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Abstract

The phenomenon of stimulated Raman scattering is one of the ways of accessing
a laser emission spectrum. This thesis focuses on converting a 1um laser to the so
called eye-safe 1.5um wavelength useful in e.g. LIDAR applications. The novelty of
this approach is that compared to ion based lasers e.g. Er:fiber, Raman lasers are
mostly limited by the pump power, not by the thermal roll off, especially when using
materials such as diamond with extremely high thermal conductivity. This is subjected
to the absorption in the Raman crystal and other effects described more in detail in
the introduction.

The work presents firstly a design of a proof of concept, low power and repetition
rate pump source at 1um based on Nd:YAG and a an external cavity Raman diamond
laser. This laser was investigated to find the optimum operating conditions such as
pump intensity, output coupling transmission and a laser cavity mode size.

These findings were then applied in high average power Diamond Raman laser.
These experiments used an Yb based fiber master oscillator, power amplifier which
acted as a pump source. These experiments concluded with obtaining over 10W of
average power at 150k H z of laser emission above 1.5um wavelength. This method of
generating eye-safe wavelengths is a promising way to high power and repetition rate
emission.

A novel approach of generating high average power especially with a narrow linewidth
emission is also presented by using a Raman cavity in an amplifier configuration. A
first diamond based, second Stokes Raman amplifier operating at eye-safe wavelengths

regime is presented in Chapter 5.
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Chapter 1

Introduction

1.1 Motivation

The motivation for this project is to (i) find a way to efficiently generate high power
laser emission at eye-safe wavelengths (> 1.5um) for LIDAR and range finding appli-
cations (ii) investigate the performance of the optical grade diamonds produced by
Element 6 in the high power laser applications using the effect of stimulated Raman
scattering. These two research goals were realized by design and development of a
high power laser source working at eye-safe wavelength using diamond as a wavelength
converter.

Diamond is a focus of this thesis due to its numerous advantages as well as novelty.
It has a transparency ranging from 220nm (due to the energy bandgap of 5.5eV[1])
to 2.5um where the multiple phonon absorption band starts to arise[2, 3]. This makes
diamond suitable for the use as a Raman crystal in the 1.5um wavelength region. The
advantages of using diamond are described in more detail in Section 1.3.1. The dia-
mond samples used in this thesis were high quality chemical vapour deposition (CVD)
process|[4-7] crystals and their specifications are described in Section 3.4.

This work presents a step towards the required laser source for the scanning LIDAR.
The ultimate goals for the laser to be developed are as set out by [8]: 1.5—1.6um wave-
length, T'E' Mgy beam quality, 1.5M H z repetition rate, 100uJ pulse energy with 1—2ns

duration, 150W average power.



Chapter 1. Introduction

1.2 LIDAR systems

To motivate the requirements and characteristics of the laser source, a brief overview
of LIDAR applications is provided. Light Detection and Ranging (LIDAR) is used for
remote sensing applications. Some of the examples of using LIDAR are described in
[9-11], where LIDAR was used for optimization of the wind turbines efficiency and
wind surveying as a tool for effective wind farm placement. Other applications include
environmental measurements [12], ranging, obstacle analysis and 3D mapping[13, 14].
Examples of lasers commonly used for LIDAR are given in Table 1.1 adapted from
[15]. Tt is readily visible that the average powers of these lasers in the eye-safe range
(above 1.5um|[16, 17]) are in the regime of a few watts. The table shows also available
LIDAR sources at other wavelengths than eye-safe, which imposes a limit of maximum
permissible exposure according to the standard described in [16, 17]. If a LIDAR appli-
cation requires a high power laser source, using eye-safe wavelength relaxes the power
limitations which are provided for reference in Section 1.2.2. Depending on the appli-
cation, a different type of LIDAR might be desired with a laser source having different
characteristics and these will be described now. Then considerations on a choice of the

wavelength and power will be discussed.

