandwidth arises
due to gain saturation of the lasing modes where the anti-nodes occur, and limited
extraction of the population inversion at the node points. As a result, non-lasing
modes can experience gain at these points, sufficient to achieve lasing threshold. In
order to achieve SLM operation, we must ensure that the single-pass gain of any
adjacent mode is smaller than the single-pass loss for that mode. The formation of
spatial hole burning will increase the gain for unwanted modes, increasing the required
level of attenuation.
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To determine the threshold, the level of gain available to a particular mode, compared to a given central mode, must be determined. A phase correlation factor between
the central mode m1 and a second mode m2 is therefore defined. This factor takes
into account how the phase difference between a set of modes will affect the gain
that each mode will compete for. The phase correlation factor is described as the
spatially weighted average cosine of the phase difference between the two modes. The
factor also includes a normalized z dependence. The phase correlation factor for an
end-pumped laser is shown below

Rz
ψ(2, 1) =

0

(1 − e−αp z )cos(2∆km z)
Rl
(1 − e−αp z )
0
(5.3)

where ∆km =

2π 2π
−
λ1
λ2

The factor αp is the average pump absorption coefficient, z is the distance into the
laser crystal and λ1/2 are the wavelengths of each mode. Secondly, a discrimination
factor is introduced as the ratio of round trip loss between two adjacent modes.
β(2, 1) =

σ1 γ2
σ2 γ1

(5.4)

For modes close together, the emission cross-sections σ1,2 are assumed to be similar.
We are left with γ1,2 , which is the effective loss ratio between each mode. The total
attenuation of the modes adjacent to the central mode will be a function of the
combined spectral response of the VBGs. By creating a narrow spectral response, we
increase the losses of the adjacent modes, thereby increasing the effective threshold of
that mode. To achieve SLM, a spectrum that will sufficiently attenuate the modes to
ensure they cannot achieve threshold is required.
From these two equations, the threshold inversion density ratio of any given mode
compared to that of the central mode can be calculated. This is denoted as ζ(1, 2)
where ζ(1, 2) is equal to

Nm=2
N0

ζ(1, 2) ≡ (

and defined as

β(2, 1) − 1
(2β(2, 1) − 1)
·(
+ 1)
1 − hψ(2, 1)i + 1)
1 − hψ(2, 1)i

(5.5)

Finally, the longitudinal mode spacing of any given cavity is taken into account, which
limits the allowed modes to
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∆mλ0 2
λ=
2nLn

(5.6)

where λ0 is the centre wavelength which obeys the equation L = q λ20 , in which q is an
integer, n is the refractive index and Ln is the cavity length.
In order to calculate at which point a given laser will move from SLM operation to
multi-mode operation, the relative thresholds of all modes, compared to the central
mode must then be calculated. We start by assuming that the central mode will
typically occur at the centre of the gain curve. Secondly, we assume that the emission
cross-sections for all the modes are equal. We must then calculate the comparative
threshold of each subsequent mode. Fig. 5.5 shows how the threshold of the ∆m = 1-4
modes vary as the cavity length is increased. The combined linewidth of the VBGs
was taken to be 60 pm, this compares to the 180 pm linewidth of a single VBG.

Figure 5.5 – Inversion threshold of modes Nm relative to N0 as a function of cavity
length.

Fig. 5.5 shows how the relative thresholds decrease as the cavity length is increased,
with a fixed VBG temperature difference of 20 ◦ C. The main effect observed here is
the decrease in spacing of the modes, allowing each mode to move closer to the peak
of the VBG. Some new behaviour can also be observed at ≈ 45 times above threshold,
where a small region of decreased threshold can be seen for each mode. The decreased
threshold of the modes in this region is due to the centre wavelength of that mode
aligning with the secondary peaks of the VBG spectra. The modes operating in this
region would be unlikely to oscillate due to the high threshold levels.
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The bandwidth required for SLM operation can now be modelled by analysing
the threshold of every adjacent mode and comparing it to the threshold of the actual
cavity. In practice, however, only low ∆m numbers must be considered, due to the
spectral response of the grating. From this, the threshold of the lowest secondary
mode, for any given bandwidth, can be determined. For this calculation the cavity
length was taken to be 7 cm, this is the smallest cavity length possible with the optics
used in chapter 3.
The red line in Fig. 5.6 shows how the threshold for the lowest mode varies as a
function of the VBG bandwidth. The variation in the VBG bandwidth is achieved by
varying the temperature of one VBG relative to the other. The blue line in Fig. 5.6
shows how high above threshold the actual laser operates for a given bandwidth, and
therefore output coupling, assuming a pump power of 16 W. For the cavity calculation
the same analysis as that completed in chapter 3 section 3.3.1 is used, with a pump
spot of 320 µm and intra-cavity losses of 10 %. The point at which the laser will
operate in SLM can be calculated by analyzing the points where the two lines cross.
Below 60 pm, the threshold for the secondary modes is larger than 3.5 times the central
mode threshold. With 16 W of pump power, the actual cavity is operating below this
level. Therefore, SLM operation should be achievable beyond this operating point.
The model predicts that with a cavity length of 7 cm, a spectral FHWM bandwidth of
62 pm is required to achieve SLM. Above this bandwidth, the secondary modes should
be able to achieve threshold. Referring back to Fig. 5.3, a temperature difference of
21 ◦ C between the two gratings would be required to achieve a spectral bandwidth of
60 pm.

Figure 5.6 – Threshold for secondary modes and cavity threshold.
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5.4

1342 nm Double VBG Configuration

Initially, a double VBG cavity was constructed as shown in Fig. 5.2. The optical cavity
length was 7.2 cm. The longitudinal mode spacing was 12.5 pm. For SLM operation, a
temperature difference of 21 ◦ C would be required. Fig. 5.7 shows the performance of
the double VBG cavity. The red line shows the combined output from both VBGs.
The blue line shows the cavity linewidth.

Figure 5.7 – Double VBG performance showing the combined output power from the
VBGs and cavity linewidth.

In this configuration single longitudinal mode operation was achieved up to 2.3 W.
At this operating point mode hopping was present and the laser would occasionally
jump into two modes. Beyond 2.3 W, two modes were present and at 3 W three modes
were present. The VBG temperature difference required to achieve SLM was 17 ◦ C.
This is slightly different to the modelled value of 21 ◦ C. Fig. 5.8 shows a series of the
Fabry-Perot rings as the VBG is tuned.
Here the increase in cavity bandwidth can be observed, as well as each mode
jumping in as the temperature difference between the VBGs is varied. The maximum
linewidth for single mode operation was measured to be 16 pm.

5.4.1

1342 nm VBG Output Coupling Analysis

In the previous section the calculated temperature difference required to achieve SLM
was higher than the actual values measured. With a temperature difference of 17 ◦ C,
the bandwidth of the VBG configuration should be 90 pm. The mode spacing in the
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Figure 5.8 – Series of images from Fabry-Perot imaging setup at various temperatures.

cavity is 12.5 pm, the attenuation of the adjacent modes should therefore be insufficient
to achieve SLM. The actual value of output coupling in the cavity was then measured
to determine the double VBG reflectivity. By measuring the VBG reflectivity, its
spectral response can be determined.
In order to investigate the output coupling in the cavity, another data point was
added using a fixed coupling value. This was achieved by replacing the steering mirror
at M2 with a 5 %T output coupler, providing 10 % output per round trip. This setup
is shown in Fig. 5.9a.
This configuration allows for the actual reflectivity of the second VBG to be
measured. Using the two detectors, the effective reflectivity of the VBG is measured
as the temperature of the VBG is tuned. From Fig. 5.9b, the reflectivity is calculated
using the coupled equations
Rvbg = 1 −
Rvbg =

Pout
P1 Rmirror

P2out
P1 Rmirror (1 − Rmirror )

(5.7)
(5.8)

Where Rvbg is the VBG reflectivity, Pout is the power leaking from the VBG and
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Figure 5.9 – a: Output coupling measurement of double VBG. b: Intra-cavity power
calculation.

P2out is the power leaking from the coupler at M2. P1 is the calculated intra-cavity
power at the position shown in Fig. 5.9b. Fig. 5.10 shows how the measured reflectivity
of the VBG varied as a function of the temperature difference between the two VBGs.

Figure 5.10 – Output coupling of double VBG cavity.

The measured reflectivity values show good agreement with the expected reflectivity
values from the VBG temperature tuning. At a temperature difference of 17 ◦ C, a
VBG reflectivity of 81 % is measured, compared with an expected value of 83 %. The
VBG spectral response is therefore 83 pm.
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The spectral response of the double VBG spectrum required to achieve SLM is
different from that calculated in the previous section. The calculation predicted a
spectral response of 65 pm compared with an actual value of 83 pm. However, there
are a number of sources of error in this calculation. It was assumed that the spectral
response of the VBGs is identical to that modelled in chapter 3 Fig. 3.16. This may
not be the case as the spectrum may be slightly different to the modelled data. Whilst
the actual output coupling was also measured in the configuration in Fig. 5.9, the
cavity was re-aligned to allow for insertion of the additional output coupler. As a
result, the relative angles of the VBGs may be different in each configuration. This
would lead to a different spectral response and output coupling level than for the case
of the double VBG cavity.
Using an output coupling reflectivity of 81%, the expected VBG spectral response
can be calculated, this is shown in Fig. 5.11.

Figure 5.11 – Combined spectral performance of cavity with 81 % reflectivity.

Fig. 5.11 shows the spectral response at 83 pm FWHM. The centre wavelength of
the second VBG is shifted by 180 pm from the nominal position. Using the tuning
rate of 14 pm/◦ C, a temperature delta 17 ◦ C would be required to achieve SLM.

5.4.2

Discussion

The double VBG setup has allowed for single longitudinal mode operation to be
achieved up to an output power of 2.3 W; much higher than previous setups reported
in the literature [95]. However, this configuration does have drawbacks, such as the
nature of the output coupling, which produces output in both directions. In the worst
case, half the power would be lost if the setup does not allow for the beam to be
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combined further downstream. It must also be considered how the source would be
suited for use within ICSHG setups, where the output coupling is achieved through
harmonic conversion rather than reduced reflectivity of the cavity mirrors. In this case,
all the coupling from the VBGs must be viewed as a cavity loss, rather than useful
output coupling. The required spectral bandwidth of VBGs leads to a reflectivity in
the order of 80%, which would represent a large loss in the cavity. If however, the
spectral response could be narrowed without the associated decrease in reflectivity,
the cavity then would be able to use the useful output coupling for ICSHG. In order
to achieve this, the VBGs must exhibit a much more top-hat spectral response than
those shown in Fig. 5.1. The narrower spectral response would allow for tuning of
the gratings and narrowing of the combined spectra, without the associated output
coupling effect.
In the absence of narrow spectrum gratings, changes to the setup could improve
the overall useful output coupling. The reduction in useful output coupling could
be counteracted by an increase in gain. The simplest method to achieve this is to
decrease the spot size of the cavity mode. As the gain is increased, the optimum
output coupling will decrease. The output coupling will then become dominated by
useful output coupling rather than that required for spectral narrowing. The smaller
spot size and subsequent reduced cavity mode size will increase the peak power density
on the VBG. A balance must therefore be found in achieving the narrow linewidth,
and subsequent chirping of the grating. A Z-fold astigmatically-compensated cavity
would allow for a tightly focused mode within the crystal and for large spot sizes on
the VBG to limit thermally induced chirping.

5.5

Conclusion

In this chapter we have demonstrated for the first time a double VBG configuration
capable of operating on a single longitudinal mode. The double VBG technique was
able to generate up to 2.3 W whilst operating on a single longitudinal mode with a
linewidth of 16 pm.
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Chapter 6
Q-switched VBG Laser and Second Harmonic Generation

6.1

Introduction

In chapter 1, the need for a visible source, spanning a wide wavelength range was
introduced. In this chapter the focus is on the development of a 1064 nm laser to
generate the 532 nm second harmonic in the visible region. The aim of this chapter is
also to demonstrate the performance enhancements in second harmonic generation
that can be gained by using a pump source narrowed from a VBG. The laser source is
operated in a Q-switched configuration to generate the high peak powers required to
achieve efficient SHG. Future work will investigate the ICSHG configuration discussed
in chapter 5. The motives for operating at 1064 nm rather than the 1342 nm emission
line previously investigated is simply due to the availability of optics and nonlinear
crystals at this wavelength. Future work is also planned for the generation of the
1342 nm second harmonic.
The results documented in this chapter were completed by the author with help
from M.Sc student A. Barron. The experimental work was completed by the author,
or by A. Barron, under supervision. The modelling and calculations completed, as
well as the analysis, are all the work of the author in their entirety.
The material used in this chapter to generate the second harmonic is MgO doped
periodically poled stoichiometric Lithium Tantalate (MgO:PPSLT). PPSLT has a
number of advantages compared to the more commonly used periodically poled Lithium
Niobate (PPLN). Whilst the effective nonlinearity of PPSLT is lower than that of
PPLN, 13 pm/V [110] compared with 25 pm/V [111], the near stoichiometric Lithium
Tantalate material does not suffer as severely from the photo-refractive effect as
Lithium Niobate [112]. The result is an increased damage threshold and the ability to
operate at lower temperatures. PPSLT is now commercially available in a number of
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different orientations and poling periods from manufacturers such as HC photonics.
When using PPSLT to frequency double a 1064 nm source, output powers of up to
18 W have been demonstrated [113]. In OPO configurations, PPSLT has been used
to generate wavelengths from 400 nm [114] up to 3.5 µm [115]. The transparency of
PPSLT is similar to that of PPLN, with transmission of up to 5 µm, allowing for a
wide variety of wavelengths to be generated.
The first part of this chapter investigates the setup of a Q-switched laser operating
at 1064 nm. The peak power of the short pulses allows for efficient SHG. A Q-switched
laser operating at 1064 nm in both a plane-plane mirror configuration and a single
VBG configuration is demonstrated, in a similar manner to chapter 3. The use of
VBGs in Q-switched configurations has been demonstrated previously [116]. In this
chapter, the ability of the VBG to operate in a Q-switched configuration at similar
average powers to those shown in chapter 3 section 3.2.4 is investigated. The changes
in the pulse characteristics, beam profile and output power are presented. The sources
are then used to pump a nonlinear crystal, and the improvements in the conversion
efficiency are reported. It is important to note that, in the Q-switched configuration,
we do not intend to achieve single longitudinal mode (SLM) operation. This is simply
due to the inability to achieve SLM using the setup described. The inclusion of an
active Q-switch, either acousto-optic (AO) or electro-optic (EO), will significantly
increase the length of the resonator. As a result, the longitudinal mode spacing will
decrease, making it difficult to achieve SLM.

6.2

1064 nm Q-switched Laser

The laser was initially built with the same operating characteristics as those described
in chapter 3 section 3.2. However, due to the unavailability of the Nd:YVO4 crystal,
a crystal without end-caps was used. The result was a degradation in the M2 of the
laser at pump powers above 13 W. To maintain the beam quality of the laser for this
investigation, the pump power was limited to 13 W.

6.2.1

Q-Switched Performance

The AO Q-switch was fitted to the cavity in the position shown in Fig. 6.1. (Please
note that this diagram is not to scale). The 32 mm long AO Q-switch with a diameter
of 1.8 mm, was purchased from Gooch and Housego with an RF modulation of 40 MHz.
The RF power required for a 90% diffraction efficiency is 20 W. For the output coupler
reflectivity used in the Q-switched setup, the need to limit the intra-cavity intensity is
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Figure 6.1 – Q-switched laser cavity diagram.

also considered. This is to ensure that damage to the Q-switch does not occur and
that thermal effects in the VBG are minimised. By decreasing the reflectivity of the
cavity, the overall peak power incident on the optical components is reduced. In the
current configuration, the 80% reflectivity coupler was chosen to limit the intra-cavity
intensity and to limit the thermal load on the VBG.
The cavity was then characterised in the Q-switched regime. The pump diode was
run in a CW manner, with the AOM diffraction lowering the Q of the cavity, allowing
for the population inversion build-up. The length of the RF pulse, which allows for the
Q-switched operation, is referred to as the inversion build-up period. The inversion
build-up period was varied from 10-60 µs. This period is limited by the fluorescence
lifetime of the Nd:YVO4 which, for a 0.5% doped crystal, is typically 90 µs [117]. The
cavity was held in a high-Q state for less than 10 µs. This allowed for the initial pulse
to build up, whilst limiting that of a second pulse.

Figure 6.2 – Comparison of Q-switched performance of VBG and mirror cavity.

Fig. 6.2 shows both the average and peak power from the Q-switched laser. The
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minimum peak power occurs for the shortest inversion build-up period. Conversely, the
highest average power is achieved at this operating point. This behaviour is consistent
with that described in [105]. A slight difference between the mirror and VBG cavity is
also observed. Similar to the CW results in chapter 3 section 3.2.4, the VBG cavity
average power is less than that of the mirror cavity. The peak power is also lower for
the VBG.

Figure 6.3 – Comparison of Q-switched pulse for VBG and mirror cavity.

The Q-switched pulse duration of the two configurations was then compared. The
pulse shapes with a 40 µs inversion build-up period are shown in Fig. 6.3. The VBG
has a FWHM pulse duration of 72 ns compared to 64 ns for the mirror cavity. By
analysing the shape of the optical pulse for both cavities, the characteristics that cause
the reduction in performance of the VBG cavity can be determined. Using Siegman’s
approximation for the pulse width [105], denoted as τp and shown in equation (6.1), it
can be seen that the pulse width is a function of the number of times above threshold r,
(where η(r) is an extraction factor dependent on the number of times above threshold
[118]) and the cavity lifetime τc . The pulse can be split into a rising component, which
is a function of the number of times above threshold, and the pulse decay, which is
typically dominated by the cavity lifetime.
τp =

rη(r)
τc
r − 1 − ln(r)

(6.1)

The 20-90% rise time for the laser pulse is 30 and 36 ns for the mirror and VBG
cavities respectively. The 90-20% decay times are 69 and 67 ns for the mirror and
VBG cavities respectively. The mirror cavity rises faster than the VBG cavity, but
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decays slightly slower. In chapter 3 section 3.2.4, the inclusion of the VBG was shown
to increase the intra-cavity losses. The pulse width behaviour is consistent with this
result. The slightly shorter decay time of the VBG cavity is a result of the increased
losses and therefore shorter cavity lifetime compared to the mirror cavity. The faster
rise time of the mirror cavity is due to the increased number of times above threshold
operation, due to the lower cavity losses, when compared to the VBG cavity.
The build-up duration of the two cavities at 40 µs was also measured to further
investigate losses of the VBG. The build-up time is also a function of both the number
of times above threshold and the cavity losses [105]. The duration of the build-up
is measured from the point where the Q-switch opens to the point where the pulse
reaches 10% of its peak value. In a similar manner to the comparison completed in
the pulse duration measurement, the build-up times allow us to compare the losses
between the two cavities. The build-up time for the VBG cavity was 660 ns compared
to 637 ns for the mirror cavity. This behaviour confirms that the VBG cavity possesses
a higher threshold than the mirror cavity.
The M2 of the laser was then measured in each configuration. The M2 was measured
to be 1.04 in the horizontal plane and 1.1 in the vertical plane for the mirror cavity.
The VBG cavity M2 was 1.25 in the horizontal plane and 1.2 in the vertical. The plots
from this are shown in Fig. 6.4, along with beam profiles taken in the far field.

Figure 6.4 – M2 of laser. Top: Mirror cavity M2 measurement, beam profile inset.
Bottom: VBG cavity M2 , beam profile inset
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In this configuration a small degradation in the M2 is observed for the VBG laser.
This behaviour is different from that shown in the chapter 3 section 3.2.4 where the
M2 was found to be similar for both the VBG and mirror cavity. In this configuration
increased thermal lensing is present due to the absence of undoped end-caps on the
crystal. The stronger lensing does produce a smaller spot onto the VBG than the
previous configuration. This may degrade the M2 when compared to the mirror configuration. Slight adjustment of the cavity length was made, but this did not improve
the beam quality.
The final parameter measured was the linewidth of the two different cavities. Different techniques were used to measure the linewidth of each cavity. A grating-based
spectrometer was used to measure the spectrum of the mirror cavity due to the broad
linewidth. This is shown in Fig. 6.5a. The VBG cavity was measured using the
interferogram technique described in appendix A. The interferogram beam profile for
the Q-switched laser is shown in Fig. 6.5b.

Figure 6.5 – a: Mirror cavity spectrum. b: Interferogram measurement for VBG
linewidth.

The linewidth of the mirror cavity was measured to be 0.97 nm. The linewidth of
the VBG cavity was measured to be 0.19 nm. This behaviour differs from the CW
results, in particular, the VBG linewidth is slightly larger than that measured for the
CW configuration in chapter 3 section 3.2.4. From the results shown in Fig. 6.5b, the
cavity linewidth is now filling the full spectrum of the VBG. Typically, it would be
expected that the linewidth in the Q-switched configuration would narrow due to the
modal selection during the build-up phase, as presented by Sooy [119]. The presence of
spatial hole burning during the build-up of the pulse can, however, lead to a reduction
in the overall pulse energy [120], leaving gain un-extracted. Furthermore, the effect
of the spatial hole burning will typically lead to gain being available to those modes
further out of phase with the centre wavelength.
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The longitudinal mode spacing for the 475 mm cavity is 0.5 pm, therefore a number
of modes are present during the build-up phase, all of which will compete for gain.
Modes further out of phase with the central wavelength of the VBG may observe higher
gain due to the poorer extraction at the anti-node points. As the actual Q-switch pulse
begins to grow and gain saturation starts to occur, the level of gain observed by the
off-centre modes may be significantly higher. Further work is required to investigate
this effect. By using an etalon with a higher finesse, the actual spectral features of the
cavity linewidth could be determined.
The mirror cavity does experience the expected line narrowing from Sooys analysis.
The CW linewidth in chapter 3 section 3.2.2 was 1.25 nm compared to the Q-switched
linewidth of 0.97 nm. Here the narrowing occurs due to the shape of the gain curve.
The gain curve is fairly flat, therefore only a limited amount of spectral narrowing
occurs.

6.2.2

Q-Switching Conclusion

The ability of a VBG to operate in a Q-switched laser without a significant degradation
in performance has been shown. The VBG laser was slightly less efficient when
compared to an identical mirror cavity, and a small degradation in the beam quality
was observed. The linewidth of the laser was narrowed to 0.19 nm compared to a free
running linewidth of 0.97 nm. This linewidth reduction should improve the second
harmonic conversion efficiency. The laser was then used as a pump source for SHG
to generate the visible wavelengths required to meet the programme objectives. The
investigation also allows for the effect that the cavity linewidth has on the conversion
efficiency to be demonstrated.

6.3

523 nm Second Harmonic Generation

In order to meet the requirements for a visible countermeasure source, the IR wavelengths must be converted to the visible region of the spectrum. Second harmonic
generation of the Q-switched VBG and mirror cavities is therefore investigated. As a
result of the narrow linewidth, the VBG cavity should demonstrate improved SHG,
compared to the mirror cavity. The improved efficiency will allow for cost or performance improvements over a traditional mirror cavity. The future investigation
into dual-wavelength operation will also require a SHG stage. This investigation will
therefore highlight the VBG-cavity’s potential as a second harmonic pump source.
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6.3.1

532 nm Second Harmonic Generation Modelling

The possible performance improvements gained from using the VBG-cavity as a pump
source was then modelled. The different linewidths of the mirror and VBG cavities will
change the phase mismatch in the crystal, changing the second harmonic conversion
efficiency. Fig. 6.6 shows an illustration of the modelled linewidth of the two sources,
which have been assumed to be Gaussian. By calculating the phase mismatch as a
function of wavelength, it can be seen how the acceptance bandwidth of the nonlinear
conversion compares to the linewidth of both sources. The efficiency due to the phase
mismatch is calculated using the following equation,
1
η=
Lnc

Z

exp−i∆KLnc dL

(6.2)

where
∆K = 2Kω − K2ω −

2π
Λ

(6.3)

The term Λ in equation (6.2) is the poling period of the PPSLT. The term Kω/2ω
refers to the propagation constant of both the fundamental and harmonic wavelengths
and Lnc is the length of the nonlinear crystal. In Fig. 6.6, a large portion of the
mirror cavities spectrum can be seen to be outwith the acceptance bandwidth of the
MgO:PPSLT. It would expected that the overall conversion efficiency of the mirror
cavity would be much lower, when compared to that of the VBG cavity. The acceptance bandwidth of the crystal can be increased by reducing the overall length Lnc .
However, a reduction in the nonlinear crystal length will lead to a reduced overall
interaction length, therefore limiting the conversion efficiency.

Figure 6.6 – Comparison of Q-switched spectrums for both the mirror and VBG cavities
to that of the acceptance bandwidth for a 20 mm PPSLT crystal.

In order to calculate the efficiency, the overall phase mismatch that exists as a
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result of the linewidth must be calculated. The calculation has been previously shown
by Helmfrid et al. [121] and we use his notation going forward. The normalised
contribution to the second harmonic conversion is calculated using the following
equation
P

(2ω)

Z
(Ω) = 2

Pω (Ω − Ω0 )Pω0 (Ω)dΩ0 F (dδ)

where
2π
F (dδ) =
L

Z

(6.4)

2

exp−i(∆kL) dL

(6.5)

Ω = Central angular frequency deviation from Ω0
Ω0 = Angular frequency of input spectrum
P (2ω) (Ω) = Power at second harmonic wavelength
Pω (Ω) = Power at the fundamental wavelength
The overall contribution to the nonlinear drive can therefore be calculated by
integrating with respect to Ω. For the VBG cavity, the reduction in the nonlinear drive
was calculated to be 0.6, compared to 0.18 for the mirror cavity. These results are
consistent with those presented by Kontur et al.[122]. The limitation of this method
is that the bandwidth of each source is only considered as a reduction in the overall
intensity contribution. The analysis does not consider that the broad bandwidth may
drive back-conversion or even sum frequency mixing. To calculate the actual SHG
power generated, the following equations are used [123]
η0 = C

2

L2nc h(ξ)Iw

Z

P (2ω) dΩ

(6.6)

where
8π 2 d2ef f
C=
0 cλ20 n30

(6.7)

The function h(ξ) refers to the Boyd-Kleinman focusing parameter [124], def f is the
effective nonlinearity of the crystal used, n0 and λ0 are the refractive index of the
material and the centre wavelength at the fundamental wavelength, Iω is the incident
intensity at the fundamental wavelength. In order to correctly model the conversion
efficiency, depletion of the pump wavelength due to the SHG process must also be
considered. To do this, the following equation [125] is used
√
ηshg = tanh( η0 )

(6.8)

Note that this equation does not take into account the dephasing effects and subsequent
back-conversion that would be expected from the actual crystal characteristics, as well
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as other secondary effects. These are considered in a later section.
From these equations the optimum pump conditions and the effects of the various parameters on conversion efficiency can be determined. These are shown in Figs 6.7.
For these calculations, a constant Boyd-Kleinman focusing parameter of 0.7 was
assumed. The configuration is limited to a focal waist size of 70 µm to ensure that
the 2 J/cm2 damage threshold of the PPSLT coating is not exceeded. The maximum
PPSLT length is also limited to 20 mm. This is primarily due to cost and availability
of off-the-shelf components with the required coating. Fig. 6.7a shows the modelled
variation in SHG efficiency as the pump spot size is varied. Using a focused spot
of 70 µm, Fig. 6.7b shows the modelled conversion efficiency as the pump power is
increased for both the VBG and plane-mirror setups. Both these calculations were
completed for a 20 mm crystal.

Figure 6.7 – a: Modelled conversion efficiency with spot size, inset: Energy density
plotted with spot size. b: Modelled SHG conversion efficiency vs. peak pump power.

At a peak input power of 2.6 kW an increase of 24% in the conversion efficiency,
from the mirror cavity to the VBG cavity, is predicted.

6.3.2

532 nm Second Harmonic Generation Results

The cavity was then configured from the parameters modelled previously. Using a
170 mm lens placed 100 mm from the output aperture of the laser, the cavity beam
was focused to a modelled spot radius of 70 µm for the mirror cavity and 83 µm for
the VBG cavity. This is slightly larger than the minimum spot size achievable for each
configuration which is 43 µm and 48 µm for the mirror and VBG cavity respectively.
The variation in spot size for each cavity is due to the differences in the measured M2
values. The crystal was a 20 mm long, 5% MgO doped PPSLT, with a poling length
of 8 µm purchased from HC Photonics. The crystal was cut to a 2×1 mm aperture
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size. Initially, the losses were measured through the crystal. This was measured in
a low-power CW regime, to ensure that second harmonic conversion would not occur. The single-pass loss was measured to be 3%. Fig. 6.8 shows the SHG configuration.

Figure 6.8 – Second harmonic configuration.

The crystal was mounted in an oven to allow for accurate temperature control.
The polarizing cube and waveplate allowed for adjustment of the input power without
affecting the cavity characteristics.
The crystal temperature was tuned to obtain the optimum performance. Temperature tuning the crystal will change the poling period, allowing for the phase mismatch
to be minimised. Fig. 6.9 shows the normalised output power as the temperature of
the crystal is tuned for both laser cavities.
From Fig. 6.9 the temperature bandwidth of both the VBG and mirror cavity can
be calculated. Using the mirror cavity, the temperature bandwidth was 1.75 ◦ C, this
compared to only 0.6 ◦ C for the VBG cavity.
By comparison, the VBG cavity exhibits a much sharper tuning curve. The narrow
linewidth of the VBG limits the overlap with the acceptance bandwidth of the crystal
as it is tuned. The pump linewidth clearly affects the overall temperature performance
of the laser. As the linewidth is increased, the temperature sensitivity is reduced.
However, the conversion efficiency will also be reduced as a result of the increased
phase mismatch.
The conversion efficiency and SHG power as a function of pump power was also
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Figure 6.9 – Effect of temperature tuning MgO:PPSLT on the second harmonic power.

measured for the two configurations. This is shown in Fig. 6.10.

Figure 6.10 – a: Conversion efficiency of the two pump sources. b: Second harmonic
output power for two pump sources.

The maximum generated power for the VBG cavity was 2.4 W compared to 1.9 W
for the mirror cavity. The use of the VBG cavity improved the output power by 25%.
The overall conversion efficiency increased from 44% to 56%.
The results of the mirror and VBG cavities show different behaviour in terms of
conversion efficiency. In the VBG cavity, as the pump power is increased towards
its maximum, the conversion efficiency appears to have reach its peak. Beyond this
operating point, no further improvement in SHG conversion efficiency would be gained.
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This contrasts with the conversion efficiency of the mirror cavity which still appears
to be rising.
When investigating the conversion efficiency it was found that the optimum temperature of the PPSLT crystal for a given input power was different. This characteristic
suggests that absorption within the crystal is leading to an increased operational
temperature. As the pump is depleted through the crystal, through absorption and
conversion, a temperature gradient will be created. This gradient will lead to an
expansion of the poling period at the front of the crystal compared to that at the end
of the crystal. The absorption of the 1064 nm fundamental pump source due to the
MgO doping has previously been reported [126]. The MgO doping does increase the
damage threshold but also increases the residual absorption. A second cause of the
thermal effects could be green induced infra-red absorption (GIIRA) [127]. GIIRA
has previously been reported in a number of different nonlinear crystals.
The performance of the SHG also differed from the modelled values shown in
Fig. 6.7. The model predicted that the conversion efficiency would rise to 77%, but
experimentally, it is clamped at a maximum of 56%. The cause of this is due to the
simplicity of the model and the absence of dephasing through the nonlinear crystal.
The dephasing parameter was first introduced by Armstrong et al. [125] to account for
these effects. The dephasing parameter δ describes the difference in phase between the
second harmonic waves originating at the input and exit faces of the crystal. There
are a number of contributors to the dephasing of the second harmonic beam. These
include variations in the beam divergence due to optical irregularities, the thermal
gradients within the crystal described earlier, random errors in the poling period of
the crystal and thermal stress-induced dephasing. The model is adapted to include a
dephasing parameter using the following equation [8]
p
2
η = ηm sn2 [ η 0 /ηm , ηm
]

(6.9)

where
ηm = 1 + (δ 2 /2η0 ) −

p
[1 + (δ 2 /2η0 )]2 − 1

(6.10)

where the sn(x,y) function is the Jacobian elliptic with the arguments (x,y), shown
in the brackets. The dephasing value can be estimated by analyzing the temperature
gradient within the crystal [128]. A reduction in second harmonic power due to
dephasing within PPSLT has been reported previously at pump powers above 3 W
[129]. For efficient conversion, the dephasing parameter should be kept below π/10
[123].
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From the behaviour measured previously, whereby the crystal temperature required
adjusting for different input powers, it is clear that thermal aberrations in the crystal
are present. The dephasing at input powers of around 40 W has been measured as
high as π/10 [113].

Figure 6.11 – Comparison of modelled and measured results for conversion efficiency.

In Fig. 6.11, the dephasing parameter δ is adjusted and fitted to the measured data
points for both the mirror cavity and VBG cavity, allowing for agreement between
the measured and modelled values. The dephasing parameter is therefore not directly
measured. For the modelled calculations, the contribution of the linewidth of the
pump source, depletion of the pump source through the crystal and the depahsing
from the crystal is now included. The dephasing parameter modelled for both cavities
is 0.088 or 0.0044 mm−1 for a 20 mm crystal, within the values quoted within the
literature.
In the case of the VBG cavity, the graph shows that the configuration is operating
at the optimum point for conversion efficiency. It would be expected that as the
pump power is increased further, a drop in second harmonic output power would
occur. In the case of the mirror cavity, limited improvement in the output power
would be expected as the pump power increases further. The modelling shows good
agreement with the measured values with the fitted dephasing parameter. To improve
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the conversion efficiency further, future investigations could look at the parameters
that affect the dephasing within the crystal to limit these effects.
The M2 of the SHG was then measured for both configurations. For the mirror
pump source an M2 of 1.33 in the horizontal and 1.11 in the vertical was measured.
For the VBG cavity pump source, the M2 was 1.45 in the horizontal and 1.3 in the
vertical direction. The M2 measurement shows a reduction in the beam quality as the
fundamental beam is converted. The degradation in the beam quality could be due to
a number of parameters. Thermal lensing within the crystal as a result of absorption
of the pump light can degrade the M2 of the beam, variations and dislocations in the
poling period can also degrade the 532 nm beam. The higher M2 measured for the
VBG-cavity-pumped SHG would be expected, as the VBG cavity itself has a larger
M2 compared to the mirror cavity.

Figure 6.12 – Second harmonic spectrum from both pump sources.

The linewidth of the second harmonic was also measured for both configurations.
This is shown in Fig. 6.12. The figure shows the second harmonic bandwidth is narrower when pumped with the VBG cavity source. The narrow spectrum does possess
broad wings away from the centre wavelength at 532 nm. This broadening may be a
characteristic of the crystal, rather than a result of the pump spectrum. Any variation
in the poling period or other induced phase errors discussed earlier when defining the
dephasing parameter, would also lead to a broadening of the second harmonic spectrum.
Finally the pulse width of the two configurations was also compared. The pulse
widths were measured at 43 ns and 50 ns for the mirror and VBG cavities respectively.
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Both configurations produced pulse widths of around

√
2 of the pump pulse widths, in

agreement with the theory [105].

6.4

Discussion

The aim of this chapter is to demonstrate Q-switching of the VBG cavity introduced
in chapter 3 and to investigate the efficiency of second harmonic generation, from the
line-narrowed source.
In a Q-switched configuration, the VBG cavity generated average output powers of
up to 4.6 W at a rep rate of 20 kHz with pulse durations of 72 ns. A comparison of the
performance between the standard mirror cavity and the VBG cavity for Q-switched
operation was also completed, highlighting the comparable performance of the two
cavities.
The configuration did, however, lead to slightly different behaviour from that shown
in chapter 3 section 3.2.2; most notably a degradation in the M2 . This behaviour
was present in both fixed Q and Q-switched configurations, and is therefore not a
characteristic of the Q-switched operation itself, but of the cavity configuration. By
switching to a crystal with undoped end-caps, the beam quality may have improved
as a result of weaker thermal lensing and an increased spot size on the VBG.
The linewidth of the Q-switched cavity was also wider than the linewidth for
the CW operation shown in chapter 3 section 3.2.2. It would be expected that the
resultant linewidth of the Q-switched cavity would be narrower than that measured
for CW operation. The cause of the increased linewidth is thought to be due to spatial
hole burning and gain saturation in the build-up phase, as well as the VBGs spectral
response. The resultant linewidth of the Q-switched cavity was 0.19 nm compared to
0.97 nm for the CW cavity.
When using the Q-switched VBG cavity, high conversion efficiency SHG was
also demonstrated. As a result of the narrow linewidth, a 12% improvement in the
conversion efficiency, compared to the traditional mirror cavity was achieved, leading
to an increase of 25% in the second harmonic output power. The investigation has
highlighted that cavities similar to the configuration shown here could provide a
genuine alternative to standard solid-state laser cavities and improve the efficiency of
a number of different industrial laser systems.
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6.5

Conclusion

This chapter has demonstrated the improvements in second harmonic conversion
efficiency through the use of a VBG-narrowed source and highlighted the suitability
of a VBG cavity for efficient SHG. Initially a Q-switched laser is demonstrated in
both a plane-plane mirror cavity and a line-narrowed VBG cavity. In these setups
2.6 kW of peak power is generated, with pulse widths of 66-72 ns. In the VBG cavity
configuration, the setup generated a linewidth of 0.19 nm. This compared with a
linewidth of 0.97 nm for the mirror cavity. The M2 was found to be 1.1 for the mirror
cavity and 1.25 for the VBG cavity. The two pump sources were then used to pump a
MgO:PPSLT nonlinear crystal. An improvement of 12% in overall conversion efficiency
was observed, giving an increase of 25% in the second harmonic power.
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Chapter 7
VBG-Locked Laser-Diode Arrays

7.1

Introduction

In this chapter the use of VBG-locked laser-diode arrays are investigated with the
aim of improving the environmental operating range of current diode-pumped solidstate laser configurations. The operational temperature range for lasers operating on
military aircraft is typically -40 - 60 ◦ C. The implications of the thermal control were
discussed in section 1.1.8. This chapter focuses on LDAs that can pump a solid-state
gain medium over this temperature range by locking their emission wavelength using
VBGs. If successful, this will allow for the removal of TEC based coolers, therefore
reducing cost, weight and power consumption. The work completed in this chapter
was presented in a SPIE publication [130].
First, an analysis of the performance of current laser-diode array designs used
within military products is completed, highlighting the requirement for temperature
control. A brief analysis of laser diode technology is provided, as well as calculations
to determine the requirements for locking the wavelength of the LDA. Within this
analysis, the locking of a LDA capable of being a drop-in replacement to lasers currently
in service is investigated. As a result of this constraint, the locked LDA investigated
here differs from others in terms of the LDA growth design, feedback and line width.
The work was completed as part of a joint programme with laser diode manufacturer
Lasertel. A custom-made quantum well gain structure was designed specifically for
locking of the LDA over a broad temperature range within the constraints of the
design requirements. This work was completed by M McElhinney et al. . The
investigation and optimisation of each of these parameters is presented in this chapter.
The performance of the VBG-locked devices over temperature is then analysed and
compared to that of the temperature controlled LDAs.
The VBG-locked devices used in this chapter were supplied by Lasertel. These
devices were designed and constructed by Lasertel. The subsequent modelling of the
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temperature range, impact on laser resonator performance and testing was completed
by the author.

7.2

Conventional Temperature Controlled LDAs

As highlighted in chapter 1 section 1.1.1, the most common military laser configuration
is a diode-pumped Nd:YAG slab in a cross-Porro resonator cavity. The investigation is
primarily based on this configuration. The characteristics of this cavity are discussed
in chapter 1 section 1.1.4.
The pump geometry uses a 1.1 % doped Nd:YAG zigzag slab with a 5 x 5 mm
aperture, 67 mm in length. The slab is side-pumped by LDAs operating in the 800 nm
region.
Whilst the zigzag slab gain medium reduces the thermal lens strength, the geometry
limits the absorption depth that is achievable. The slab sizes are scalable, however, any
increase in the dimensions will typically increase the Fresnel number of the resonator,
therefore degrading the divergence of the laser system. As a result, the investigation
is limited to the use of 5 mm slabs.
The overall absorption efficiency in the slab will be dependent on the operating
wavelength of the pump diodes and the absorption coefficient profile of the active
gain medium used. Fig. 7.1a shows the absorption coefficient of 1.1 % Nd:YAG, from
results provided by crystal manufacturer Northrop Grumman SYNOPTICS, as well as
the effective absorption efficiency as a function of wavelength for a 10 mm absorption
depth. This represents a double pass of a 5 mm thick zigzag slab.

Figure 7.1 – a: Absorption coefficient of 1.1% Nd:YAG and absorption efficiency of
zigzag slab versus wavelength. b: Absorption efficiency over temperature of 5 nm FHWM
LDA.
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As expected, Fig. 7.1a shows how the absorption efficiency at the peak coefficient
values is close to 100 %, assuming no coupling losses. As the centre wavelength moves
away from the peaks in the absorption profile, a reduction in the absorption efficiency
is observed. The reduction in the absorbed power will lead to a reduction in the output
energy of the laser.
The emission wavelength of the laser-diode is temperature-dependent. This temperature dependency arises primarily as a result of the changes in the band gap energy.
The temperature dependence of the density of states in both the conduction and
valence bands leads to a change in the quasi-Fermi levels within the junction. As the
junction of the diode is heated, the density of states increases, reducing the separation
of the quasi-Fermi levels and thereby decreasing the band gap energy. Contributions
from the changes in refractive index that occur when current is applied, can also
increase the emission wavelength. In the quasi-CW operation, discussed in section 1.1,
two different temperature effects occur. The transient chirp of the wavelength and
linewidth occurs during the pulse [131] due to thermal heating of the gain region and
the refractive index variations. Bulk wavelength shifts due to the external temperature,
and the overall thermal time constant of the laser diode package will also occur. It
is the bulk temperature tuning effect that is considered in this analysis. The bulk
temperature coefficient of the emission wavelength of a GaAs based laser diode is
typically 0.27 nm/◦ C [8] at 808 nm.
The performance shown in Fig. 7.1a can therefore also be considered a function of
temperature. The operating range, over which the diode achieves 80 % absorption efficiency, is only 7 nm. This corresponds to a temperature range of only 26 ◦ C. Fig. 7.1b
shows the absorption efficiency of a laser diode centred at 808 nm at 35 ◦ C with a
5 nm linewidth and 10 mm absorption depth over temperature. With an operating
temperature range of over 100 ◦ C, it is clear from this basic analysis, that temperature
control would be required to operate the laser in this pump configuration.
If the temperature dependence of the laser diodes could be removed, the devices
would no longer require thermal control, allowing for un-cooled devices to be used in
targeting lasers. One method of achieving this is by locking the laser diode centre
wavelength.

7.3

Wavelength-Locking of Laser Diodes

Simplistically, locking of the laser diode wavelength is achieved by preferentially seeding
a specific section of the gain spectrum within the laser diode material. The ability
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to lock over a wide wavelength range can be achieved due to the fairly broad gain
bandwidth present in laser diode structures. Fig. 7.2 shows the shape of a typical gain
spectrum of a GaAs singe-quantum-well (SQW) heterostructure emitter. This data
was provided by M. McElhinney at Lasertel [132].

Figure 7.2 – Modelled modal gain spectra of single-quantum-well laser-diode from
[132].