Repetition Pulse Average
Technology Wavelength | Energy frequency duration power
Pulsed 905nm <10pJ | several kHz | 30-200 ns | ~ 10mW
laser diode
Er fiber laser 1550nm < 400puJ | several 10 kHz | 5-100 ns ~4W
Yb fiber laser 1064nm < 200pdJ | several 10 kHz | 5-100 ns ~2W
DPSS 1064, 60, N
Nd:YAG | 532,355 nm | 30,10 mg | 100 Hz | 5-10ms oA~ SW

Table 1.1: Overview of the laser sources used for the LIDAR systems[15].

The main types of LIDAR include scanning, Doppler and flash schemes. Scanning
LIDAR uses a pulsed laser beam which is steered over a desired area by two rotating
angled mirrors[15, 18]. This laser beam then scatters off particles in the air or other
reflective objects. The distance to such an object can be estimated by measuring the

time dt it takes for the back scattered light to arrive back at the LIDAR’s detector.
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c X 0t

This distance d equals d = , where c is a speed of light and a factor of 2 indi-

cates a roundtrip of the pulse. The distance resolution is then determined by the pulse
cx At

2
resolution is 1.5m. The distance resolution depends on the pulse width [19, 20] and in

duration At of the laser source Ad =

. E.g. for a pulse of 10ns, the distance

the extreme case where the roundtrip time is much shorter than the laser pulse width,
value of At can not be resolved.

In determining the distance a signal processing is used to determine the time be-
tween LIDAR output and received pulses. Research shown in [21] shows estimation
of accuracy and precision in ranging of a LIDAR system using different algorithms for
fitting the outgoing and return pulses. The pulse discriminators were leading edge,
maximum of the peak, center of gravity, inflection and constant fraction. The group
found that the precision in determining the distance was below 2cm for all of the meth-
ods below a distance of 20m, but increased to about 15¢m for the constant fraction and
to about 5e¢m for all other methods at 45m distance (maximum of the peak was best
objectively). The accuracy was the worst for the leading edge discriminator increasing
from 0.4m at 10m distance to 1.5m accuracy at 45m distance. Other discriminators
were found to be equal in accuracy.

Doppler LIDAR additionally to the position, uses a frequency shift that the laser
light experiences when back scattered off of moving objects (Doppler shift)[22]. This
shift depends on the speed of the object and sources that use this technique have specific
requirements on their linewidth since the speed resolution depends on how narrow the
linewidth of the laser is. Therefore, the speed of an object is v = %[23], where Af is
the Doppler frequency shift of the returning laser light and A is its center wavelength.

Flash LIDAR uses a single high energy pulse illumination (which can consist be
multiple beams|24]) over an area of interest and detects the scattered light using an
array of detectors[25]. The detected signal is time gated to give a depth resolution.

The previously mentioned application of a LIDAR for wind surveying shows a com-
mon feature of working environment for these systems which is in the open space where
the laser light has a chance to scan over a person’s eyes. Figure 1.1 shows a graph

adapted from American National Standard for safety of lasers [17], where the maxi-
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mum permissible exposure at 1.5um emission is five orders of magnitude higher than
for the sources at 1um mentioned in Table 1.1. This makes the eye-safe wavelength a
choice for LIDAR laser source since the higher the average power and pulse energy, the
better the signal-to-noise ratio of the given measurements [18, 26] and high repetition

rate (which increases the average power) increases the LIDAR scanning rate[19, 20].

10°

scanning beam

wd T stationary beam H

10°

10"

10

10

Maximum eye-safe energy

beam diameter: 47 mm
pulse duration: 6 ns
PRF: 50 Hz

0.1 1 10
wavelength (um)

Figure 1.1: Maximum permissible exposure versus laser wavelength[17].

The requirements for the laser sources for LIDAR based on a technology overview
research[8] are therefore: operating at so called eye-safe wavelength (> 1.5um) since
it allows using the order of magnitude higher powers compared to non eye-safe wave-
lengths [16]; high repetition rate and high average power - M Hz regime and above
100W allowing for high signal to noise ratio and fast scanning rates with ns level pulse
durations for acceptable distance resolution; very high beam quality for non diverging
beam improving the signal-to-noise ratio and the maximum distance the LIDAR can
operate. This beam quality is usually measured by an M? parameter which is described

in detail in the next section.
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1.2.1 Beam quality

Part of the laser characterization was measuring of the beam quality parameter M?
which determines the ratio between the divergence of the measured beam when com-
pared to the ideal Gaussian beam. There are two main reasons why this is important.
Beam quality parameter determines how divergent the beam is and influences effective
range of the LIDAR source by decreasing the amount of the scattered light from parti-
cles that are at large distances. Moreover, the back reflected power would be reduced
since only a part of the beam area would be scattered. In terms of the pump for the
Raman laser, its beam divergence determines the confocal parameter (twice Rayleigh
range) to Raman crystal length ratio which in turn influences the Raman conversion
efficiency[27].