The gain curve shape is consistent with those reported elsewhere [133]. The typical
bandwidth of a single quantum well is 10 nm. The peak gain is given by [131]
g(N ) = a(N − Ntr )

(7.1)

where Ntr is the carrier density at transparency, N is the injected carrier density
and a is the gain parameter. The typical values of Ntr and a in GaAs are 1-2×1018 cm−3
and 3-5×10−16 cm2 respectively [131].
The emitter will lase on the longitudinal modes closest to the peak of the gain
curve, assuming that cavity losses are similar across the curve. The longitudinal modes
of the diode cavity are given by the equation
λ = 2nsc Lsc q

(7.2)

where nsc is the semiconductor refractive index, Lsc is the semiconductor cavity
length and q is the mode number. Under normal conditions, where no attempt has
been made to narrow the linewidth, the emitter will lase on a number of longitudinal
modes. The resultant finite linewidth is typically caused by both gain clamping of
the modes within the laser cavity and changes in the refractive index due to carrier
injection [134]. The increased linewidth as a result of these effects is referred to as the
linewidth enhancement factor LEF [135].
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The carrier-induced refractive index change will cause a number of different effects.
The complex part of the refractive index, which accounts for the gain or losses within
the medium, will change as current is applied. This typically causes a transient variation in the gain curve, leading to a red shift in the emission as the device is switched
on. The resultant linewidth of an SQW emitter is often ≥ 1 nm when operating at a
number of times above threshold.
The threshold condition for each mode is [131]
Γg(λ) = αi + αm

(7.3)

where Γ is the confinement factor in the laser diode, typically 0.25 in weakly-guided
double heterostructures and 0.03 in single quantum-well structures [136]. αi and αm
refer to the internal loss and the losses through the end-mirror facets respectively. g(λ)
refers the gain as a function of wavelength.
In the configuration described in chapter 1 section 1.1.6, the QCW arrays will have
a much broader linewidth than that of a single emitter. A single bar containing up to
60 emitters will have a linewidth of around 3 nm as a result of thermal, structural and
molecular growth variations. These variations lead to chirping of the various emitters
across the bar, widening the linewidth.
The threshold current Ith for a broad area multi-mode emitter can be calculated
from the following equations, using the notation from Buus et al. [131].
Nth = Ntr +
R(Nth ) =

αtot
aΓ

(7.4)

Nth
2
3
+ CNth
+ BNth
τs

Ith = eVa R(Nth )
Where τs is the cavity lifetime, the parameter

(7.5)
(7.6)

Nth
τs

refers to the non-radiative

recombination leakage, and αtot is the total losses from αi and αm . The parameter R
is the spontaneous recombination rate, B refers to the radiative band-to-band rate and
C is the non-radiative auger recombination rate. Nth is the threshold carrier density,
Va refers to the volume of the cavity and e is the charge of an electron. From these
equations, the threshold of a given configuration can be calculated. The calculation,
completed as a function of wavelength, is shown in section 7.4.
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7.3.1

Methods of Locking

Whilst the lasing emission of the emitters typically occurs in the central region of the
gain, a number of different designs for controlling central emission wavelength and
limiting the temperature tuning rate are available. Configurations such as distributed
feedback (DFB) lasers, distributed Bragg reflector DBR lasers, external locking with
gratings and injection-locking all have the ability to define an operational central
wavelength that differs to the peak in the gain spectrum. The most commonly used
design in telecommunications is the distributed feedback (DFB) Laser. In this design
a grating is written into the actual active region of the semiconductor. The overall
round-trip gain is higher for the modes that are resonant with the grating, resulting
in the emission occurring at the grating centre wavelength. As the gain curve centre
wavelength drifts over temperature, the grating centre wavelength drifts with a much
smaller temperature coefficient, resulting in a reduced temperature sensitivity [137].
The DBR laser has a Bragg reflector at one or both ends of the laser cavity.
The grating is fabricated outside of the active region but still constructed from the
semiconductor material. The Bragg reflector acts as an end mirror which favours
operation at the Bragg wavelength due to the increased round-trip gain compared to
wavelengths out with the Bragg resonance.
The techniques described here for controlling the emission wavelength of an emitter
all typically achieve locking by decreasing the overall round-trip losses of the resonant wavelength, thereby reducing the threshold compared to those not at the Bragg
wavelength. The threshold is reduced by increasing the mirror reflectivity, αm at the
desired emission wavelength.
For these resonant devices, the threshold condition for a given mode is now
calculated using the equation
Γg(λ) = αi + αm (λ)

(7.7)

The wavelength dependence is now included in the mirror losses αm (λ). A narrow
spectral reflectivity response, centred at the desired wavelength, will decrease the
threshold at this wavelength, whilst increasing the threshold for all other wavelengths.
If the periodic grating has a smaller temperature coefficient than the gain curve, the
temperature response of the operating wavelength will be reduced. As a result, the
typical spectral temperature dependence of a DFB laser is 0.1 nm/ ◦ C [137]. When
considering this temperature coefficient for pumping the central absorption peak from
803-809 nm in Fig. 7.1, this performance could provide temperature-insensitive opera122

tion over a 60 ◦ C range.
Whilst this does not cover the full temperature range required, it provides a reasonable percentage of the 100 ◦ C range. Other methods of operation could be considered to
allow for operation at lower temperature. Heating the diodes using simmer currents or
even multiple emitters with different wavelengths could be used. The main issue with
the use of DFB/DBR lasers is the ability to fabricate DBF structures into an emitting
bar. The complex and involved growth requirements of the grating typically limit
the devices to single emitter configurations, although DBR bars are now available [138].

7.3.2

VBG-Locked LDA Characteristics

In order to circumvent the more complex growth issues, locking of the wavelength
using a grating external to the semiconductor material is often used. The use of
an external grating allows for a series of emitters in a single bar to be locked by
the same element. The grating can also be fabricated from a material other than
the semiconductor, thereby reducing the overall temperature sensitivity of the feedback.
In order to provide stable temperature operation, VBGs written into thermorefractive-glass are often used. As shown in chapter 2, the temperature coefficient of
the grating is 9 pm/◦ C, providing a stable feedback over a broad temperature range.
VBG-locked laser diodes were first demonstrated by P. Mills et al. [139] in 1985, using
a LiNbO3 volume holographic grating to stabilise a 1.55 µm laser diode. The use of a
PTR glass VBG-locked laser diode was demonstrated by B. L. Volodin et al. [140].
The ability to lock the wavelength of laser diodes has allowed for better control over
the centre wavelength [141]. It has also allowed for efficient pumping of solid-state
gain media that possess narrow absorption bands [142].
The configurations for a typical VBG-locked laser diode are shown in Figs. 7.3a
and b.
To lock the wavelengths of the bars, feedback from the emitting intensity is required to seed the desired wavelength. The angular emission from the diode array is
typically very broad, with a half angle divergence of 5 and 16◦ in the slow and fast
axis respectively.
In order to achieve sufficient feedback from the VBGs, lensing of the fast axis is
commonly used. The fast-axis collimation (FAC) improves the locking mechanism by
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Figure 7.3 – a: Laser bar with fast-axis collimation, locked by VBG. b: Laser bar
without fast-axis collimation, locked with VBG

both increasing the reflectivity from the VBG and increasing the coupling of light into
the emitter due to improved spatial overlap of the reflected beam. This is shown in
Fig. 7.3a. As a result of the increased coupling into the facet, the locking range can
be improved [141]. Losses are still present in this configuration due to the divergence
in the slow axis.
Lensing does have a number of disadvantages. The increased complexity and
reliability of the design has an impact on the life of the device when considered within
a military environment. The main disadvantage, however, is the increased cost of a
collimated laser-diode. The use of lenses within laser-diode arrays can, at the time of
writing, double the cost of the LDAs. In a typical laser, the LDAs can form a large
percentage of the total cost. As a result, any cost saving gained from the removal of
the thermal control would be greatly outweighed by the lensing costs.
For use within the configuration shown in Fig. 7.4, which is the conventional LDA
design first shown in chapter 1 section 1.1.6, the divergence of the LDAs also acts to
homogenise the gain profile within the slab. In a lensed LDA configuration, however,
the absorption in the profile is no longer homogeneous [143], leading to a reduction in
the beam quality.
The simplest and cheapest locking method is the use of an un-lensed array, as
shown in Fig. 7.3b. The feedback from an un-lensed emitter is significantly reduced
due to the emission angle. The two factors that reduce the coupling of the VBG in this
configuration are the large divergence angle of the LDA compared to the acceptance
angle of the grating and the spatial mismatch of the reflected light. The coupling of an
un-lensed array is shown in Fig. 7.5. As a result of the reduced feedback, previously
reported configurations have estimated the coupling efficiency of the VBG to the
emitter to be in the region of 2-10% [141].
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Figure 7.4 – a: Top view of conventional diode-pumped zigzag slab configuration. b:
Side view of conventional diode-pumped zigzag slab configuration.

Figure 7.5 – Diagram of VBG coupling (taken from Steckman et al., IEEE J. Sel.
Topics Quantum Electron. Vol:13 No:3).

7.3.3

VBG Spectral Linewidth Effect on Pumping of Zigzag
Slab

The use of VBG-locked LDAs allow for both new lasers to be designed without any
thermal control as well as retro-fitting into existing programmes. In order to do so, the
new LDAs must meet the same specification as those they displace. From a power and
centre wavelength consideration, the aim would be to match the specification of the
current design outlined in chapter 1 section 1.1.5. The spectral bandwidth specification
of the current design is ∆λ = 2≤λ≤6nm at a centre wavelength of 805 nm. The wide
bandwidth of the arrays is due to the spectral features in the Nd:YAG absorption
spectrum, shown previously in Fig. 7.1. The bandwidth ensures that the absorption
profile within the slab is uniform by distributing the absorbed power within the broad
absorption feature from 803-808 nm. This limits the overall power within the large
peak at 808.6 nm and therefore the power density within the slab. The 2 nm minimum
bandwidth specification is too wide compared to the narrow response of the grating,
typically ≤ 0.5 nm. The narrow bandwidth is a function of the refractive index change
in the VBG, which is limited to 10−3 .
125

A comparison of the absorbed power density in a 5 mm slab with a double pass
for a number of different linewidths and centre wavelengths is shown in Fig. 7.6a. To
ensure that the one dimensional heat flow is preserved, matching the absorbed power
density from a narrow band source to that of the broad emission from a conventional
device was investigated. By changing the centre wavelength of the VBG to 806 nm,
the exponential profile can be reduced. The resultant profile is still not as uniform as
the profile created by the 4 nm free-running spectrum. The impact of this could be to
modify the thermal lens characteristics of the gain medium, thereby changing the beam
quality of the laser. For lasers currently in production, any change in components that
would result in a change in performance would require full re-qualification, the cost of
which would outweigh any advantages gained from the new configuration.

Figure 7.6 – a: Double-pass normalised absorbed intensity of single VBG within a zigzag
slab compared to two examples of a 4 nm bandwidth unlocked array. b: Normalised
absorbed intensity of chirped VBG within a zigzag slab.

By creating a spectrum with three discrete wavelengths, each with a 0.5 nm bandwidth, a broader spectrum can be achieved whilst maintaining the same absorption
profile. This is shown in Fig. 7.6b. The multi-spectral VBG profile contains three
0.5 nm FWHM peaks centred at 803,804 and 806 nm. The three peaked spectrum
provides a much closer match to the free-running emitter intensity profile than the
single wavelength VBG.
The simplest solution to creating a VBG with multiple peaks is to apply a chirp
to the grating wavelength as a function of depth[144]. In these configurations the
VBG grating vector is expanded throughout the grating, thereby allowing for a wider
bandwidth, or even multiple peaks in the VBG reflectivity spectrum. The challenge
in this incorporation is that the reflected beam must travel much further into the
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grating than it would for a single wavelength grating. The result of this would be a
reduction in the coupling of the reflected light into the emitter in the same manner as
that discussed in section 7.3.2. Another solution is to apply chirp across the grating,
rather than into the grating. This is shown in Fig. 7.7.

Figure 7.7 – a: Diagram of emitting bar with chirped VBG. b: Three Dimensional
VBG centre wavelength profile (supplied by grating manufacturer Ondax).

Figure 7.8 – a: Normalised small signal gain profile conventional LDA. b: Normalised
small signal gain profile for chirped VBG-locked LDA.

The configuration shown in Fig. 7.7a could result in a spatially varying power
density, and therefore small signal gain, across the slab. The divergence of the slow
axis will ensure that mixing between the discrete wavelengths occurs to a certain
extent, therefore homogenising the profile. The intensity profile was modelled in
the ray tracing program ASAP [145] and compared to the conventional free-running
scenario. A more detailed analysis of this model is outlined in chapter 8 section 8.2.2.
The variation in small signal gain along the zigzag path as a result of this is shown in
Fig. 7.8 compared to that of the conventional array. The gain profile of the chirped
VBG is not significantly different to that of the conventional array. Limited variation
in the actual mode profile would therefore be expected as a result of the chirped VBG
profile, whilst the wider overall linewidth is compatible with the current specification.
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7.4

Temperature Threshold Analysis of Locked LDA

In this section, the temperature range of the VBG locking is calculated. Using the
laser diode equations described previously in equations (7.4)-(7.6), the effect of the
grating feedback on the threshold of an emitter, and therefore the round-trip gain,
can be calculated. Using the modal gain spectrum from Fig. 7.2, the threshold of an
emitter can be calculated as a function of the wavelength. This is shown in black in
Fig. 7.9. This represents the free-running emitter threshold. The current threshold
is calculated from the carrier density threshold Nth . For this calculation, the cavity
length was 500 µm with an emitter area of 100×1 µm. The transparency level Ntr was
1×1018 cm−3 and the gain parameter a was 6×10−16 cm2 .
The threshold of a device that has a narrow spectrally dependent feedback is also
calculated. To ensure a wide locking range, the round-trip losses at all wavelengths
other than those within the spectrally locked region should be increased. This is
typically achieved by decreasing the facet reflectivity, so that the cavity is dominated by
the VBG feedback. Decreasing facet feedback is commonly used for high-power QCW
LDAs to reduce the intra-cavity intensity. An AR coating is applied to the passive layer
on the output facet, with reflectivities typically ranging from 5-15%. For the VBG
threshold calculations, the facet feedback was reduced to 2%. A narrow reflectivity
over the central wavelength region was also applied representing the VBG feedback.
The total VBG coupling reflectivity was 1.9%. This includes a VBG reflectivity of
95% and a 2% coupling efficiency factor described in section 7.3.2. For this calculation
we have taken the lowest coupling efficiency value quoted. The VBG-locked device
threshold is also shown in Fig. 7.9 in blue, with the VBG spectral response shown in
green.

Figure 7.9 – Threshold of free-running and VBG-locked laser diode.
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The threshold curve of the VBG-locked device shows a small trough where the
VBG reflectivity peaks. The result is a lower threshold current in the VBG feedback
region. Fig. 7.9 also shows that the threshold is higher for the VBG-locked devices in
all other regions, including those within the VBGs spectral response. The shape of
the gain curve is also steeper. This is due to the reduction in the combined feedback
from the facet and VBG, which is 4% compared to 10% for the free-running case.
For the VBG-locked device, the emission should be locked to the spectral response
of the VBG. The assumption for this basic analysis is that the laser will typically lase
at the lowest threshold point. This assumption has been used in previous analyses
[146] [147]. The condition for locking the spectral emission is therefore
Ith V BG ≤ Ith

(7.8)

where Ith is the threshold current outside the VBG-locked region. For this calculation the carrier density is assumed to be clamped at the threshold level [148]. A
number of different parameters that affect the gain within the cavity can cause locking
of the LDA to be lost. One of the effects that must be considered is the longitudinal
mode spacing of the semiconductor cavity. The wide mode spacing will limit the
number of modes present within the VBG spectral response, forcing oscillation outside
this range. The longitudinal spacing of a 500 µm cavity is 0.18 nm, allowing only two
modes to operate within the VBG bandwidth. However, in a broad area emitter, a
number of higher order transverse or lateral modes (≥100) are present [133], each
possessing a slightly different centre wavelength frequency. In this configuration, these
modes can fill the full spectrum of the VBG, allowing for efficient extraction of gain.
In single mode lasers, larger attenuation of the areas outside the VBG response is
required due to both the longitudinal mode spacing and spatial hole burning, which
allows for side modes in the unwanted spectrum to occur [131].
Fig. 7.9 shows how the device characteristics change when the VBG spectral peak
is placed at the centre of the gain curve. At this operating point, the actual VBG
feedback will not shift the spectral output of the LDA, as the peak in the gain curve
is within the VBGs spectral response. If the gain curve centre wavelength changes,
the VBG feedback will no longer be at the peak.
The locking range of the VBG can be determined by increasing the temperature of
the emitter. This will cause the gain curve to red shift at the rate of 0.27 nm/◦ C, the
VBGs spectral response will only shift at 0.009 nm/◦ C. Fig. 7.10a shows the gain curve
shifted by 8 ◦ C. The shape and magnitude of the gain curve has been assumed to be
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constant over temperature. The section within the VBG feedback is clearly visible,
and the threshold within the locked section is slightly lower than the centre of the
gain curve. At this operating point locking should occur and the laser will emit at the
VBG wavelength. It should also be noted, however, that the threshold has increased
further compared to that of the free-running spectrum. This would manifest itself as
a reduction in output power of the bar.

Figure 7.10 – a: Modal threshold of free-running and VBG-locked emitter running at
+8 ◦ C from ambient. b: VBG-locked emitter running at +12 ◦ C from ambient.

As the VBG centre wavelength occurs further to the left or right of the central peak in the gain, the threshold will increase as a result of the Lorentzian line
shape of the gain function. This will continue to occur until the point at which
the threshold level of the centre gain point is lower than the actual VBG-locked
section of the gain. At this operating point, the laser diode will un-couple from the
feedback of the grating and power will start to leak from other regions in the gain
curve. This is shown in Fig. 7.10b for an operating temperature of 12 ◦ C above ambient.
From the previous calculation, the point at which locking is lost from the grating can be predicted. Fig. 7.11 shows the effective threshold of the VBG-narrowed
spectrum and the lowest threshold for modes outside the VBG-locked section over
temperature. The temperature range in which locking should occur is highlighted.
When the threshold of the VBG-locked region rises above the free-running threshold,
locking is lost. This is also highlighted in Fig. 7.11.
This calculation predicts a locking region of 16 ◦ C, when both the operation above
and below the ambient temperature is included. This result is similar to other reported
results [141]. Note that the model does not predict an increase in the threshold of the
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Figure 7.11 – Lowest mode threshold of free-running and VBG-locked region.

free-running spectrum. In reality, the threshold would be expected to increase with
temperature due to changes in the overall gain level and a rise in non-radiative effects
within the diode junction [133].
It is clear from this simple analysis that the VBG-locked device would not be
suitable for operation over the full temperature range. The limitation of the locking
range is a function of both the strength of the feedback from the VBG and the shape
and width of the gain curve. By modifying either of these parameters the locking
range can be improved.
The feedback of the grating is limited to 2%, provided a 99%R grating is used.
The limited feedback is due to the method of operation, as described in section 7.3.2.
In order to improve the operating temperature range of the device, a broader gain
curve is required. This would ensure that the threshold of the locked section does not
degrade as quickly, when the temperature increases. A chirped multi-quantum-well
(MWQ) structure with a broader gain spectrum was subsequently investigated. The
gain spectrum was designed by McElhinney et al. at Lasertel. The gain structure was
specifically designed for wide temperature operation. The modelled gain spectrum of
a MQW device is shown in Fig. 7.12.
The MQW structure expands the gain region from 12 nm to 25 nm by chirping
the quantum-wells in a single emitter. The result is three quantum wells with a chirp
of 7 nm between each quantum well layer. The expansion of the gain region allows
for locking to be achieved over a wider temperature range. The same calculation as
completed for the single quantum well structure is completed for the MQW structure.
For this calculation, the VBG reflectivity was also increased from 95% to 99% to
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Figure 7.12 – Modelled modal gain of multi-quantum-well (from McElhinney et al.).

further improve the locking range. The threshold analysis is shown in Fig. 7.13a and
b.

Figure 7.13 – a: Modal threshold of emitter at ambient and +30 ◦ C. b: Threshold of
free-running and VBG-locked spectrum.

Fig. 7.13b shows the VBG-locked threshold drops below the lowest mode threshold
at 35 ◦ C. The MQW structure can therefore achieve a locking range of 70 ◦ C. VBGlocked devices could therefore achieve locking across a large percentage of the required
temperature range. Although the current predicted range does not cover the required
military temperature range, in an un-lensed VBG-locked configuration, the locking
range is much wider than has previously been reported. To operate across the full
temperature range, a number of different methods of operation could be considered.
Simmer currents similar to those used in flashlamp-pumped systems [149] could be
implemented to increase the operating temperature before firing commences. The
simmer current would heat the diode when operating at lower temperatures, thereby
reducing the observed temperature range. Increased duty cycle operation at the colder
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temperatures could also be used to increase or maintain the temperature of the devices
within the locked range.
The limitation of these devices is also considered. Previously it was highlighted
that the two main factors that could improve locking are the feedback reflectivity and
the width of the gain curve. In this method of operation, the VBG reflectivity cannot
be increased any further. The gain curve has also been broadened by the inclusion of
the MQW structure. The limitation to further broadening of the gain spectrum is both
the semiconductor growth complexity and the associated costs. A further expanded
gain curve would require significantly more production effort, therefore increasing the
complexity, yield and cost of the devices. As such, the construction of the devices was
completed with the current chirped MQW structure investigated here.
The other aspect of the LDA performance to consider is the increase in threshold
as the VBG tries to lock further away from the centre of the gain curve. In Fig. 7.13,
an increase of 5% in the threshold value is observed, as the temperature is increased
from the centre gain region to the point where the emitter becomes unlocked. As a
result, the gain will also reduce, leading to a reduction in the output power at any
given operating current. In the single quantum well structure shown in Fig. 7.11, a
similar reduction in threshold was observed from only a 7 ◦ C increase in temperature.
The larger increase is due to the narrower gain profile. A smaller temperature rise will
therefore move the locking position further up the gain curve. Depending on the actual
quantum well shape, a larger increase in threshold may be observed, and therefore a
larger reduction in power in the chirped MQW device.
In this section, the performance of the VBG-locked LDA with a chirped multiquantum well structure has been predicted, with an estimated locking range of 70 ◦ C. A
5% increase in the threshold of the laser was also calculated, which may impact on the
performance of the LDA. In the next section, VBG-locked LDAs using a chirped MQW
gain structure are characterised in both a stand-alone configuration and pumping
an Nd:YAG zigzag slab. This basic analysis has shown that the locking range of
the VBGs is smaller than the 100 ◦ C range required. As a result, it is unlikely that
VBG-locked devices, in this configuration at least, could meet the requirements for
drop-in replacement in current targeting lasers that would allow for the complete
removal of thermal control. Future developments could see improvements in the
feedback from the VBG or an increased spectral bandwidth from the chirped MQW
structure. Characterisation of the LDAs is still being completed to examine the locking
range and the performance of a resonator pumped with VBG-locked LDAs.
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7.5

Experimental VBG-Locked LDA Characterisation

The LDAs described in the previous section were constructed by Lasertel. The VBG’s
were bonded onto the arrays at the front as shown in Fig. 7.14.

Figure 7.14 – a: Picture of VBG-locked LDA. b: Magnification of emitter VBG
interface.

The devices were specified to provide a peak power of 1 kW per LDA in a 230 µs
pulse duration with a 20 Hz repetition frequency. Five LDAs would be used to pump
the zigzag slab as shown previously in Fig. 7.4. The spectral specification defined a
centre wavelength of 805 nm, with a FWHM of 2-6 nm. The locking range was based
on a best effort basis, however, the aim was to provide locking over the full 100 ◦ C
range, from -40 to +60 ◦ C. The devices were compared to the conventional unlocked
arrays with the same power and centre wavelength specification. These devices require
a fixed operating temperature of 45 ◦ C and are also supplied by Lasertel. The LDAs
were mounted onto a water-cooled heat exchanger to provide temperature control. The
water-cooling only provides coarse temperature control. As the LDAs begin to fire,
they still exhibit an initial warm-up period before a steady state temperature is reached.
This temperature increase was measured by monitoring the emission wavelength of
the free running LDAs as they fired. The temperature rise was measured to be 5 ◦ C.
One of the key performance characteristics is the output power from the arrays. It
has been shown in the previous section how an increase in the threshold of the arrays
may be present as a result of the VBG locking. The output power performance of the
VBG-locked LDAs over temperature was compared to the conventional LDAs, which
were held at a fixed temperature of 45 ◦ C for all of the subsequent testing. This is
shown in Fig. 7.15a. The output power was measured using a Scientech power meter
and laser calorimeter. The operating temperature of the VBG-locked devices was
adjusted by changing the water temperature.
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Figure 7.15 – a: LI curve of VBG-locked and conventional pump head configuration.
b: Slope efficiency of VBG-locked and conventional LDA over temperature.

The comparison shows that at 15 ◦ C the output power of the VBG-locked arrays is
similar to that of the free-running conventional devices. As the temperature of the
locked arrays is increased, a significant reduction in the output power is observed. At
55 ◦ C the output power has dropped by 23 % compared to the 15 ◦ C performance.
A comparison of the slope efficiency for both a conventional free-running array
and the VBG-locked array is shown in 7.15b. For both arrays, as the temperature
is increased, a reduction in the slope efficiencies will be observed due to changes in
the Fermi levels, an increase in the transparency level and increased non-radiative
transitions. A larger drop is observed in the VBG-locked case when compared to the
conventional free running LDA. The main cause of this was discussed in the threshold
analysis in section 7.4. The analysis showed the increased threshold is the result of
the reduced gain due to locking. The reduction in gain will lead to a reduction in the
slope efficiency. The increase in threshold from the locking is therefore compounded
by the temperature related threshold increase discussed earlier.
The spectral performance of the VBG-locked LDA was then analysed. Both a static
and a transient analysis were performed on the LDAs. Fig. 7.16 shows the spectral
output of the device measured after 120 s of operation from 15 - 65 ◦ C. The spectral
traces were recorded using a USB 2000 Ocean-Optics fibre coupled spectrometer, the
resolution was 0.15 nm.
Fig. 7.16a shows the spectrum remains static as the temperature is increased,
highlighting the locking of the VBG. The chirped nature of the VBG spectrum can also
be observed, with three defined peaks at 803,804 and 807 nm. At higher temperatures,
a broader peak occurring outside the locking range of the VBG can be observed. This
135

Figure 7.16 – a: VBG-locked spectrum at various diode temperatures. b: VBG-locked
spectrum at 35 ◦ C. c: VBG-locked spectrum at 65 ◦ C.

is power from the LDA beginning to unlock from the VBG reflectivity. The operating
performance at 35 and 65 ◦ C is investigated in further detail to observe the effect of
the unlocked power. These are shown in Fig. 7.16b and c.
From Fig. 7.16c, a broad emitting peak outside of the VBG reflectivity (≥808 nm)
can be observed. The wavelength of this emission is clearly temperature dependant.
From Fig. 7.16 the smaller unlocked peak was measured to be shifting at a rate of
0.2 nm/◦ C. This rate is similar to the rate expected of an unlocked emitter. The
amplitude and total power within the broad peak also increases as a function of
temperature. Fig. 7.17 shows the percentage of power within the locked spectral region.
The figure does not include the actual reduction in output power from the LDAs, only
the spectral variation.

Figure 7.17 – Percentage of power contained within locked region.

The overall percentage of locked power reduces linearly beyond 35 ◦ C, where over
95% of the power is contained in the locked spectrum, to 65 ◦ C where only 65% of the
power is locked. The implications of this performance are discussed later in section
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7.5.1.
The transient effects of running the devices were also analysed, and the changes
in the spectrum and output powers were recorded. This method of operation better
represents the typical operating environment of the LDAs. Fig. 7.18 shows the transient
performance at 45 ◦ C.
The same overall spectral characteristics can be observed. The power can be seen
starting from within the locked region and leaking into the unlocked section of the
spectrum as the device heats up. The normalised integrated output power from the
spectral trace is shown inset in Fig, 7.18. This output power reduces by 7% over a
40 s period once the LDA commences firing.

Figure 7.18 – Transient analysis of VBGs spectral response. Inset: Normalised output
power with time.

7.5.1

VBG-Locked LDA Discussion

The performance of the LDAs shows that locking of the centre wavelength can be
achieved over a wide temperature range. The devices can operate up to 40 ◦ C with
over 90% of the total power contained within the locked spectrum. If we assume,
from Fig. 7.17, that locking will follow a similar pattern as the LDA temperature is
reduced to below 5 ◦ C, an estimated total locking range of 70 ◦ C should be achievable.
However, this range may vary as the laser diode gain parameters will increase as the
temperature is reduced, possibly lowering the locking range.

137

Whilst the spectral analysis shows that locking is achieved over a wide range, at
45 ◦ C, the output power from the LDA is still only 87% of the peak power at 15 ◦ C. The
overall useful power, when taking into account only the power within the locked region,
is therefore 75%. This still represents a significant performance level, if improvements
in the feedback strength could be achieved, both the locking range and the temperature
dependant output power could be improved.
As the temperature is increased beyond 45 ◦ C, the amount of power contained
within the locked region continues to reduce. The emission of the unlocked power is
spectrally broad, similar to an LED rather than that of a laser diode. The spectrum
of the unlocked section suggests that the feedback provided by the facet reflectivity,
which has been reduced to 2%, is insufficient to achieve lasing action. The behaviour
observed is more similar to amplified spontaneous emission rather than stimulated
emission. This effect could be caused by band-filling of the MQW structure [150] [133].
This can cause gain to be trapped by current injection into regions that are below
threshold, causing an increase in the spontaneous emission rate.
With the VBG centred on the gain spectrum at 20 ◦ C, the modelled locking range
in section 7.4 was 35 ◦ C. The point at which the threshold of the unlocked region should
rise above that of the locked region is therefore 55 ◦ C. The temperature at which the
locked power decreases below 85% is 45 ◦ C, with the amount of locked power decreasing
linearly from 35 ◦ C, rather than a single shift from a locked to an unlocked regime. The
two processes are slightly different. The modelling completed previously only looks
at the threshold of the lasing modes. In the experimental behaviour, the lasing outside the locked region may be a result of emission from modes that are below threshold.
The decreasing power and the increase in fluorescence could also occur due to the
inability of the locked section to provide sufficient feedback for efficient extraction.
This effect would be stronger for the chirped quantum well structure. The two quantum wells that are not within the peak resonance of the VBG are essentially being
locked a large distance away from their peak gain values. As a result, poor extraction
and increased fluorescence will occur. The result would be spectrally broad emission
from the unlocked spectrum. As the temperature is increased further, the unlocked
power increases as the peak gain of the quantum-wells move further away from the VBG.
To improve the locking range further, a reduction in the gain and a subsequent
increase in the VBG reflectivity would lead to a larger separation between locked and
unlocked sections of the spectrum. The reduced gain would also reduce the spontaneous
emission from the unlocked section of the gain curve. A reduced gain structure was
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postulated by Lasertel after analysing of the results and modelling presented here and
from their own investigations. Further investigation of these devices have presented
elsewhere [130]. The reduction in gain did show an improved locking range with the
absence of the unwanted spontaneous emission up to 65 ◦ C. As a result of the reduced
gain, these devices showed a reduction in output power.

7.6

Laser Cavity Characterisation

The VBG-locked LDAs were then used to pump a zigzag slab within a cross-Porro
resonator design. The configuration is shown in Fig. 7.19

Figure 7.19 – Experimental configuration of cross-Porro resonator.

The characteristics of the cross-Porro resonator have been discussed in chapter 1
section 1.1.4. In this chapter we use the resonator configuration to investigate the
performance of the VBG-locked LDAs compared to the conventional LDAs. The LDAs
were configured into a pump head with five arrays, as shown in Fig. 7.4. The diodes
were operated at a constant current of 96 A, and a voltage of 100 V.
This analysis will determine the effects of the VBG-locked LDAs on the output
energy, beam profile and beam quality of the Nd:YAG laser compared to conventional
LDAs. The output energy is of key consideration, this parameter determines the
amount of energy on the target. The near and far field profiles are also analysed. The
near field parameter is analysed to determine the extraction of gain and also the peak
power density within the resonator. The far field profile will also determine the energy
on target. Any degradation in the beam quality will manifest itself as a reduction of
these parameters.
The laser is operated in the Q-switched regime, using a LiNbO3 Pockels cell to
139

provide a half-wave retardation, changing the Q of the cavity. The actual single pass
retardation is only quarter-wave, with the full half-wave occurring after a double-pass.
The reflectivity of the cavity is de-tuned from the optimum of 50%R to 30%R to limit
the peak power within the cavity, as discussed in chapter 1 section 1.1.5. Fig. 7.20
shows both the energy performance of the laser over temperature and the transient
energy variation.

Figure 7.20 – a: Output energy over temperature. b: Transient energy performance.

Fig. 7.20a shows the energy reduction over temperature of the VBG-locked devices,
compared to the conventional LDA performance, which was measured at a fixed
temperature. The laser performance shows the same characteristics as the diode
output power. The modelled output energy utilises the output power results measured
previously, as well as the calculated absorption efficiency from the measured output
spectrum. The agreement between the modelled and measured values show that the
reduction in energy is caused by the diode output power and spectrum variation. The
transient output energy is shown in Fig. 7.20b. This shows the reduction in output
energy as a function of time. In Fig. 7.18 the transient behaviour of the LDAs was
investigated and the output power as a function of time was characterised. The output
energy of the laser is consistent with this behaviour.
The laser performance shows a reduction of 40% in the output energy at 65 ◦ C
when compared to the conventional LDAs. This reduction in energy will ultimatley
lead to a reduction in the overall performance of the targeting system.
The beam characteristics were also analysed. Fig. 7.21 shows the near and far field
beam profiles over temperature. In this figure the trend of decreasing near and far
field diameters as a function of temperature can be observed. The cause of this is
the reduced pump power available at higher temperatures. This was confirmed by
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Figure 7.21 – a: Comparison of near field values for VBG-locked and conventional
free-running LDAs. b: Comparison of divergence values for VBG-locked and conventional
free-running LDAs.

the data point shown in red. This was taken at an operating temperature of 15 ◦ C,
with a reduced pump power similar to the level available at 55 ◦ C. When compared
to that at 55 ◦ C, both the near and far field values are very similar. As a result,
the VBG-locked LDA performed similarly to that of the conventional LDA pumped
configuration. At similar operating temperatures and pump powers, only a 2% reduction in the near and far field diameters was observed between the two configurations.
The properties of the laser cavity beam do not vary when compared to the conventional LDAs. This demonstrates that the use of VBG-locked LDAs can provide similar
beam quality and near field properties to that provided by the conventional LDAs.
Matching of the FWHM does appear to ensure the beam properties do not degrade.
The far field divergence values are similar to within 1%, and near field diameters to
within 2% when operating at similar pump powers. These are key parameters when
considering the replacement of free-running LDAs with VBG-locked LDAs.
The performance of the VBG-locked LDAs pumping a Q-switched Nd:YAG laser
has shown the issue highlighted in section 7.5. The reduction in the LDA output power
over temperature does impact on the performance of the laser resonator. The result is
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the reduction in output energy of the laser cavity over temperature. The reduction in
output energy will ultimately limit the use of the devices in laser products. Operation
over the required temperature range of 100 ◦ C will be more complex as a result of
the decrease in output power from the LDAs and subsequent laser energy. From
their current performance, the VBG-locked LDAs were not considered as a complete
solution to a drop-in replacement for current production lasers. The conclusion of
this investigation was to look for other possible methods of meeting the temperature
range requirements, whilst trying to optimise the VBG locking to improve performance.

7.7

Conclusion

In this chapter the design and operation of VBG-locked LDAs has been investigated.
The design of an un-lensed, spectrally broadband VBG-locked device has been presented, with the motives and design parameters detailed. Modelling of the VBG locking
has shown that the chirped MQW gain structure used in this configuration should be
capable of a 70 ◦ C locking range. Testing of the spectral performance shows locking was
achieved over a 50 ◦ C range, although spectral components outside of the locked region
were observed. Up to 24% of the power leaked from the unlocked spectral regions
over this range. Analysis of the locked laser diode performance has shown a reduction
in power and efficiency of up to 25% when compared to a conventional laser diode.
The devices were then used to pump an Nd:YAG zigzag slab within a cross-Porro
resonator. The locked LDAs were found to provide comparable near and far field
profiles to the conventional LDAs. However, the output energy was found to degrade
with temperature. At a temperature of 45 ◦ C the VBG-locked LDA-pumped resonator
produced 18% less energy than the conventional LDAs. The output energy from the
resonator degraded further as the temperature was increased. The degradation was
shown to be due to the reduction in overall pump power and the locked power from
the LDAs.
As a result, whilst the performance of the locked VBG LDAs has shown a much wider
operating range than has previously been demonstrated for an un-lensed configuration,
the temperature range is still smaller than that required for a military laser. VBGlocked LDAs were therefore not considered as a replacement for current temperaturecontrolled LDAs. The devices could still have a number of uses in industrial lasers,
where the temperature range is often much smaller. The removal of thermal control
from these lasers could have a number of advantages in terms of cost and usability.
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Chapter 8
Temperature-Insensitive Pumping of Zigzag
Slabs using Multi-Pass Pump Setup

Figure 8.1 – Selex Athermal Type 163 Targeting Laser

8.1

Introduction

In this chapter, a new multiple-bounce diode-pumping setup is explored, with the
aim of achieving thermally insensitive operation by increasing the absorption depth.
This chapter focuses on the development of a QCW laser-diode array with reflectors,
pumping a thick zigzag slab. The chapter considers the performance of the design with
respect to absorption efficiency, small signal gain, thermal lensing and laser resonator
performance. Characterisation of different prototypes is then presented.
This work is part of the development of a new athermal laser designator at Selex.
The technology outlined in this chapter is subject to patent application AU2011333947
(A1) and is used in the Type 163 laser, shown in Fig. 8.1. To date eight of these lasers,
using the pumping scheme described in this chapter, have been produced and tested
over an operating temperature of -40 ◦ C to 85 ◦ C. A further 50 units will be produced
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in 2014.

8.1.1

Temperature Insensitive Operation Requirements

The aim of this chapter is to develop a laser diode pumping scheme that can operate in
an environmental temperature range of -40 to +60 ◦ C. Man-portable lasers, described
in chapter 1 section 1.1.8, must also operate without any form of active cooling such
as fans or water-cooling. As a result of the thermal response of the laser chassis, the
LDA bases will actually reach a maximum temperature of 85 ◦ C when firing. This
maximum temperature was determined from thermal modelling completed at Selex.
The LDA operating temperature requirement for man-portable lasers is therefore -40
to 85 ◦ C.
As well as operation over the stated temperature range, the design must also be
compatible with the current zigzag slab described in section 1.1.2 of chapter 1 and the
cross-Porro and ring resonator cavity designs described in chapter 1 section 1.1.4 and
1.1.7. This requirement is to ensure compatibility with other laser products produced
at Selex.
If locking of the wavelength cannot occur over the entire temperature range, the
wavelength of the LDA will drift at a rate of 0.27 nm/◦ C. A pump configuration in
which the absorption length is greatly increased would reduce the variation in absorbed
power over temperature. In chapter 7 Fig, 7.1, the absorption of the pump light
within a side-pumped 5 mm zigzag slab with a double-pass was shown. If the diode
emission path length within the slab could be further increased, then the performance
would be improved over the temperature range. Using Beer-Lambert’s law and the
absorption spectrum of Nd:YAG with a 1.1% doping, the variation in absorbed power
over temperature and wavelength can be calculated. Taking an 808 nm diode at 35 ◦ C,
a path length of 3.5 cm would be required to achieve a minimum absorption efficiency
of 70% over the full temperature range.

8.1.2

Increased Path Length Configurations

A change in the pumping geometry from that of the conventional design would be
required to achieve the increased path length described in the previous section. The
simplest method of increasing the absorption depth is to change from a side pumped
geometry to an end or edge-pumped configuration. A number of different end /
edge-pumped zigzag slab configurations have been demonstrated [151] [152] [153]. One
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of the disadvantages of longitudinal pumping is the variation in the thermal gradient
across the slab, which is not corrected by the zigzag path [154]. Increased temperature
gradients close to the slab face will occur, as well as end-bulking effects which cause an
increase in the strength of the thermal lens. As the wavelength varies, the absorption
depth will also change, increasing or decreasing the strength of the thermal lens [155].
This will cause the beam quality to vary over the temperature range. Thermal lensing
can be reduced by the use of undoped end-caps [60]. However, the use of these would
significantly increase the cost of the slabs. The induced thermal lens from the variation
in absorption depth would still cause variations in the beam quality.
For these reasons it is often preferred to use a side-pumped zigzag slab geometry
for military lasers. To achieve an increased absorption depth within this configuration,
multiple passes of the slab would be required.
Other pumping configurations also suffer from limited absorption depths. Sidepumped thin slabs used in high power CW configurations have limited absorption due
to the thickness of the gain medium, typically ≤ 200 µm [156]. The low absorption
allows for reduced thermal gradients in the slab and a homogeneous gain deposition.
The efficiency of side-pumped configurations of this type suffer due to the limited
absorption. A novel configuration for achieving an increased absorption depth has
been described by Faulstich et al. [157]. In this configuration a reflective medium with
small transmitting patches is placed between the emitting bars and the gain medium
to reflect the incident light. An example of this is shown in Fig. 8.2.

Figure 8.2 – Diagram of a side-pumped slab with a slotted reflective plate.

The reflector placed between the LDAs allows for light not absorbed in the first
pass to undergo multiple passes of the gain medium. The absorption efficiency increases significantly due to the increased absorption length. The large divergence of
the emission will limit the amount of light retro-reflected back into the emitters. By
matching the size of the slots to the emitter size, losses from pump light re-incident
on the semiconductor substrate are limited.
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Another configuration, where individual reflectors have been placed onto the laser
diode spacer material, has also been reported [157]. However, the cost of this configuration would limit its use for this design. Other pump configurations, in which the
slab is placed within a reflective chamber, have been reported [23]. The inclusion of a
chamber may complicate the laser-diode emitter configuration and would be difficult to
implement in the current cavity designs. The simplest configuration for implementing
a multi-bounce pump design is therefore the use of a single reflector, with transmitting patches, that is attached to the LDA. This configuration is compatible with the
current cavity designs and does not require a change to the laser resonator configuration.

8.2

LDA with Reflector Design

To improve the efficiency of the multi-pass effect, a number of changes to the pump
configuration were investigated. The changes are highlighted in the list below and the
performance parameters are outlined in the subsequent sections. The following design
parameters were investigated:
1. Rotating bars to swap the fast and slow axis.
2. Bar spacing optimisation to improve multi-bounce efficiency.
3. Use of multiple bars with different wavelengths to expand temperature range.
4. Reflector material placed on the LDA.

8.2.1

Rotating Bars to Swap the Fast and Slow Axis

A schematic of the conventional configuration is shown in Fig. 8.3a. In this configuration the fast axis divergence of 36 ◦ is in the y-plane, perpendicular to the zigzag
path. The rays diverging in this axis at the angular extremes, and even those with
modest angles, do not achieve any subsequent passes, as they are incident on the
diffuse surfaces at the top and bottom of the slab. The limit to the number of bounces
achieved is therefore the height of the slab.
An improved geometry is shown in Fig. 8.3b. By rotating the bars so that the fast
axis diverges in the z-plane, the same as the zigzag path, the pump emission can now
achieve multiple bounces along the slab length. The reflective plate ensures that the
emission that is reflected after a double-pass of the slab, is reflected back into the slab
again.
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Figure 8.3 – a: Schematic diagram of single-pass configuration, top and side view. b:
Schematic diagram of multi-pass configuration with slotted reflector top and side view.

As a result of the slow axis divergence, which is typically 16◦ , losses will still occur
in a similar manner to those shown in the top view in Fig. 8.3a. The losses are reduced
due to the reduced divergence angle.
The actual light reflected back into the emitting diodes is relatively small due
to the large angular emission of the fast axis. By placing the reflector close to the
emitters, and tailoring the hole size and location, the overall transmitting area of the
reflector is small. The large reflecting region will also allow for the light to achieve as
many bounces as possible.
The largest change to the actual construction of the laser-diode bars is the change
in the fast axis direction from the y-plane to the z-plane. To match the height of the
slab however, the length of the bars must be 5 mm. In the current design, 10 mm bars
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are used, which is the industry standard length. A reduction in the overall bar length
would reduce the output power from the bar. Currently, the 10 mm bars produce
100 W, a reduction in the bar size to 5 mm would typically see the power reduce to
50 W. The required power will be even higher than the conventional design, in order to
counteract any reduction in the absorption efficiency. In section 8.1.1 the absorption
efficiency was expected to decrease to 70%. To achieve a comparable amount of
absorbed power, an increase in the overall available pump power is needed. The simple
solution would therefore be to use a greater number of higher power bars. Whilst
not the most cost effective method, when no other parameters within the program
constraints can be further improved, it allows for the absorbed power levels to be maintained. After discussions with laser diode manufacturers Lasertel, the development of
a 5 mm half bar was completed [158]. The bar also had a reduced emitter spacing and
increased emitter cavity length to allow for power scaling up to 130 W from a single
5 mm bar. The drive current was increased from 96 A to 130 A as a result of this change.
In this chapter, the traditional 10 mm bars are still used due to the limited
availability of the new 5 mm bars during the development stage. When pumping a
5 mm slab, over half the emission is lost as a result.

8.2.2

Bar Spacing Optimisation

To maximise the number of bounces achieved, the laser bar locations must be optimised for the 5 mm zigzag slab. In a simple single bar scenario, the coupling would be
optimum, as only a small amount the emission is lost from the slot in the reflective
plate. All other emission can receive multiple bounces along the slab length to the
end of the reflective plate. The largest losses will therefore arise from the slow axis
divergence, leading to rays leaking around the top and bottom of the slab or hitting
the slabs diffuse surfaces.
If there are a number of bars, and therefore slots present, more losses will arise
from light incident on the slots. Light incident on the slot regions will reflect off the
AR-coated facet of the bar itself. The reflection coefficient of the coating on the output
facet is 10%. Therefore, any emission that is incident on the actual laser bars would
be strongly attenuated after only a few reflections.
An illustration of the different sources of losses in the same diagram as Fig. 8.3b is
shown in Fig. 8.4.
To limit the overall losses, the reflector slots should be as small as possible. From
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Figure 8.4 – a: Side view of ray paths. b: Top view of ray paths.

discussions with the diode manufacturer, the tolerances of both the reflective plate
and the alignment of the bars themselves limited the slot size to ≥160 µm.
The spacing between the bars will also impact on the absorption efficiency of the
arrays. If the bars are tightly spaced at the centre, more light would be incident on
the slotted regions. As the spacing of the diodes is increased, the coupling of light
into the high loss regions will vary.
A ray-tracing model was constructed in ASAP to analyse the optimum spacing of
the diode bars and to limit the losses outlined in Fig. 8.4. The ray-trace analysed the
absorbed intensity in the slab for a single wavelength with an absorption coefficient of
0.35 cm−1 , the smallest absorption coefficient expected at the temperature extremes.
The initial analysis contained 20 emitting bars, 5 mm in length. The spacing between
each bar was varied from 350 - 1300 µm. Separate reflectors with a reflection coefficient
of 98% were included in the model. The slot sizes were set to 160 µm with a reflection
efficiency of 10%. The spacing between the emitting bars and the slab face was set to
2 mm. Figs 8.5a and b show renderings from the ASAP model output. Fig. 8.5a shows
the multiple bounces achieved by a single ray, Fig. 8.5b shows the absorbed power
within the active gain region.
The ray-tracing calculation is then repeated with different slot spacings, recording
the absorbed power in each scenario. From this calculation, the absorption efficiency
and the effective average path length can be calculated. Fig. 8.6 shows the modelled
path length and the efficiency as the diode spacing is increased. The path length is
computed using Beer-Lambert’s law, by calculating the length required to achieve
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Figure 8.5 – a. Single ray trace from emitter in absorption model. b: Absorbed
intensity within slab in absorption model.

the same absorption efficiency returned by the ray-tracing model, with a 0.35 cm−1
absorption coefficient.

Figure 8.6 – Absorbed power with increasing diode spacing.

Fig. 8.6 shows that as the spacing of the bars is increased from 350µm, the absorption efficiency of the setup also increases, up to a spacing of 1 mm. Beyond this, the
efficiency does not increase significantly, suggesting that the losses are predominantly
due to another mechanism.
From the model, two improvements in efficiency from increasing the spacer and
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reflector length are observed. Firstly, the amount of light incident on the low reflectivity
slots is reduced. This is due to the larger reflective regions allowing for an increased
number of bounces. This allows for increased absorption to occur before each ray is
incident on a slot. The other improvement in efficiency occurs from the increased
overall reflector length, which increases the number of bounces each ray can achieve
before it walks off the end of the reflector.
However, at 800 µm and beyond, limited improvement from these effects occurs.
The losses are now increasingly from the slow axis divergence, allowing rays to vertically
walk off the slab or be incident on the diffuse regions. No improvement from increasing
the reflector length further is achieved due to loss from slow axis divergence.
The modelling results in Fig. 8.6 also show the average path length, as the spacer
width is increased beyond 800 µm, is 2.9 cm. To increase the absorption efficiency
further, parameters such as the slab size, the slot losses, slot size or the reflectivity of
the plate would have to be changed. These parameters are all limited by engineering
issues. The slot size is limited due to alignment tolerances. The slot losses are set
by the laser diode facet reflectivity and the plate already has a HR-coating of 98%.
Changes to other parameters, such as slab thickness, are limited by requirements of
the laser development programme.
Whilst the 2.9 cm absorption length is below the ≈ 3.5 cm outlined in section
8.1.1, the short fall in absorption length could be counteracted by improvements or
enhancements in other parameters, such as a further increased diode power or the use
of multi-wavelength devices discussed later in section 8.2.3.
The change in absorbed power density within the slab will also be affected by the
bar spacing. As a result, other parameters that could be affected by increasing the
diode spacing are the induced thermal lens and the small signal gain profile within the
slab. These parameters are also investigated in subsequent sections.
Spatially Variant Small Signal Gain
The deposition of the absorbed intensity will determine the spatially variant small
signal gain, as well as the thermal lens within the slab. Spacing the diode bars widely
to achieve an increased absorption path, as discussed in the previous section, will also
create a varying gain profile within the slab, as well as optical path length errors introduced by thermal gradients. The zigzag path of the resonator will act to homogenise
the beam to an extent. The image rotation within the cavity designs discussed in
chapter 1 section 1.1.4 will also further homogenise the gain profile. Depending on the
151

deposition of the gain however, the resultant gain profile may impact on the number
of modes within the resonator when compared to other pump head geometries. A
change in both the number and order of the modes within the resonator will change
the divergence of the laser, impacting on the overall targeting system performance.
The spatially dependent small signal gain of the resonator beam is analysed to
investigate this effect. The gain profile in the slab will contribute to the overall modal
profile within the resonator. By varying the profile, either the lower or higher order
modes can be selected, improving or degrading the beam quality. The conventional
pump geometry is used as a baseline for the performance and modelling. In this
configuration the pump profile will ultimately fill the slab aperture and to first order,
the allowed modes will be dependent on the aperture of the slab. The effect of changing
the size of the slab to increase or decrease the divergence has been discussed in chapter
1. If the new gain profile is better matched to the extraction of higher order modes,
the beam quality of the laser could be reduced. A degradation in the mode profile
would be expected if the gain is distributed towards the edges of the slab, where the
higher order modes typically extract from.
Using the ray-tracing analysis completed in the previous section, the overall gain
profile in the slab can be determined. Starting with the absorbed power density
calculated in the ray-tracing model for each diode spacing, the effective population
inversion throughout the slab is known. A second ray-trace method, performed in a
script the author wrote in Matlab, sums the gain for rays traversing the zigzag path
in the slab. This represents the single-pass gain of the beam. The spatial gain is
calculated by completing a series of ray traces within the 5 mm aperture of the slab.
To include the 90◦ cavity image rotation, the gain profile is also rotated by 90◦ and
summed cumulatively four times to achieve the overall gain profile observed in the
cavity. Fig. 8.7 shows the small signal gain for different bar spacings compared to the
conventional LDA pump head.
Fig. 8.7 shows three cases of the normalised small signal gain for different diode
bar spacings and the gain from the conventional LDA setup. For the conventional
LDAs, the gain peaks in the centre and reduces towards the four corners. This is a
result of lower absorption in the corner regions of the slab. The peak small signal
gain coefficient of the conventional LDA design is larger than all the slotted reflector
configurations.
For the reflector configuration, when the diode spacing is 600 µm, a more homogeneous profile with a peak in the centre of the beam is observed. The peak is lower than
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Figure 8.7 – Normalised spatial small signal gain for conventional LDA and reflector
design with various spacer lengths.

the conventional LDA, as the gain is distributed further into the corners of the beam.
As the spacing is increased to 800 µm, the profile starts to develop peaks towards the
edges of the beam and the peak gain coefficient, whilst still at the centre, has reduced
further. With the spacing at 1 mm, the profile has peaks in the four corners of the
beam and the overall gain is again reduced. The profile has reduced gain in the centre
regions and higher gain in the corners. The peaks towards the corners of the gain
profile are a result of the slow axis divergence spreading the gain into the corners of
the slab. As the reflector length is increased, the absorption of the divergent rays walk
towards the edges of the slab and have the ability to be absorbed.
Compared to the standard pump head configuration, the slotted reflector has more
gain towards the edges of the slab rather than in the centre. From chapter 1 section
1.1.3, the diameter of the higher order modes were shown for a square aperture. The
gain profile shown in Fig. 8.7, for the 800 µm spacer case, could preferentially seed
higher order modes, that extract gain from the edges of the slab, rather than the lower
order modes which will typically extract from the centre. From this result it would be
expected that the beam quality would reduce as a result of an 800 µm spacing between
the bars.
It must be considered, however, that the visual impact of the small signal gain
in Fig. 8.7 is not a definitive measurement of the degradation in the beam quality.
To fully calculate the impact on the beam quality, a model of the modal build-up
153

during the pulse would be required. Fox-Li [40] computations have been reported that
provide modal analysis of the cavity. Further work is proposed at Selex to complete
this analysis.

8.2.3

LDA Wavelength Specification and Multi-Colour Analysis

The absorption profile of 1.1% doped Nd:YAG was introduced in section 7.2 of chapter
7. A wide absorption band is present from 790 nm to 820 nm. It is this absorption band
width that defines the effective temperature range for efficient pumping. At a tuning
rate of 0.27 nm/◦ C, the absorption band provides an operational temperature range
of 111◦ C. This range is smaller than the 125◦ C required for -40◦ C to 85◦ C operation.
To widen this temperature range techniques such as broad bandwidth diode pumping
have been presented [159].
Laser-Diode Temperature-Dependent Slope Efficiency
A parameter that was not considered up until this point was the temperature dependence of the output power from the bars themselves. As discussed in chapter 7
section 7.4, the optical power from the emitters will reduce as the temperature is
increased. Fig. 8.8a shows the normalised variation in output power. This data was
taken from experimental results at Lasertel provided by McElhinney et al. . The power
is normalised to 20 ◦ C to allow for a comparison of bars with differing output powers
from various manufacturers.

Figure 8.8 – a: Normalised diode output power over temperature. b: Absorption
efficiency with and without diode slope efficiency included, with a 3.5 cm path length.

From Fig. 8.8a, the output power of a laser bar operating at 85 ◦ C would be ≈ 20%
less than the output power at 20 ◦ C. Fig. 8.8b shows two normalised absorbed power
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plots. The first plot, shown in red, demonstrates the absorption efficiency of an LDA
with a path length of 3.5 cm and a centre wavelength of 808 nm at 35 ◦ C. The second
plot in blue shows the normalized absorbed power, taking into consideration the
reduction in output power shown in Fig. 8.8a. The absorbed power at 85◦ C has now
dropped from 86% to 71%.
Another aspect of the performance to consider is manufacturability of such arrays.
The performance shown in Fig. 8.8 will be greatly affected by any variances in the
centre wavelength. If an array was centred at 806 nm, for example, the 2 nm is the
equivalent of a further 7.5 ◦ C temperature drift, leading to an effective temperature
of -47.5 ◦ C. The performance of any solution must allow for a ±3.5 nm variance in
order to achieve a low production cost. The ±3.5 nm variance allows for a full wafer to
be used in the production of the laser bars, eliminating any wafer wastage. The cost
reduction by reducing the tolerance specifications from a typical ± 1 nm to ± 3.5 nm is
estimated to be 30%.
LDAs with Multiple Wavelengths
To widen the temperature range and limit the overall affect of the change in absorption
depth, the use of arrays constructed from a series of bars, each with a significantly
different wavelength, has been reported [159] [160] [158]. These are known within the
industry as multi-colour-arrays (MCA). The spectrum of an array with four different
wavelengths, at the temperature extreme of 85 ◦ C, is shown later in section 8.4; where
Fig. 8.14b shows the spectral intensity of the array. The presence of multiple spectral
peaks, distributed across the absorption band, ensures that at any given temperature a
section of the spectrum is strongly absorbed. In Fig. 8.14b at the temperature extreme,
at least two spectral components will achieve strong absorption, thereby ensuring a
minimum performance level.
The use of discrete wavelengths, spaced over the absorption band of Nd:YAG, also
limits the changes in the absorption profile within the gain medium over temperature
[159]. Furthermore, by optimising the spectral wavelengths to counteract the change in
diode slope efficiency, a flatter absorption profile can be produced over the temperature
range.
To achieve an optimum performance over temperature, a Monte-Carlo optimisation
routine that determines the optimum wavelength specification was written. The model
calculated the minimum absorbed power in a 2.9 cm path length over the required
temperature range. This was completed for all possible combinations of an array with
four different centre wavelengths. The path length has been reduced from 3.5 cm to
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2.9 cm to represent the optical path length calculations in section 8.2.2. All possible
combinations of wavelengths from 760-830 nm (at 25 ◦ C) were considered, each with a
FWHM of 3 nm. For each possible wavelength combination, a second calculation that
included a ±3.5nm variation on each centre wavelength was performed. The minimum
of this calculation was then stored as the true minimum of the original wavelength
combination. The best performing spectral contribution was then chosen. For a
four-wavelength array, the optimum wavelengths were calculated to be 794, 800, 804
and 810 nm, providing a spectral bandwidth of 17 nm. Fig. 8.9a shows the normalised
absorbed power over temperature for an MCA with the optimum wavelengths and
a single-colour array at 808 nm with a 3.5 nm FWHM. The calculations include the
temperature dependent optical power efficiency from Fig. 8.8a.

Figure 8.9 – Comparison of normalised absorbed power over temperature for a MCA
array and a single-colour array with a: Optimum specification wavelengths. b: Worst
case ±3.5nm manufacturing tolerance.

At -40 ◦ C, the MCA normalised absorbed power is 0.63 compared with 0.57 for the
single-colour array. The temperature performance is therefore improved by moving
from a single-colour configuration to that of a multi-colour one.
As shown in Fig. 8.9a, the overall performance of the MCA compared to that of
a single colour array, was not significantly increased. The wavelength specification
must also allow for a ±3.5 nm variation in each wavelength, thereby providing the
manufacturability required for a production laser. Fig. 8.9b shows a comparison of
the absorbed power from an MCA with the four wavelengths described previously,
shifted by 3.5 nm. The wavelengths are therefore centred at 791.5, 796.5, 800.5 and
806.5 nm, providing the worst case solution. This is compared to a single-colour array
centred at 804.5 nm, again representing the worst case scenario for an optimum centre
wavelength of 808 nm that has been shifted by 3.5 nm.
The worst performing MCA combination has increased the normalised absorbed
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power to 0.60 compared to 0.41 for the single-colour array. For a centre wavelength
tolerance of ±3.5 nm, the single-colour array performance at the temperature extremes
is greatly reduced. In a single-colour configuration, a further 20% reduction in the
absorbed power is observed compared to the MCA configuration. The use of MCAs
therefore provides a significantly improved performance, whilst allowing for wide
production tolerances to be used.

8.2.4

Reflector Material

One of the determinants in the efficiency of the multi-pass setup is the strength of
the reflection from the reflective plate. Other reported configurations mentioned HR
optical coatings [157] or gold reflectors to provide high reflection coefficients. Coupling
losses due to the inclusion of reflectors are often present due to clipping of emitters
and transmission losses from the optical surfaces. The actual alignment of the slots
within the reflective plate can be difficult due to the narrow slots used to improve
efficiency. The reflective plate is often custom-made for a given array design. One
of the biggest disadvantages is the cost of the actual reflective plate and the fitting.
Estimates from the suppliers Lasertel suggested up to 40% of the total cost of the
package was due to the reflective plate.
A configuration that does not require a reflective plate would provide a cheaper
solution. The simplest solution would be to use the copper tungsten (CuW) spacers
themselves. This would remove the need for any further processing of the laser-diode
bars or a separate optical component. The performance of the configuration would be
limited due to the reduced reflectivity coefficient of the diode spacer. The material
reflection coefficient was measured to be ≥ 70%, reducing the efficiency of the multipass setup. The material itself is also slightly diffuse, increasing the scattering of
incident rays. The increased scattering would increase the number of rays clipped by
the slab aperture.
A comparison of the two configurations was completed in the ray-tracing programme described earlier in section 8.2.2. The reflectivity of the spacers was reduced
to 70%. The model was also updated to include the multi-colour aspect introduced
in the previous section. An array with 20 bars consisting of three 794 nm bars, four
800 nm bars, four 804 nm bars and three 810 nm bars was modelled. A full temperature
analysis of the two devices was completed to determine the variation in performance.
This is shown in Fig. 8.10. The modelling looks only at the absorption efficiency and
does not include the roll-off in diode power, as this will be present in both configurations.

157

Figure 8.10 – Comparison of slotted reflector LDA and bare (CuW reflector) LDA
absorption efficiency.

From Fig. 8.10, the LDA with the original copper tungsten diode, hereby referred
to as the CuW reflector LDA, provides up to 88% of the absorbed intensity of the
slotted reflector design. At the higher and lower temperatures, where the absorption
coefficients of some of the colours are very low, the difference in performance is larger.
At these operating points, the number of bounces required to achieve sufficient absorption is larger, and the reduction in the reflection coefficient of the spacers will have an
increased effect. From this analysis, the bare diode reflector has reduced absorption
performance compared to the slotted reflector, but it has a number of advantages in
terms of cost and production.
In section 8.4 the performance of an LDA with reflective plates is experimentally
investigated. Initially, the performance over temperature is investigated in terms
of small signal gain. The performance characteristics of slotted reflector pumping
a Nd:YAG zigzag slab is then characterised. A comparison of the LDA with and
without a reflective plate is then completed in section 8.6, to determine the change in
performance.

8.3

Thermal Lens Calculations

As highlighted in section 8.2.2, the thermal lens will also be dependent on the deposition of the gain. By calculating the temperature profile within the slab, a map of
the optical path length error can be produced. Thermal lensing modelling capabilities
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at Selex have been developed over a period of years. The models detailed here have
been produced by the author, however, the process of generating a thermal lens from
a temperature gradient has been followed from previous models based at Selex and
has been reported in the literature [37].
Using the absorbed profile for the 800 µm spaced diodes with the four-colour MCA
specification, the temperature gradient was modelled using the FEA program Comsol.
The model is based on an average power assumption and therefore will not take into
account the transient nature of the thermal lens. However, reasonable agreement with
the measured and modelled results for the conventional LDA, modelled in this manner,
is shown in this section.
The pump power used for the model was 2 kW or 100 W per bar. The 2 kW represents the minimum energy required to meet the man-portable energy specifications.
A second model of the conventional five-LDA pump-head configuration, with 2 kW
pump power was also completed to provide a comparison.
The comparison of the two different systems does not actually provide a definitive
analysis of improved or degraded beam quality from a given pump configuration,
due to the significant difference in the overall pump area, 5 cm for the conventional
design and 2 cm for the LDA with a reflector. The aim of this analysis is to show
that the resultant optical path length error produced by the reflector design will not
significantly degrade the divergence further than that of the conventional LDA pump
configuration. If the profile or magnitude of the thermal lens was significantly different,
a large change in the divergence or far field profile could occur.
The temperature gradient within the slab is shown in Fig. 8.11a. For this calculation the heat fraction was taken to be 0.39 [25], with a dn/dt coefficient of 7.8×10−6 .
The optical path length variation plot is generated using the temperature plot of
the slab and a ray-trace of the zigzag path through the slab. The optical path length
variation of each ray is then stored in a matrix that represents the beam. This is
shown in Fig. 8.11b and c for the slotted reflector and conventional LDA respectively.
Using this method, a comparison of the double-pass thermally-induced optical path
length variation of both the slotted reflector and temperature-controlled LDAs can be
completed.
The overall path length variation in the horizontal and vertical directions for the
slotted reflector LDA are similar to the conventional LDA. By fitting a curvature
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Figure 8.11 – a: Modelled temperature profile of zigzag slab pumped with slotted
reflector. b: Optical path length variation for temperature gradient for LDA with
reflective plate. c: Optical path length variation for conventional LDA.

Figure 8.12 – a: Comparison of optical path length variation across the slab in the
horizontal direction. b: Comparison of optical path length variation across the slab in
the vertical direction.

to the path length variation, the thermal lens strength can be calculated. Fig. 8.12
shows a plot of the optical path-difference for both configurations in the horizontal
and vertical directions, from the centre point of the slab. Over the central 2 mm, the
thermal lens radius of curvature for both configurations is 40 m in the vertical direction
and -25 m in the horizontal direction. As a result, the slotted reflector should not
exhibit large changes in the beam parameters from the induced thermal lens strength,
when compared to the temperature controlled LDA.
The calculation of the thermal lens does not take into account stress-induced
refractive index changes or thermal expansion. It may be possible that the slotted
reflector exhibits a different thermal lens strength due to these effects. The overall
temperature profile, shown in Fig. 8.11a, does show large temperature gradients close
to the surface of the slab. The actual temperature gradients in these regions will also
be larger than those shown in the model. The average power assumption of the model
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shows the steady state temperature of the slab. In a transient analysis, it would be
expected that the gradient at the end of a 230 µs pulse would be much larger than in
the CW case. The limitation of completing a transient analysis is due to the computing
power and memory requirements of such a calculation.

8.3.1

Modelling Conclusions

In conclusion, the modelling has shown that the slotted reflector design can provide
an increased absorption length as a result of the multi-pass effect. Changes to the
laser diode construction to achieve the slotted reflector design have been disclosed.
The improvement in absorption efficiency from multi-colour arrays compared to that
of a standard single-colour array was also presented. It has also been shown however
that the slotted reflector design may impact on the beam quality of the laser. The
increased power towards the edges of the slab will impact on the performance of the
laser and may ultimately degrade the beam quality as well as change the near field
profile. Changes to the design of the resonator or the gain material that could correct
for this effect is limited. This is primarily due to requirement for compatibility with
current laser resonator designs and the cost of any changes required.

8.4

Slotted Reflector Experimental Prototypes

The modelling completed in the previous section has allowed for the definition of the
key parameters for the optimum performance of the slotted reflector LDA. From these
results, a prototype LDA with a slotted reflector was constructed by Lasertel. The
spacing of the laser bars was set to 800 µm to achieve the maximum absorption length,
whilst minimising the thermal lens strength and gain profile effects. A four-colour
array was specified with the wavelengths 794, 800, 804 and 810 nm with the same
bar composition as described in section 8.2.3. A slotted reflector, with a slot gap of
166 µm, was produced by metal deposition onto glass substrate. The substrate was
then AR-coated in the slot regions to minimise the optical losses. The metal layer
provides up to 98% reflectivity in the 808 nm region, allowing for efficient reflection.
Fig. 8.13 shows the slotted reflector with the metalised plate. The initial LDA consisted
of a 20 bar stack providing 2 kW within a 5 mm emission height. The actual bars were
10 mm wide, rather than the required 5 mm bars. The reason for this geometry was
ease of construction and package availability. The number of bars was kept to 20 to
reduce any yield issues.
The insertion loss of the slotted reflector was measured at Lasertel to be 2%. The
losses are thought to be primarily due to the transmission through the glass substrate
and a small amount of clipping from the metal reflectors. This efficiency could be
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Figure 8.13 – a: Slotted reflector LDA b: High magnification image of laser bar and
slotted reflector.

improved further by both increasing the spacing of the slots to minimise clipping and
by improving the coating on the glass substrate.
The spectral performance of the device was characterised over the temperature
range 10-85 ◦ C. The LDA spectrum was measured using an Ocean Optics USB2000
spectrometer with a resolution of 0.15 nm. The measurement is shown in Fig. 8.14.

Figure 8.14 – a: Spectral output at 12 ◦ C. b: Spectral Output at 85 ◦ C.

The spectral peaks, shown in Figs 8.14a and b, shift at an average rate of 0.25 nm/◦ C,
as expected. The spectrums are overlaid with the absorption coefficient for 1.1% doped
Nd:YAG. The effect of the multi-colour absorption can be interpreted from these
graphs. At 85 ◦ C, one of the peaks in the LDA spectrum is outside the absorption band
of Nd:YAG and will therefore contribute a smaller amount to the overall absorbed
power. The three other peaks are aligned with peaks in the absorption spectra and
will therefore be strongly absorbed. At the lower temperatures the situation will be
reversed and the higher wavelengths will contribute to the overall absorbed power.
The output power of the array was also measured and found to agree roughly with the
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modelled results in Fig. 8.8a.

8.4.1

Small Signal Gain Experimental Measurements

Measurement of the small signal gain will allow for the variation in absorbed power
to be observed as a function of LDA temperature. Any changes in the absorption
will reduce the overall gain within the slab. The LDA was configured to pump the
conventional 5 mm zigzag. A 1064 nm probe beam was used to measure the single-pass
amplification. The probe beam diameter was 1.5 mm through the slab, allowing for the
gain through the central zigzag path to be measured. Fig. 8.15 shows the experimental
setup and the modelled and measured single-pass amplification. The modelled small
signal amplification is calculated from the equation (1.5). The gain was calculated
using the actual spectrum and output power roll-off measured previously. The LDA
drive conditions were fixed over the temperature range at 200 A with a diode drive
pulse width of 230 µs. The LDA was operated at 5 Hz to limit the overall rise in
temperature during firing. This allows for a more accurate temperature measurement.
The LDA was mounted onto a TEC to control the temperature whilst the slab was
held at room temperature by a heat sink.

Figure 8.15 – a: Experimental setup of single-pass amplification measurement. b:
Single-pass amplification measurements and modelled results using 2.9 cm path length.

Fig. 8.15b shows the results for the measured single-pass amplification and the
modelled results using a 2.9 cm absorption depth. The single-pass amplification peaked
at 20 ◦ C with a value of 2.93, giving a small signal gain of 0.5 cm−1 for a path length
of 2.3 cm within the active pumping region. The results show reasonable agreement
between the measured and modelled performance. However, above 67◦ C, there is a
slight drop in the measured values compared to the modelled results. Adjusting the
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values of the absorption length to fit these data points gives a 0.5 cm path length.
The slab itself, including reflection of the back surface, will provide a minimum path
length of 1 cm. Coatings on the slabs are specified to provide a strong reflection at
these operating wavelengths and should not attenuate the pump light significantly.
It is possible that the coatings spectral response is different from the manufacturing
specifications. The limitation may also be due to the test equipment, the maximum
specified operating temperature of the TEC used is 70 ◦ C. The TEC may be operating
at a less than optimum condition, possibly creating a large gradient across the LDA
leading to the reduction in output power and an increased emission wavelength.
Measurement of the single-pass gain has allowed for verification of the modelling
up to a temperature of 66 ◦ C, with good agreement between the two. The results
show an increase in the path length to a value of around 2.9 cm. When operating at
temperatures beyond 66 ◦ C, the single-pass gain reduced below that of the calculated
values. The cause of this behaviour may be related to test equipment.

8.4.2

Slotted Reflector Thermal Lens Measurements

The magnitude of the thermal lens will also affect the beam quality of the laser. In a
similar manner to the small signal gain, the change in the absorption profile of the
new pump configuration will result in a change in heat deposition and therefore in the
temperature gradient within the slab. The strength of the thermal lens is therefore
characterised and compared to the conventional array. To measure the thermal lens,
the change in the wave front curvature as a result of a double pass through the zigzag
slab whilst pumping was measured. The commercial wavefront measurement system
Fibsa OPtik µPhase2 interferometer [161] was used to measure the wavefront distortion
within the Nd:YAG Slab.
The strength of the thermal lens will be a function of both the absorbed pump
energy and the distribution of the energy within the slab. To maintain a constant
absorbed pump energy, the LDA power is varied as per the results in Fig. 8.9. The slab
temperature was held at room temperature by conduction-cooling from a large heat sink.
A small amount of slab heating may be present due to convective heating from the LDA.
The passive wave front of the zigzag slab, measured without any thermal load, was
-72 m in the horizontal zigzag plane and -14.6 m in the vertical plane. A phase map of
this taken from the FISBA optik is shown in Fig. 8.16a. Fig. 8.16b shows the pump
induced phase profile of the slab. Qualitatively, we observe that the optical phase map
is similar to the modelled profile shown in section 8.3.
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Figure 8.16 – a: Un-pumped wave front distortion of the zigzag slab b: Pumped wavefront distortion of the zigzag slab. c: Measured thermal lens strength over temperature.

Fig. 8.16c shows the measured thermal lens radius in the vertical and horizontal
planes for the slotted LDA compared to the conventional LDA. The magnitude of the
vertical curvature is typically dominated by the passive wave front error. Both the
conventional LDA and the slotted reflector LDA have similar curvatures to the passive
measurement in this dimension. However, in the horizontal zigzag plane, there is a
significant difference between the slotted LDA, which has a measured radius of curvature of between 7-10 m, and the conventional LDA, which has a 20 m radius of curvature.
The conventional LDA measurements are consistent with those modelled in section
8.3. When combined with the static lens measurements of 72 m, a simple thin lens
approximation would give a modelled radius of curvature (ROC) of 25 m for the
conventional LDA, similar to the measured results of 20 m. The slotted reflector LDA
thermal lens ROC is 7 m, much larger than the modelled results. A small variation in
the slotted reflector thermal lens also occurs over temperature with the induced lens
decreasing as the temperature is increased.
From these measurement, a large variation in the measured and modelled results
of the slotted reflector is present, primarily in the zigzag plane. The limitations of
the thermal lens modelling have been discussed previously, but this method does
provide good agreement with the conventional LDA results. This suggests that a
change in the absorbed power has led to a change in the validity of the assumptions
within the model. The biggest limitation is the CW heat load assumption. If a
transient analysis was completed, the temperature gradient across the slab would
be much larger. The actual temperature profile across the slab does differ for the
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two types of modelled LDAs. The temperature profile shown in Fig. 8.12a shows
significant thermal hot spots at the pumping face of the slab. The hot spots in
the slotted reflector profile would not be significantly averaged as a result of the
zigzag path. If the gradient of the temperature profile of both configurations were to
increase, the induced wavefront distortion from the slotted reflector would increase
at a much larger rate than for the conventional design. By moving to a transient
model, the modelled lens for the slotted reflector LDA would increase at a larger rate
than that of the conventional LDA, possibly providing better agreement with the
measured results. The limitations of completing this have been discussed in section 8.3.
As a result of the increased thermal lens strength for the slotted reflector LDA,
a degradation in the divergence of a given laser would be expected, as discussed in
chapter 1 section 1.1.3. The image rotation of the resonator will average the lens in
both axes, creating a spherical lens. The average focal length for the slotted reflector
thermal lens would be ≈ 26 m. Using the approximation introduced in chapter 1 section
1.1.3, the divergence should be slightly less than the 1 mrad calculated for an array
with the full 5 kW of pump power. This result shows that whilst the slotted reflector
will degrade the divergence of a laser system compared to a pump configuration of
a similar optical power, the overall divergence will not be significantly higher than
the current higher energy targeting lasers developed at Selex. This allows for other
components, such as expanding telescopes used to reduce the beam divergence to be
used in the same manner.
For the conventional LDA, running at a reduced pump power, the average thermal
lens strength is actually negative. The averaging of the thermal lens will occur due
to the cavity image rotation. The cavity will be close to plane-plane, if not slightly
unstable as a result. The limitation of the resonator becoming plane-plane is the
wavefront error on all the optical components within the cavity. The cumulative
wavefront errors can push the resonator into the stable region of the cavity stability
criterion. A near plane-plane or slightly unstable resonator should provide a reduced
divergence compared to the 1-1.3 mrads introduced in chapter 1 section 1.1.3.

8.5

Slotted Reflector Laser Resonator Testing

After the small signal gain and thermal lens testing, the LDA was then used to pump a
slab in a laser resonator. The effects characterised previously will affect the resonator
performance in terms of energy, divergence and near field profile. The laser resonator
was a Q-switched cross-Porro resonator similar to that described in chapter 7 section
7.6. The experimental configuration is shown in Fig. 8.17. The resonator was initially
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characterised using the conventional temperature-controlled LDAs at 806 nm, and
then compared to that of the slotted reflector LDA. Both devices were fitted with
a TEC to allow for temperature control. The conventional LDAs were kept at a
constant temperature of 45 ◦ C throughout the testing, whilst the slotted reflector LDA
temperature was varied from 10 to 80 ◦ C.

Figure 8.17 – Experimental setup of Nd:YAG cross-Porro resonator.

The initial investigation looked to compare the output energy of the slotted reflector LDA, at the optimum temperature of 25 ◦ C, to that of the conventional LDAs
operating at 45 ◦ C, where the centre wavelength is at 806 nm. The current of the
conventional LDAs was reduced to match the room temperature pump power of the
slotted reflector. The nominal current of the conventional LDAs is 96 A providing
4.8 kW of pump power. Reducing the current to 65 A reduced the output power to 2 kW.
The pump energy was then varied by reducing the drive current with a fixed pump
pulse duration of 230 µs. Fig. 8.18 shows the slope efficiencies of the two configurations.
The comparison of the two different pump configurations shows that the slope
efficiencies are different for each setup. The temperature-controlled LDAs have a slope
efficiency of 0.35 compared with 0.31 for the slotted reflector. From Fig. 8.9, it was
shown that the room temperature absorption of the slotted LDA is 94%. This compares
to 98% for the conventional LDAs. A larger slope efficiency from the temperature
controlled LDAs would be expected as a result.
A comparison of the near and far field properties for the two pump heads was then
completed. The near field beam was measured using a Cohu 4812 6 mm CCD camera
placed 30 cm from the polarising cube. The far field divergence was measured using
a 1 m mirror with the same CCD camera placed at the focal plane. Fig. 8.19 shows
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Figure 8.18 – Slope efficiency of conventional LDAs and slotted reflector LDA at room
temperature.

both the near field profiles and the far field diameters for each configuration. For both
pump configurations, the output energy of the laser was 100 mJ. The pump energy
was 500 mJ for the conventional LDA and 550 mJ for the slotted reflector LDA. The
pump pulse duration for both setups was 230 µs.

Figure 8.19 – Comparison of resonator beam characteristics. a: Near field profiles. b:
Far field profiles.

The slotted reflector produced a 1/e2 near field diameter of 4.15 mm compared to
3.85 mm for the conventional LDA. The asymmetry of the near fields were 1.07 and
1.05 for the conventional and slotted reflector LDA respectively. The low asymmetry is
a result of the image rotation in the cavity design. A change in the profile of the near
field beam for the slotted reflector configuration can be observed. Fig. 8.19 shows that
the profile is degraded, in particular, the edges of the beam look much more noisy than
for the conventional LDA. The far field beam of the slotted reflector also increases.
The 1/e2 full angle divergence was 900 µrads for the slotted reflector compared with
800 µrads for the conventional design. The beam parameter product (BPP)[8], which
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is a similar measurement to the M2 beam quality measurement, has therefore increased
from 3 mm mrad to 3.7 mm mrad. Note that the BPP in this measurement uses the full
beam diameter and full angle divergence, as is consistent with terminology used at Selex.
The change in beam quality will be due to a number of factors, the spatial small
signal gain and the increase in the thermal lensing measured in the previous section
will be the main contributors to this change. When modelling the small signal gain,
an increased amount of absorbed power in the edges of the beam was predicted. In
the near field measurement of the laser, the actual beam diameter of the resonator
is larger. This may be a direct result of the increased gain in the edges of the slab.
Modes which fill the full aperture of the slab, may also experience diffraction losses
from the slab aperture, causing the noisy profile of the near field.
The increased lensing will also allow for higher order modes to oscillate in the cavity,
as highlighted in chapter 1 section 1.1.3. With the gain distributed into the edges
of the slab, these modes will also observe larger gain than in the conventional LDA
configuration. The far field profile of the slotted reflector is also larger, highlighting
that the number of modes within the laser has increased.
Despite an overall increase in the beam parameter product, the magnitude is still
consistent with those currently produced at Selex. Such lasers will typically produce
beam parameter products of ≈ 4 mm mrad. The performance characteristics of this
laser in a targeting context, will therefore be similar to other production lasers.
The temperature performance of the slotted reflector was then characterised in the
cross-Porro resonator. Two different methods of operation were investigated, the first
looked to use a fixed diode drive pulse duration of 230 µs with the maximum output
energy from the laser measured over temperature. The second method looked to
maintain a constant energy across the temperature range by adjusting the diode drive
pulse width. In this method of operation the diode drive pulse width was varied from
150 to 230 µs to maintain an energy of 60 mJ. Fig. 8.20 shows the performance in both
methods of operation. Using the calculated results for the absorption efficiency, the
expected performance is also modelled from the equations in chapter 1 section 1.1.5.
The model used an intra-cavity loss of 10%, a cavity reflectivity of 43% and a pump
power of 2 kW. The modelling also included a 7 ◦ C offset from the base temperature
of the LDA to the actual emitter temperature.
From Fig. 8.20a, a reduction in the output energy is observed when the resonator
is pumped with a constant pump pulse duration. The output energy reduces from
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Figure 8.20 – a: Maximum output energy with fixed diode drive current. b: Required
LDA pump pulse width for a constant energy of 60 mJ.

105 mJ at 20 ◦ C to just 51 mJ at 80 ◦ C. From Fig. 8.20b, the increase in the required
diode pulse width to maintain a constant energy is shown. The modelled data, which
uses the power measurements and absorption modelling completed previously, gives
good agreement with the measured data in both methods of operation. This data
shows that the changes in output energy are primarily due to the reduction in the
diode output power and absorption efficiency.
The beam parameters were also measured over the temperature range. These
parameters were measured whilst operating in the constant energy mode described
previously. The near field diameter and the far field divergence as a function of
temperature are shown in Fig. 8.21.
From Fig. 8.21a, a small reduction of 7% in the near field diameter is observed, as
the temperature is increased beyond 40 ◦ C. The spatial profiles, shown at the bottom
in Fig, 8.21a, do not appear to vary significantly over the temperature range, other
than the actual size of the beam. The beam profiles were all taken at similar output
energies. The change in the near field diameter could be due to a change in the
distribution of gain or change in the thermal lens strength. The overall affect on the
beam size is fairly small.
Testing of the slotted reflector in a cross-Porro resonator has shown that an
increased absorption path length in the pump configuration allows for operation up to
80 ◦ C, whilst achieving an output energy of ≈ 60 mJ. The diode pulse duration was
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Figure 8.21 – a: Near field diameter over temperature. b: Far field divergence and
beam parameter product over temperature.

varied from 150 µs to 230 µs, with variation in output energy agreeing with the modelled
results, which included and absorption length of 2.9 cm. The far field divergence of
the laser is fairly stable over the temperature range varying by only 5%. Overall, the
beam parameter product varies by only 5% over the temperature range. As a result,
the performance of the slotted reflector pump head does not significantly alter the
beam characteristics, over temperature.

8.6

CuW Reflector LDA Prototype

As discussed in section 8.2.4, an LDA with the reflector removed should provide
comparable performance. A second prototype was ordered without the slotted reflector
plate on the LDA. This is shown in Fig. 8.22
One of the items not considered was the presence of solder on the spacers. The
solder is used to allow current through the array. The overrun occurs as a result of
the production process as the bars are pressed together. The solder will reduce the
overall reflection of the spacers and may limit the overall performance.
To further reduce the cost, the number of colours within the array was reduced
to three. Whilst the increased number of colours provides less variation in absorbed
intensity over the temperature range, the number of differing colours does have an
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Figure 8.22 – Second CuW reflector LDA without slotted reflector fitted.

impact on the yield, as well as the manufacturing complexity. The three-colour array possessed a total bandwidth of 16 nm, compared with 17 nm for the four-colour
array. The centre wavelengths were 795, 803 and 811 nm. An analysis showed that
only a 2% reduction in absorbed power would be expected from the three-colour
configuration, compared to the previous four-colour arrangement. The limitation of
reducing the number of colours further is the increased variation in absorbed power. A
two-colour device would significantly increase the variation in absorbed power, but will
also not meet the ±3.5 nm centre wavelength tolerance requirement outlined previously.
To validate the performance of the bare diode compared to the slotted reflector,
two tests were completed. Initially the single-pass amplification was measured in the
same setup described in section 8.23. Secondly, the performance of the CuW Reflector
LDA within a cross-Porro resonator was completed. Fig. 8.23 shows the measured
single-pass amplification.
The measured results shows similar behaviour to the modelled comparison in
Fig. 8.10, with the slotted reflector LDA providing slightly more gain than the bare
LDA. The largest difference between the two measurements occurred at 80 ◦ C, where
the bare LDA provided only 92% of the amplification achieved in slotted reflector LDA
configuration.

8.6.1

CuW Reflector LDA Resonator Testing

The bare LDA was then used to pump a cross-Porro resonator identical to the setup
in Fig. 8.17. The components used for this experiment were the same design, but were
not the same actual optics. Both configurations were re-tested in this configuration.
The performance of the CuW Reflector LDA was compared to that of the slotted
reflector LDA in terms of both output energy and the beam parameters. The results
are shown in Fig. 8.24.
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Figure 8.23 – Comparison of single-pass amplification for the slotted reflector LDA
and the CuW reflector LDA.

Figure 8.24 – a: Comparison of output energy of slotted reflector LDA and CuW
reflector LDA. b: Near field beam from slotted reflector LDA. c Near field beam from
CuW reflector LDA.

The overall performance of the two configurations is very similar. The maximum
difference in output energy is 5 mJ at a temperature of 75 ◦ C. This corresponds to a
difference of 4%. The near and far field beams were also compared. Two captured
near field profiles are shown in Fig. 8.24b and c for the slotted reflector and CuW
Reflector LDA respectively. Very little difference between the two pump configurations
was present. This shows that the thermal lensing and small signal gain profile does
not vary significantly between each pump configuration.
The results show that the CuW diode performs very similar to the slotted reflector
173

LDA. Reduced energy from the CuW LDA at the higher temperatures is observed,
but the actual difference is no more than 4%. The performance of the CuW diode is
therefore close enough to the slotted reflector design to allow for athermal operation
over the required temperature range. To improve the bare diode performance further,
a number of modifications could be made. Firstly, the presence of solder on the diode
bars could be reduced. The solder is used to provide thermal and electrical contact
to each bar within the array. Its presence is therefore vital to the operation of LDAs.
The run-off of the solder typically happens at the construction phase, where the solder
leaks out from the bars as they are pressed. If the amount of solder used could be
limited, this may reduce the amount of solder over-run.
The actual bar reflectivity could be improved by polishing to remove the rough
finish. Due to the cost implications of this, a full analysis has not been completed.

8.7

Low Temperature Testing

In the previous sections, the ability of the slotted reflector and the bare LDA to provide
efficient absorption over a wide temperature range has been demonstrated. However,
the low temperature performance of the LDA has not been verified. The eventual
incorporation of the LDA design will involve operation at temperatures as low as -40 ◦ C.
As such, the setup must be tested over this temperature range. An existing optical
module assembly (OMA) was used to allow for testing in the low temperature range.
The OMA contains a laser cavity, driven from commercial off-the-shelf equipment,
which is external to the testing chamber. This configuration allows for the separation of
the laser performance from any electrical issues that often occur at lower temperatures.
The OMA is shown in Fig. 8.25.

Figure 8.25 – Optical module assembly for diode testing.

The OMA is a sealed unit, backfilled with nitrogen to prevent any condensation
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within the optical cavity. The internal cavity is configured in a ring configuration. This
differs from the previous testing which was completed with the cross-Porro resonator.
The ring resonator has been discussed in chapter 1 section 1.1.7. The configuration is
shown in Fig. 8.26a. The testing was completed with the different resonator design
simply due to the requirement to have a sealed laser chassis to test over the full
temperature range.

Figure 8.26 – a: Optical schematic of ring resonator. b CuW reflector LDA pumping
Nd:YAG slab.

The ring resonator was configured to provide a 90 ◦ image rotation per round trip.
The same type of zigzag slab used in all the previous chapters was again used in this
configuration. Due to time constraints, testing could only be completed on the bare
diode and therefore a comparison between the slotted reflector and bare LDA could
not be completed. The test was primarily used to determine the absorption efficiency
of the bare LDA. The beam parameters were not analysed in the results presented here.
The testing completed in the previous section has shown that the slotted reflector has
limited impact on the beam parameters over temperature.
The resonator performance in the ring resonator configurations was slightly different. The required diode pulse width for 55 mJ was only 130 µs for the OMA ring
resonator, compared to 155 µs for the cross-Porro resonator tested previously. The
difference in energy between the two cavities will be due to a variation in the round
trip losses as a result of different components used in the cavity.
The performance of the cavity was then characterised over the temperature range
from -40-60 ◦ C. The cavity was configured to run in the constant energy mode discussed
in the previous section. This is typically the method of operation the laser would be
expected to be operated in. Fig. 8.27a shows the diode drive pulse width required
to achieve an output energy of 60 mJ over temperature. Using the data from the
ray-tracing model, the expected diode drive pulse width was also calculated. Within
the model, the intra-cavity losses were estimated to be 7%. The output coupling value
was estimated to be 73% and the absorption length 2.9 cm. The model uses the LDA
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power roll-off measured in the previous section and the actual spectrum of the bare
LDA.
The required pulse widths are measured over a 3 min firing period, with the energy
measured at the end of the firing period.

Figure 8.27 – a: Required diode drive pulse width over temperature. b: Transient
output energy at various temperatures.

The maximum required diode pulse duration was 195 µs at 60 ◦ C and 150 µs at
-40 ◦ C. The modelled pulse durations give good agreement with the measured values.
A transient plot of the output energy is shown in Fig. 8.27b at various temperatures.
Fig. 8.27b shows the large roll-off or roll-up in energy, as firing commences. The
transient output energy is simply caused by the LDA heating up as it fires. A roll-up
is observed at the cold temperatures, as the absorption becomes more efficient as the
LDAs get hotter. Conversely, at the higher temperatures a large roll-off is observed,
as the absorption and pump power drop as a function of temperature. The measured
results give good agreement with the modelled results. The performance of the CuW
Reflector LDA over the wide temperature range proves that multiple passes within
the slab are present, and the CuW Reflector LDA’s ability to provide the required
energy level over the temperature range from -40 ◦ C + 60 ◦ C

8.8

Conclusion

In this chapter, the use of a new pump design, which incorporates multiple passes into
a side-pumped thick zigzag slab was investigated. Two different pump designs were
tested. The first used a metallic slotted reflector to allow for multiple passes through
the slab. The second design has similar device characteristics, but uses the bare diode
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spacers to achieve the multi-pass operation. The devices have been tested over the
temperature range from 15-80 ◦ C, confirming the presence of the multi-bounce effect.
The multi-bounce effect was therefore shown to increase the absorption length to
2.9 cm. The slotted reflector was found to slightly degrade the beam quality compared
to the conventional LDAs with the beam parameter product increasing from 3.1 to
3.7 mm mrads. A comparison of the performance of the bare spacer reflection LDA
to the slotted reflector LDA shows that the devices perform very similarly over the
temperature range. Testing over the full temperature range has shown the ability of
the bare diode to operate down to temperatures as low as -40 ◦ C, whilst still providing
sufficient pump energy for the laser to operate.
The work completed in this chapter forms an integral part of a new Selex product.
The slotted reflector design allows for a high-energy laser to be operated over the full
temperature range, whilst maintaining the beam quality and minimising cost.
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Chapter 9
Microchip-Locked Laser-Diode Arrays

9.1

Introduction

In the previous chapters we have shown the ability of the slotted reflector LDA and
VBG-locked LDAs to achieve athermal operation. The two devices operate in the
808 nm F5/2 absorption band of Nd:YAG. In this chapter we investigate the possibility
of operating an athermal Nd:YAG laser pumped at 885 nm. By moving from the wide
808 nm F5/2 band, to the 885 nm band, we can achieve increased efficiency and reduced
thermal loading of the gain material. The absorption band in the 885 nm region is
much smaller and has a number of features that limit efficient absorption. In this
chapter, we develop a wavelength locked device that allows the wavelength of the
LDA to drift and lock at different wavelengths. The work presented in this chapter is
planned for publication in the future. The initial idea and technology was developed
by the author, whilst working at laser diode manufacturer Lasertel Inc.
The quantum defect of 808 nm pumped Nd:YAG will create a thermal heat fraction
of around 0.24 [25], as a result of the decaying ions from F5/2 pump level to the laser
transition levels R1 and R2. By pumping at 885 nm, the ions are promoted straight
into the upper lasing manifold F3/2 . The resultant quantum defect is reduced from
0.76 to 0.83. The heat fraction is also reduced from 0.24 to 0.17 [162]. As a result
of the reduced heat fraction, pumping at 885 nm reduces the thermal lensing within
the Nd:YAG gain material [163]. The efficiency of the laser is also improved by the
decreased phonon interactions that occur from the transfer of ions from the upper
pump band to the laser transition level [164]. The efficiency has been shown to increase
by up to 10% when pumping at 885 nm compared to 808 nm.
The performance improvements achieved by pumping at 885 nm compared to
808 nm has been shown in a number of different configurations [165] [166]. One of the
disadvantages of pumping at 885 nm is the reduced absorption coefficient. Fig. 9.1
shows a comparison of the two different pump regions, for 1% doped Nd:YAG.
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Figure 9.1 – a: Absorption profile of 1% doped Nd:YAG at 808 nm. b: Absorption
profile of 1% doped Nd:YAG at 885nm.

For a 1% doped Nd:YAG laser crystal, the peak absorption coefficient is 1.9 cm−1
at 885 nm, compared with 9.5 cm−1 in the 808 nm region. We also observe a number
of troughs in the 885 nm spectrum, where the absorption coefficient drops to very low
levels. The actual peaks in the spectrum are also narrower when compared to the
808 nm spectrum. As a result, the average absorption coefficient over a 30 nm range
is 2.1 cm−1 in the 808 nm region, compared with 0.27 cm−1 in the 885 nm region. To
achieve efficient absorption in this region, VBG-locked LDAs are typically used. By
narrowing the spectrum and locking the centre wavelength to the peak absorption
coefficient, the absorption efficiency can be improved.
With a peak absorption coefficient of 1.9 cm−1 at 885 nm, the overall absorption
efficiency of 0.5 nm bandwidth source at 885 nm, in the 5 mm Nd:YAG zigzag slab
introduced in chapter 1 section 1.1.2, is 95%. This was calculated using the same ray
tracing algorithm described in chapter 8 section 8.2.2. In this configuration we would
expect the VBG-locked LDAs to provide improved performance when compared to
808 nm pumped configurations.
We have previously discussed the requirement for athermal operation in new laser
products at Selex. It is therefore a defining requirement to achieve athermal operation
at 885 nm. Whilst VBG locking can provide a locked wavelength over a wide temperature range, chapter 7 has shown the difficulty in efficiently locking over the full
temperature range. The solution to achieving athermal operation in the 808 nm region
was to increase the absorption length from 1 cm to 3 cm, by using a slotted reflector
design. The performance of the same configuration operating at 885 nm is shown in
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Fig. 9.2. The modelled pump configuration used a three-colour device, optimised using
a Monte-Carlo method to determine the optimum wavelength. The centre wavelengths
modelled were 873, 880 and 883 nm at 0 ◦ C.

Figure 9.2 – Absorption efficiency of 1% doped Nd:YAG pumped at 885 nm over
temperature using three-colour array.

The performance of the athermal operation at 885 nm shows significant troughs in
the absorption efficiency. The presence of the peaks and troughs in the absorption
spectrum cannot be flattened out by the multi-colour profile. The overall absorption
is much lower than that of the 808 nm spectrum and therefore any improvements in
efficiency would be lost due to the reduced absorption efficiency. As a result, the
slotted reflector design is not capable of providing full athermal operation in this pump
region.
To provide full athermal operation in the 885 nm pump region, a different method
of operation is required. The challenge of locking the LDA to a single wavelength is
the temperature-dependant gain curve of the emitters within the LDA. The absorption
spectrum of Nd:YAG, shown in Fig.9.2, does possess a number of peaks at 885 nm
that would provide efficient absorption. If a feedback spectrum with multiple peaks,
aligned with the strongly absorbing regions in Nd:YAG, could be created, the LDA
would lock to each peak as the gain curve shifts. The drop in power associated with
locking the LDA emission away from the peak in the gain curve would be limited as
the gain curve would always be close to a locking region.

9.1.1

Intra-Cavity Absorber Analysis

Equation (9.1), introduced in chapter 7 section 7.4, shows the threshold condition
of an emitter. Until this point we have focused on locking the LDAs by increasing
the reflectivity of αm , which changes the threshold of a particular point in the gain
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spectrum. The same effect could also be achieved by affecting the spectral losses of
the cavity.
Γg(λ) = αi + αm

(9.1)

The intrinsic loss factor αi would become a function of λ instead of the mirror
losses αm . To create an intrinsic loss, we require a material that can preferentially
absorb spectral sections of the pump light. Using the actual semiconductor material,
it would be difficult to apply a wavelength dependent loss without the addition of
other materials in the growth chamber. If we used an element external to the emitter,
and created an external cavity, we have the ability to use any material.

Figure 9.3 – Comparison of absorption spectra of Nd:YAG and Nd:YVO4 .

One of the challenges is availability of materials that possess narrow absorption
bands at the desired wavelengths. Most filters provide broad-band spectral responses.
We therefore require an absorptive material with absorption peaks similar to that of
Nd:YAG, but shifted, to allow for operation in the required spectral regions.
The absorption bands in Nd:YAG are created by the insertion of the Nd3+ atoms
into the host material Yttrium Aluminium Garnet. When using a different host
material, the position of the pump bands, and the subsequent Stark splitting of the
levels, modify the absorption spectrum. The result is a slightly different absorption
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profile, with peaks in different locations. Fig. 9.3 shows the absorption profile of
Nd:YAG and Nd:YVO4 .
The absorption profile shows that the peaks are different for the two host materials.
Importantly, the peaks in the two different gain spectra do not overlap. As a result, the
Nd:YVO4 would provide losses at a number of points where troughs in the absorption
spectrum of Nd:YAG are present. If the losses of the Nd:YVO4 could be inserted
into the laser-diode cavity, the spectral emission should shifted into to the Nd:YAG
absorption peaks.
By incorporating a small piece of Nd:YVO4 into the external laser-diode cavity, we
may be able to tune the spectrum of the emitter onto the absorption peaks of Nd:YAG.
The actual configuration of the external cavity would be similar to the VBG-locked
devices shown in chapter 7 section 7.3.2. Fig. 9.4 shows the possible incorporation of
the external-cavity laser-diode.

Figure 9.4 – Diagram of Nd:YVO4 locked device.

A small piece of AR-coated Nd:YVO4 is placed between the emitter and a broadband low reflectivity mirror. For an external cavity, the emitter end-face is AR-coated.
A secondary component is therefore required to achieve feedback into the emitter. This
could simply be achieved by coating the back surface of the Nd:YVO4 , allowing for a
short cavity. The Nd:YVO4 will then absorb strongly at the peak of the absorption
curve. The strong absorption will affect the threshold of the laser over the spectral
range, and the emitter will lase on the lowest threshold point.
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9.2

Laser-Diode Threshold Modelling

In the same manner as completed in chapter 7 section 7.4, we can analyse the threshold
of the emitter over the temperature range. At the peaks in the absorption curve of
Nd:YVO4 , we would expect to observe a shift in the lowest threshold point. Fig. 9.5
shows a comparison of the threshold of a normal emitter to that of an external cavity
with a Nd:YVO4 absorber. In this case we have assumed the gain region is constructed
from a SQW, with the same gain characteristics as that shown in Fig.7.2 in chapter 7.
For this analysis the shape and magnitude of the gain was assumed to be constant over
temperature. The reflectivity of the output coupler was assumed to be 10%. We did
not account for any increased losses from the external mirror. The modelled thickness
of the Nd:YVO4 was 0.5 mm, with a doping density of 3%. The model also assumes
the absorbers c-axis is aligned with that of the emitter. Only the c-axis absorption is
considered in this calculation as a result.

Figure 9.5 – a: Comparison of spectral threshold of normal emitter and external-cavity
emitter. b: External-cavity emitter shifted by ±6 ◦ C.

The effect of introducing the Nd:YVO4 on the threshold can be observed at the
central wavelength of 880 nm, in Fig. 9.5a. At this operating point, the lowest threshold
will occur at 877 nm, rather than 880 nm. If we assume that the emitter will lase at
the lowest threshold point, the insertion of the Nd:YVO4 should shift the operating
wavelength of the emitter to this point. As the temperature of the emitter increases,
the Nd:YVO4 absorber will increase the threshold in this region, ensuring that lasing
cannot occur. This can be seen from the spectral threshold plots of the emitters shifted
by 6 ◦ C in Fig. 9.5b. The absorber will ensure the spectrum does not tune continuously
across this region, but will instead jump from one side of the absorbing region to the
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other. Two smaller peaks at 890 nm also exist in the Nd:YVO4 spectrum, in this region
we would also expect the lowest threshold point to be shifted by a smaller amount.
The presence of the peaks in this region should ensure the emitter does not lase at
889 nm, where a trough in the Nd:YAG absorption spectrum exists, but instead shift
to 891 nm, closer to the peak in the absorption.
We have shown how the threshold is affected by the insertion of the Nd:YVO4
absorber in the cavity. By making the assumption that the laser will always lase at
the lowest threshold, we can predict the centre wavelength for an emitter locked over
temperature. Starting with a centre wavelength of 865 nm, we tune the emitter over a
100 ◦ C temperature range, in 1 ◦ C steps, and calculate the wavelength with the lowest
threshold. Fig. 9.6 shows a plot of the Nd:YAG absorption curve, overlaid are red dots
which show the calculated centre wavelength position of the locked emitter, for each
temperature point. This plot allows us to view where we would expect the emitter to
lase, as we vary the temperature.

Figure 9.6 – Plot of Nd:YAG absorption, overlaid is expected centre wavelength of
LDA over temperature range, shown in red.

Fig. 9.6 shows how the centre wavelength jumps large sections of the spectrum.
In the region from 877-895 nm, we observe how the absorber helps tune the centre
wavelength to better match that of the peaks in the absorption curve of Nd:YAG. The
troughs at 880 and 889 nm in the Nd:YAG absorption align with the regions where the
emitter cannot operate. In this 20 nm range, the Nd:YVO4 locked LDA may provide
improved absorption efficiency, when compared to a free-running device.
Fig.9.7 shows the absorbtion efficiency over the wavelength range compared to
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a free-running laser. The absorption length for this calculation was 3 cm, similar
to the absorption length of the slotted reflector configuration. No coupling losses
were used in this calculation and therefore the absorption increases to 1 in the high
absorption coefficient regions. In this calculation we have also assumed an infinitely
narrow spectrum, the actual output spectrum of the emitter would typically possess
a linewidth of around 1 nm. As a result, the actual spectral shape of the emission
at any given temperature will differ slightly to the calculated result shown here. At
operating points close to the large absorption peaks of the intra-cavity absorber we
would expect to see the spectrum split between the two bands. The power would then
drift from one emission peak to another as the temperature is increased.

Figure 9.7 – Comparison of absorption efficiency over temperature of locked and
free-running emitters.

From 5 ◦ C to 50 ◦ C, the locked emitter should provide improved performance,
compared to the free-running one. In the region from 20-50 ◦ C, the locked emitter
absorption efficiency is improved compared to the free-running emitter. However, in
the region from -40 ◦ C to 5 ◦ C, no improvement is observed from the free-running
to the locked emitter. Operation in this temperature region represents a gain curve
centre wavelength range of 865 - 874 nm. In this region, the absorption features of
the Nd:YVO4 are limited and as a result, no locking occurs. If the locking could be
improved in this wavelength region, the locked emitter could provide significantly
improved performance compared to a free-running emitter.
As the model assumes only a single wavelength, the broader spectrum expected
from the LDA may also improve the performance, compared to the results shown here.
For example, we would expect that at an operating wavelength of 877 nm, we would
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not have the full spectrum in this wavelength region. Some of the actual linewidth
of the laser will already be operating in the 885 nm region, thereby improving the
performance compared to that shown in Fig. 9.7.
The thickness of the Nd:YVO4 will also affect the locking region. By increasing the
thickness of the gain material, we can increase the strength of the locking. However, if
we increase the strength too much, the residual absorption will limit the performance.
Fig. 9.8a shows the temperature performance of the LDA, as we increase the thickness
of the Nd:YVO4 . The doping density remained at 3% for all the calculations. Fig. 9.8b
shows the normalized threshold of the LDA over temperature.

Figure 9.8 – a: Absorption efficiency of locked emitter over temperature at various
absorber thicknesses. b: Locked emitter relative threshold over temperature.

From Fig. 9.8, we observe that increasing the thickness of the device will improve
the locking range. With a 5 mm thick Nd:YVO4 absorber, the dips in performance from
17-60 ◦ C are no longer present. By increasing the overall strength of the absorption,
the ability to control the spectrum increases. This effect could also be observed by
increasing the doping density of the Nd:YVO4 , should commercial sources become
available. There is a trade-off in performance, with the increase in thickness reducing
the performance in the 10-20 ◦ C range.
Fig. 9.8a shows that as the thickness of the absorber is increased, an increase in the
threshold of the device is observed. The change in threshold arises from the locking of
the LDA. To shift the operational wavelength, the emission is forced further up the
emitter threshold curve, as previously shown in Fig. 9.5. The stronger the locking
effect, the further up the curve the centre wavelength will be, and subsequently, the
higher the emitter threshold. We would therefore expect the threshold to be largest
when the locking leads to the biggest shift in the centre wavelength.
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Figure 9.9 – a: Comparison of centre wavelength of locked and free-running emitter.
b: Comparison of locked and free-running emitter slope efficiency.

Fig. 9.9a shows a comparison of the centre wavelength of the locked emitter, compared to a free-running emitter. The initial locking can be observed from 0 ◦ C, where
the wavelength of the two start to diverge. From this point, up to 19 ◦ C, the locked
emitter experiences a reduction in the wavelength temperature tuning rate. Beyond
this temperature, a large shift from 876 nm to 884 nm occurs, as the spectrum jumps
the absorption peak in Nd:YVO4 . In the region just before the large shift occurs, the
emitter will be locked at the furthest distance away from the centre threshold point.
This corresponds to the peak in the threshold in Fig. 9.8b.
The increased threshold is due to the reduction in gain in the emitter. As the
emitter is forced to lase away from the peak gain point in the quantum-well structure,
the gain coefficient reduces. The result will also be a reduction in the slope efficiency of
the emitter. Fig. 9.9b shows the modelled slope efficiency of a free-running emitter and
the locked emitter operating at 18 ◦ C. This show that locking the emitter wavelength
away from the peak in the gain curve has an impact on the slope efficiency of the device.
The modelling has shown the ability of the Nd:YVO4 locked emitter to improve the
absorption efficiency, compared to an unlocked emitter, when pumping an Nd:YAG
gain material. The performance of the locked emitter is similar to that of the freerunning emitter in the emission region 865-874 nm, where no features in the Nd:YVO4
absorption spectrum are present. When operating in the centre wavelength range of
877-890 nm, the wavelength is locked by the absorption of the Nd:YVO4 , shifting the
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centre wavelength to the peak of the absorption spectrum in Nd:YAG. The threshold
of the emitters increases by up to 70% as a result of the locking. The ability to achieve
efficient locking, whilst limiting the drop in output power, could allow for improved
performance when pumping Nd:YAG over a wide temperature range, in the 885 nm
region.

9.3

Nd:YVO4 Locked Emitter Testing

The ability of the setup to provide locking over the temperature range was then
investigated using a laser bar. The bar consisted of 60 emitters, operating at a centre
wavelength of 875 nm at room temperature. An AR-coating was applied to the output
facet, providing 2% reflectivity. In this investigation the device was operated in a
QCW regime, at a repetition rate of 20 Hz and a pulse duration of 230 µs. The initial
investigation used FAC on the LDA to improve the feedback of the device. Future
work will look to operate the locked device without FAC. The setup in Fig. 9.10a
shows the emitting bar placed in a c-mount. A 3% doped Nd:YVO4 crystal, with
a thickness of 0.5 mm, was ordered from OptoCity. The crystal is an off-the-shelf
component, originally designed for a microchip laser configuration. The crystal width
was 3 mm, compared with a laser bar width of 10 mm. The 3 mm chip was chosen
simply due to availability of the components. All measurements taken in this setup
used a 3 mm aperture placed behind the setup, to ensure only the locked section of the
LDA was investigated. The output power measurements were taken using a Coherent
Fieldmaster power meter and LM10 power head. The spectral traces were analysed
using a fibre coupled Ocean Optics spectrometer with a 0.3 nm resolution.
A 1 cm thick sapphire plate was used as a feedback device, providing 18% reflectivity
combined from the front and rear surfaces. The effect of the external feedback device
without the Nd:YVO4 absorber in the cavity was completed by characterizing the laser
with and without the sapphire feedback element. This is shown in Fig. 9.11. Fig. 9.11a
show a comparison of the slope efficiencies with and without the sapphire feedback
element. Fig. 9.11b shows the output spectrum with and without the feedback element.
Fig. 9.11a shows the performance improvement, as a result of the increased feedback
in the cavity. The slope efficiency of the emitter with the feedback was 0.42 W/A,
compared with 0.35 W/A for the emitter without the feedback element. The spectrum
itself is not significantly different for the two configurations, although the centre
wavelength has shifted by 2.5 nm. It was found that by adjusting the angle of the
feedback, the centre wavelength could be tuned continuously across a 5 nm range.
The etalon effects in the sapphire feedback element should not effect the operating

188

Figure 9.10 – a: Laser bar with FAC. b: Nd:YVO4 chip bonded to sapphire mount.

Figure 9.11 – a: Slope efficiency of laser bar configurations. b: Output spectrum of
laser bar configurations.

wavelength, as the free spectral range is only 0.02 nm. The tuning effect from the
angular adjustment of the mirror may arise due to the longitudinal spacing of the
actual external cavity. By adjusting the angle of the mirror, the mode spacing changes.
At the peak of the gain curve, only a small change in the overall cavity gain will lead
to a change in the centre wavelength. The presence of spatial hole burning within
cavity, as well as the spatial variation in the gain due to the carrier induced refractive
index, is the main determination of the actual centre wavelength of the emitter over
this region [167]. Over the peak gain region, small changes to either the angle or mode
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spacing will have a large impact on the centre wavelength.
The Nd:YVO4 was then pressed and bonded onto the sapphire feedback element,
as shown in Fig. 9.10. The bonded Nd:YVO4 is actually touching the sapphire plate,
allowing for a small amount of heat conduction. The bonded device was then mounted
1.5 cm away from the emitters. This is shown in Fig. 9.12. The laser was aligned by
adjusting the angle of the sapphire feedback in the same manner as the unlocked configuration. The slope efficiency and spectrum at room temperature is shown in Fig. 9.13.

Figure 9.12 – Nd:YVO4 locked LDA configuration.

The locked laser bar has a slope efficiency of 0.34 W/A, compared with 0.42 W/A
for the unlocked laser bar. As expected from the modelling, the locking of the laser
bar results in a reduction in the slope efficiency. Fig. 9.13b shows the output spectrum
of the locked LDA. A significant change is observed compared to the unlocked laser
bar shown in Fig. 9.11. The output now has two peaks, compared with one in the
unlocked spectrum. Fig. 9.13 also shows the absorption spectrum of Nd:YVO4 . In
this region there are no specific features that would cause the double peak to occur. However, we do have a different absorption values for the different polarisation
states. The laser bar will typically emit TE polarisation. Each emitter is capable
of emitting both polarisations at threshold; in this operating region we will have
higher losses for one polarisation compared to the other. If the feedback of one polarisation is much stronger than the other, a particular polarisation state can be seeded.
The polarisation is typically determined by either heavy or light-hole recombination
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Figure 9.13 – a: Slope efficiency of Nd:YVO4 locked and unlocked array. b: Spectrum
of locked LDA at 30 ◦ C

within each emitter gain region. Heavy holes will only allow for TE polarisation, whilst
light holes are dominated by TM polarisation. Typically, heavy-hole recombination is
dominant, due to the different shapes of the energy band for each hole type, with heavy
bands possessing a much broader curve than the light holes. As a result, the emitters
will favour lasing on TE polarisation. If, however, the overall gain including the cavity
feedback is increased for the TM polarisation comparative to the TE polarisation,
light-hole recombination can still occur. The emission of unlocked laser bar was TE
polarisation. The locking has therefore caused a change in the polarisation output of
the bar. This has been inferred from the spectrum results only. In future work the
polarisation state of the laser will be analysed over temperature.
The temperature performance of the device was then analysed, with the temperature of the emitter varied from 15-65 ◦ C. Fig. 9.14 shows the emission spectrum over
the temperature range.
In the range from 20-25 ◦ C in Fig. 9.14a, there are no features in the Nd:YVO4
to allow for locking. As a result, the spectrum does not appear to be shifted. The
emission will therefore operate in the low absorption region of Nd:YAG. We would
expect the performance of an Nd:YAG laser, pumped with this spectrum, to be
reduced due to the limited absorption. As the temperature is increased to 30 ◦ C,
the spectrum begins to lock to the absorption peak at 876 nm. As discussed earlier,
the doubled peaked spectrum is due to emission from the two different polarisations.
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Figure 9.14 – a: Spectrum of locked LDA from 20-30 ◦ C. b: Spectrum of locked LDA
from 37-47 ◦ C. c: Spectrum of locked LDA from 50-68 ◦ C.

192

The peak due to the TM emission is actually better aligned with the absorption
spectra of Nd:YAG than the TE polarisation emission. The strong absorption of
the Nd:YVO4 does still allow for the emission to stay locked in both polarisation
states. Fig. 9.14b shows the spectral emission jump across the strong absorption peak
in Nd:YVO4 at 880 nm. The result is to shift the spectral emission from one peak
in the Nd:YAG absorption to the other. The final shift occurs in Fig. 9.14c, where
the peak of the emitting LDA tunes from to 885 to 887.5 nm . We again observe a
double peak due to the polarisation state shift. The peak at 890 nm is due to the
TM polarisation sitting in a trough in the absorption profile of the a-axis at 889 nm.
The second peak is due to the TE polarisation peak in the absorption profile at 889 nm.

Figure 9.15 – Comparison of measured centre wavelength and modelled lowest threshold
wavelength.

The Nd:YVO4 locked laser bar has shown the ability to shift the laser emission
into peaks in the Nd:YAG absorption curve. From the spectral performance, it is
clear the centre wavelength threshold point has been shifted by the inclusion of the
absorber. Fig. 9.15 shows a plot of the measured central wavelength and the predicted
centre wavelength with the lowest threshold. The modelled gain spectrum has a centre
wavelength of 872 nm at 20 ◦ C.
The calculated centre wavelength gives good agreement with the actual operating
centre wavelength, although a small offset of 1 nm at the low temperatures is present.
There are some other inconsistencies between the modelled and measured data. The
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first jump in the laser bar’s emission occurs from 873-875 nm. This is due to the change
in polarisation state, which is not included in the model. The large jump from 876 nm
to 885 nm is predicted by the model correctly. The final jump from 885 - 892 nm occurs
7 ◦ C earlier than predicted in the model. However, at this operating temperature
we experience a change in the polarisation state. The double peak spectrum shown
previously in Fig. 9.14c is a result of the TM polarisation shifting the wavelength to
891 nm, and the TE polarisation shifting the second peak to 893 nm. The second shift
does not feature strongly until 68 ◦ C, similar to the modelled value.
The calculation of the centre wavelength therefore agrees reasonably well with
the measured values. To improve the accuracy of the model, the ability to determine
when polarisation shifts will occur is necessary. To achieve this, the inclusion of the
TM spectral gain curve is needed. The spectral bandwidth of the TM gain will be
narrower than the TE gain, due to the differences in the energy curves. If we included
this spectrum, a comparison of the lowest threshold point for both polarisation states
could be included, and the lowest threshold polarisation state predicted.
The output power of the bar was also measured over the temperature range and is
shown in Fig. 9.16. The same drive parameters described previously were used, with a
repetition rate of 20 Hz and pulse duration of 230 µs.

Figure 9.16 – a: Measured output power over temperature. b: Comparison of normalised output power of measured and modelled results.

Fig. 9.16a shows the drop in output power, as the temperature is increased. A
distinct trough is also present at 45 ◦ C. The drop in the output power is observed
in the region which is strongly locked by the absorber. The previous analysis has
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shown that the strong locking regions do cause an increase in the threshold value and
a reduction in the output power. The modelled data shown in Fig. 9.16b does predict
a slightly higher power than the actual measured value, with a normalised output
of 0.61, compared to 0.5 for the measured value. The normalised values do show a
similar variation over the temperature range, although the measured values appear to
roll-off quicker than the modelled results. A number of factors could be contributing
to this. The model only considers the a-axis absorption, the shift in the emitting polarisation prior to the 885 nm peak may cause the efficiency of the emitters to decrease.
The actual coupling of the feedback may also be different to those modelled due to
variations in the coating of the absorber. A variation in the doping density from the
modelled data to that of the actual crystal used could also cause the difference observed.
Using the output spectrum and output power from the locked LDA, we can
predict the absorbed power in the 5 mm thick zigzag slab described in chapter 1. The
absorption length was 3 cm, which is consistent with the slotted reflector performance
presented in chapter 8 section 8.2.2. Fig. 9.17 shows the absorption efficiency of the
actual emission wavelength of the emitter and the absorption efficiency of the modelled
centre wavelength calculated previously in Fig. 9.9. The normalised absorbed power
of a free-running emitter is also shown.

Figure 9.17 – Absorption efficiency of locked emitter calculated from experimental
results compared to the modelled results of a free-running emitter and a locked emitter
with the centre wavelength dependence presented in Fig. 9.9.
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The red line in Fig. 9.17 shows the absorption efficiency of a free-running emitter.
The green line shows the expected absorption performance had the diode performed
exactly as modelled in Fig. 9.9. The blue line shows the absorption efficiency calculated
for the measured spectral emission of the locked LDA, shown in Fig. 9.14. The results
show that the overall absorption efficiency does not dramatically improve as a result of
the locking. In the temperature range from 20-30 ◦ C, we actually observe a decrease in
the efficiency when compared to the unlocked emitters. The results also show there is a
significant difference between the modelled efficiency from expected centre wavelength
and the absorption efficiency of the actual centre wavelength.
An analysis of the difference in the measured and modelled absorption profiles
is first considered. Whilst the modelled and measured results presented previously
in Fig. 9.15 appeared to show good agreement, the small 1 nm offset does appear to
significantly affect the overall absorption efficiency. The predicted centre wavelength
and the actual spectrum measured are compared in Fig. 9.18, at 30 and 60 ◦ C. At
30 ◦ C, we can observe a maximum difference of 4 nm between the modelled and measured centre wavelengths. In Fig. 9.18, the threshold calculation suggests that the
spectrum should be sitting at 876 nm. Instead, we have two peaks at the absolute
minimum of the two absorption spectra for the a and c-axis. The behaviour suggests
the locking of the wavelength is actually too strong, resulting in any small profile in
the absorption spectrum locking the emission wavelength. The absorption profile of
Nd:YVO4 therefore appears to limit the emission wavelength to below 875 nm. By
changing the thickness of the Nd:YVO4 , the strength of the locking will reduce, and
the locked spectrum will shift to the right, improving the absorption efficiency.
The cause of the increased locking strength compared to the modelled values
could be due to a number of parameters. One of the main assumptions of the model
was the Lorentzian lineshape of the gain curve. If the profile has a broader gain
spectrum, the intra-cavity losses required to shift the centre wavelength will be much
smaller. Increased feedback could also increase the strength of the locking. The
spectral performance of the coatings on the absorber may be larger than specified,
increasing the locking strength. Whilst in this configuration, the locking does not
provide optimum performance, by reducing the locking strength, we should be able
to achieve the performance predicted in the model. As outlined earlier, the locking
strength can be reduced either by reducing the crystal length or decreasing the doping
density.
One of the main issues with the performance of the locked emitter was the change
in polarisation over temperature. Initially, we had aligned the laser bar to emit parallel
196

Figure 9.18 – a: Locked spectrum at 30 ◦ C compared to Nd:YVO4 absorption spectrum.
b: Locked spectrum at 68 ◦ C compared to Nd:YVO4 absorption spectrum.

to the c-axis. However, as we have shown, depending on the losses of each polarisation,
the spectrum will jump between the two. For the device to operate efficiently, we
ideally require one polarisation. From analyzing the results, the optimum performance
may be achieved by aligning the emission to the a-axis, rather than the c-axis. We can
see from Fig. 9.18a, at 20-30 ◦ C, the right-hand peak of the spectrum is better aligned
to the absorption band at 876 nm, rather than the left-hand peak. In Fig. 9.18b, the
spectrum at 68 ◦ C is shown. The a-axis absorption has two small peaks, with the
emission sitting in the trough between the two. The locking of the wavelength to
this peak is ideally aligned to the peak in the Nd:YAG spectrum at 891 nm. The
polarisation would still have to be locked to a given state.
Locking of the polarisation is typically achieved by introducing strain into the
wafer. The inclusion of materials such as InGaAsP introduces strain into the lattice
structure, which changes the shape of the energy curves for both the heavy and light
holes. This allows for operation on the TM polarisation. By locking the emission to
one polarisation, the performance of the locked emitter would improve. Threshold
analysis would still have to be performed on the stressed gain structure. Whilst
the change in the band structure allows for one polarisation to be favoured, it does
not forbid the transition from occurring. As a result, even with a lattice with induced strain, operation on the undesired polarisation could occur if the differential
in the round trip losses were large enough to overcome the transition selection strength.
The Nd:YVO4 locking material has shown the ability to modify the spectral properties of the emitter to better match the absorption peak of Nd:YAG. The centre
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wavelength of the emission was similar to the modelled data in the previous section.
The change in polarisation of the emitters did cause a difference between the modelled
and measured values. By adapting the model to include the TM gain curve and the
Nd:YVO4 a-axis absorption, the accuracy of the model would be improved. We also
observed good agreement with the measured and modelled output power of the locked
laser bar.

9.4

Further Development and Future Work

To improve the output power of the emitters over temperature, a change to the shape
of the gain curve could be made. The decrease in output power in the strongly locked
region will ultimately limit the performance. The cause of this is the absorber, forcing
operation at the edges of the gain spectrum, where the threshold is at its highest. The
modelled spectrum was 9 nm wide, which is typical of an SQW structure [133]. In this
region we are attempting to shift the spectrum by almost 9 nm from 877 nm to 885 nm.
As a result, the emission will be locked to the lowest gain points in the spectrum.
By moving from a SQW to a MQW, in a similar manner to that completed for the
VBG-locked array in chapter 7, the gain spectrum would be much wider, allowing the
emitter to tune across this region, without a large reduction in power.
For temperatures below 20 ◦ C, the calculated performance of the Nd:YVO4 locked
laser bar shows no improvement compared to free-running devices. To improve the
performance, future work will look to add a second material into the cavity, further
shifting the centre wavelength in the lower temperature region. The absorption peaks
of Nd:YLF appear ideally suited to locking the wavelength to the peaks of the Nd:YAG
absorption. Future work is intended to develop the possibility of a double microchip
configuration, using a highly doped Nd:YLF chip, combined with a Nd:YVO4 chip, to
greatly improve the overall locking range.

9.5

Conclusion

In this chapter we have introduced a new method of locking a laser-diode, by using an
active laser gain material. The material is chosen so that the peaks in the absorption
spectrum align with troughs in the chosen gain material used in the diode-pumped solidstate laser configuration. Here, pumping of Nd:YAG using a 0.5 mm thick Nd:YVO4
locking chip is considered, demonstrating the ability of an external configuration to
modify the output spectrum. We have also shown the external locking configuration
can allow for a change in the polarisation state of the laser due to the anisotropic
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material properties of the gain medium. To achieve full athermal performance, a
two-chip solution is presented as a possible solution.
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Chapter 10
Conclusions
As is the nature of the Engineering Doctorate, the work completed in this thesis covers
broad areas of different laser fields that were of interest to the industrial partner Selex.
The collection of work has been successful in developing a new class of high-energy
targeting lasers at Selex and investigating CW Nd:YVO4 lasers for countermeasure
applications.
In chapter 1, the requirements for the investigation of a visible source capable of
generating a series of wavelengths for countermeasure purposes is outlined, and the
development of a volume Bragg grating (VBG) as resonator components of solid-state
lasers is discussed. Chapter 1 also introduces the military targeting laser technology,
based on Q-switched Nd:YAG lasers.
In chapter 2, the theory of Bragg scattering is introduced and two different modelling methods are outlined to characterise the performance of a VBG. The chapter is
successful in setting the scene for both the performance of the VBG and the grating
parameters that affect this performance. The chapter is also successful in developing a
thermal model of a distorted VBG, allowing for the performance implications to be
highlighted.
In chapter 3, the development and construction of two end-pumped Nd:YVO4
solid-state lasers, utilising VBGs as cavity end-mirrors, is presented. The aim of
this chapter was to demonstrate the viability of a VBG cavity, at higher power than
has previously been demonstrated. Operating at centre wavelengths of 1064 nm and
1342 nm, output powers of 6.2 W and 3.8 W respectively were generated, each with an
M2 of ≤ 1.3. This performance is, to the best of our knowledge, the highest power
demonstrated in a low M2 neodymium-based laser, using VBGs as end-mirrors. This
chapter shows the ability of VBGs to function as end-mirrors in cavities of this type,
with limited degradation in performance. This result highlights the capability of VBGs
as drop-in replacements for HR mirrors. With the knowledge of the performance
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of the VBG cavities from this work, in the future, VBG cavities could be used for
countermeasure activities and also within industrial lasers. Work from this chapter
has been reported in the following publication [55]. Building on from this work, the
chapter discusses an optimised cavity design that would limit the power density on the
VBG, to allow for scaling to higher output powers. This is planned for future work.
Chapter 4 builds on from the work completed in chapter 2, by experimentally
demonstrating the thermal effects of VBGs. The aim of this chapter was to quantify
the performance of VBG, under high thermal loads. The construction of a thermally
limited VBG cavity is shown and the effects on the beam quality and reflectivity are
presented. The results of this chapter shows that the thermal effects within VBGs,
will ultimately limit performance for certain configurations. The knowledge gained
should, in the future, drive the cavity design to minimise these effects, using the model
presented in this chapter. As a result, the analysis completed in this chapter can be
repeated for future cavity designs, allowing for optimization of parameters such as the
cavity linewidth. The results of this chapter will therefore serve as input to the design
parameters for future investigations. The results also provided input into the work
completed in chapter 5. From the results of chapter 4, the requirement for the future
development of a fully coupled model of the VBG thermal effects and intra-cavity
intensity is clear. This would allow for the thermal-coupling of VBG reflectivity and
intra-cavity power, shown in this chapter, to be fully understood.
In Chapter 5, a 1342 nm Nd:YVO4 double-VBG laser is constructed to further
enhance the linewidth narrowing performance and enable operation on a single longitudinal mode. The application of spatial hole burning modelling to that of a double
VBG cavity is presented for the first time, allowing for the VBG tuning requirements
to be calculated. The double VBG laser cavity operated on a single longitudinal mode
up to an output power of 2.3 W. This represents higher power than has previously
been demonstrated by Hemmer et al. [95] using a Ti:Sapphire gain material. The
demonstration of a double VBG cavity shows not only the ability of this configuration
to operate in SLM, but the possibility of power scaling SLM linear cavities, to higher
powers than can be achieved by current technology. By further increasing the laser parameters and addressing the highlighted limitations of the VBGs spectral performance,
much higher powers than those demonstrated here, and in the literature, should be
possible.
In Chapter 6, the operation of a Q-switched Nd:YVO4 VBG laser with average
powers of up to 4 W at 1064 nm is presented. The improvements in second harmonic
conversion efficiency, obtained by using a linewidth-narrowed VBG cavity, is success201

fully shown. An increase of 20% in the overall second harmonic output power is
observed from the VBG cavity. This chapter highlights the significant improvements
that arise from a switch from traditional dielectric mirror, to the VBG cavity. With
limited degridation in the laser parameters, the chapter highlights the limited impact
the inclusion of a VBG would have on current laser designs. The chapter shows that
the simple change of replacing a HR mirror for a VBG, in a configuration that is used
in a number of commercial and scientific lasers, could have a significant impact on the
cost / performance ratio of the laser. The chapter also discusses the future possibility
of a multi-spectral IR source, that allows for high conversion efficiency into the visible
region. The potential for efficient second harmonic generation and sum frequency
generation is discussed, with reference to the dual-wavelength work completed after
this thesis and reported in [55].
A distinct shift in laser technology to those used in military targeting lasers for
mass production, is presented from chapter 7 onwards. The subsequent chapters
focus on the development of temperature-insensitive pumping configurations of zigzag
slabs, within a low repetition rate high-energy Q-switched Nd:YAG laser. The section
first presents the use of VBG-locked laser-diodes to achieve the required temperature insensitivity. The work was completed in collaboration with Lasertel, a major
laser-diode manufacturer. The design of a custom-chirped, multiple-quantum-well
gain structure within a single laser-diode emitter is presented, from work completed
by M. McElhinney. Whilst the work was successful in terms of its performance in
the scope of state-of-the-art technology, overall, it did not fully achieve its required
temperature range. As a result of the highlighted performance limitations, the work
did steer the development towards other methods such as those detailed in chapters 8
and 9. Further development of the gain structure and feedback may, in the future,
allow for this technology to meet the desired range. The ability to lock the wavelength
of a laser-diode over such a wide temperature range, as shown in this chapter, is
definitely useful not only to military products, but also within industrial applications,
for example in attaining rapid warm-up times, or to reduce the environmental impact
of cooling equipment. Future work, to further optimize the gain structure and VBG
feedback to extend the temperature to 120 ◦ C, is currently underway.
In Chapter 8, the design of a pump configuration for a new hand-held targeting
laser source is presented. A laser-diode pump configuration for a 5 mm zigzag slab laser
is presented that enables operation over a 120 ◦ C range. The improved temperature
range allows lasers such as the Type 163 laser, produced by Selex, to operate without
any form of active cooling. As a result of work completed in this chapter, the pump
head design is now included in two different production products at Selex and is the
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subject of a patent application [168]. At the time of writing, over 20 laser have been
produced using this technology. The outcome of this chapter has allowed Selex to
produce lasers that operate with increased energies and improved beam qualities over
a wide temperature range, compared to competitor products. The design changes,
compared to the conventional LDA, include a change in the bar construction, the bar
orientation, and the spectral output of the arrays, which is widened by including laser
bars with widely spaced centre wavelengths. The pump design increases the absorption
path length of the pump light from 1 cm to 3 cm, as a result of improved pump light
confinement. A pump design that provides multiple bounces of the pump light is
experimentally shown, and testing of the LDA design within a military laser product
has now demonstrated operation at the required 60 mJ output energy over the environmental temperature range of -40 ◦ C to + 60 ◦ C. Future work to further improve the
pump light confinement and reduce the cost of the LDAs is currently underway at Selex.
Chapter 9 presents a new technology for temperature insensitive pumping of
Nd:YAG. This original device is an alternative to the VBG-locking presented in
chapter 7, developed specifically for pumping at Nd:YAG at 885 nm. Due to the
fortuitous overlaps of the two absorption spectra, an Nd:YVO4 absorber chip is used
to lock the wavelength of an emitting bar into the peaks of the absorption spectrum of
Nd:YAG. The ability of the configuration to lock the wavelength into multiple peaks
over a 45 ◦ C temperature range is shown. The locking range of the external absorber
cavity is modelled and optimisation of the locking material used is presented. The
use of this technology could provide an improved temperature performance over the
configurations presented whilst also allowing for pumping in the narrow band 885 nm
pump region. Optimisation of the absorber structure and testing other absorber
materials to increase the operational temperature range are planned for future work.
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Appendices
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.1

Interferogram Measurement Technique

A method for measuring the linewidth of a source using a solid etalon has previously
been demonstrated by Lavi et al. . The setup was developed to allow for linewidth
measurements from a single shot source to be made. Fig. A1 shows the typical
measurement technique, utilising a CCD camera.

Figure A1 – Experimental setup of linewidth measurement test.

The setup uses the transmission through Fabry-Perot etalon to produce a series
of rings. The transmission through the etalon will produce peaks in intensity, with a
spacing of

e

where
∆Le =

c
2ne Le

(1)

Where Le is the etalon length and ne is the refractive index of the etalon. In order
for the measurement to be accurate, we must know both the length and refractive
index of the etalon extremely accurately. Any small errors in these values will lead
to an erroneous measurement and limited accuracy. For the experiments used in this
thesis, a solid etalon, with a width of 10 mm and a flatness of λ/10 was used. The
spacing between subsequent sets of rings is also called the free spectral range (FSR).

e

is therefore equal to the FSR. By analysing the intensity profile from the CCD camera,
the relative spacing of the fringes can be calibrated to the known values of the etalon.
The intensity profile of a Helium-Neon laser (HeNe), which has a doppler-broadened
gain bandwidth of 1.6 GHz was measured in the configuration shown in Fig. A1, using
a 250 mm focusing lens used to image onto a silicon ccd camera. The laser was a
Melles-Griot Helium-Neon 25LH-691, with a mode spacing of 822 MHz. The intensity
profile is shown in Fig. A2.
To determine the linewidth from the intensity profile in Fig. A2, the following
equation can be used
∆ν(cm−1 ) =

∆r1 R1
ne Le (R2 2 − R1 2 )
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(2)

Figure A2 – Intensity profile of HeNe laser using interferogram configuration.

Using equation (2) the linewidth of the HeNe was calculated to be 1590 MHz, similar to
the expected value. The mode spacing can also be calculated from the same equation
by defining 1 as the mode spacing. The mode spacing was calculated to be 900 MHz,
close to the 822 MHz quoted for the device.
The finesse of the etalon will inevitably limit the resolution of the measurement.
The finesse of the etalon is determined by the equation
√
π R
F =
1−R

(3)

The minimum width of the fringe with a given finesse F is
δλ =

∆λ
F

(4)

The reflectivity of the etalon was 60% at 1342 nm, giving a finesse 6. At 1064 nm,
the reflectivity was 90%, giving a finese of 29. The etalon was made from fused
silica, the refractive index of which is 1.44614 at 1342 nm. The FSR of the etalon
at this wavelength is 10 GHz or 60 pm. The minimum FWHM from the etalon is
therefore 1 GHz or 10 pm. Consquently, we must have a mode spacing larger than
the minimum resolvable FWHM, otherwise, the mode structure will not be seen. The
overall linewidth can still be caluculated, provided it is larger than the minimum
FWHM.
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