As mentioned before, diamond Raman lasers are also considered to clean the pump-
ing beam in terms of the quality. It can be seen in [28, 29] it is possible to pump a
Diamond Raman laser (DRL) with a relatively high M? factor (up to M? = 7) which
results in a Raman emission with an M? = 1.1.

To find the M? parameter of a laser Gaussian beam, we can use a fact that its

radius w changes along the propagation distance z following the Equation 1.1 [30-32]

M2)\z>2 1)

w(z) = wy 1+< .

TWq

where \ is a wavelength of a beam, wy is a beam radius at a focus and w(z) is a
beam radius after propagation over a distance z and M? parameter is a beam quality
parameter. Figure 1.2 shows a simulation of the beam diameters versus propagation
distance for M? = 1 and M? = 1.5 for the same wg. It can be seen that the M?
parameter affects the divergence of the beam. The range over which the beam is

considered approximately collimated is called a Rayleigh range zr and follows Equation

2
_ Twy

ZR — 2N

The procedure of the M? measurement used here follows one described in[30] and is
based on IS0 standard EN IS0 11 146: (i) beam diameters d (d = 4o, four times standard

deviation of the measured beam profile) are measured around the focal position (within
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Figure 1.2: A simulation of a beam propagation with a different M? parameter.

a Rayleigh range) as well as in the far field (multiple Rayleigh ranges away). The
measured beam diameters create a caustic which can be fitted with the Equation 1.2

[30]:

d(z) = VA+Bxz+C x 22 (1.2)

where A, B and C are fitting parameters. (ii) the M2 parameter can then be calculated

2= T/ B
M_4>\ AxC 1 (1.3)

In the next section, considerations regarding a laser source emitting at an eye-safe

following Equation 1.3 [30]:

wavelength at high powers are presented. The aim of these is to briefly introduce a

motivation behind choosing a diamond as a laser material.

1.2.2 Wavelength considerations

The ”eye-safe” wavelength terminology comes from the fact that that laser light at
certain wavelengths is absorbed by the interocular fluid before reaching the retina of

the eye where it can cause permanent damage and scarring[33]. Maximum permissible
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exposure to the eye in terms of intensity is an order of magnitude higher for wave-
lengths between 1.5 — 1.8um than at 1.4 —1.5um and 1.8 — 2.6m[16] which establishes
a window of operation for the high power sources operating in the open field. It must
be mentioned that the standard [16] specifies exposure time as well as intensity and as
noted in [34], eye-safe lasers should correctly be called retina-safe lasers and even at
”eye-safe” wavelengths, long exposure or high enough energy could cause damage.
Reaching eye-safe wavelength is possible with various technologies e.g. Yb:Er [35]
and Er doped [36] fibres, optical parameteric oscillators (OPOs) [37] and through non-
linear wavelength conversion such as Raman conversion [38]. The laser sources in first
two require an optical medium with a gain at 1.5um wavelength (through the pop-
ulation inversion) while the nonlinear conversion uses x? and y® nonlinear optical
susceptibilities allowing to convert pump laser light into another wavelength[39]. The
focus of this thesis is using diamond, which does not have a population inversion,
but has a y®) nonlinearity and the wavelength conversion process through the Raman

scattering process will be covered in more detail in Section 1.3.1.

1.2.3 High power considerations

High power LIDAR requirement (e.g. through high repetition rate) also has its
implications on the choice of the laser source design. The quantum defect[40] - difference
between the pump and laser emission wavelengths - causes heat deposition in the laser
gain medium. For example, a quantum defect in a typical laser system - diode pumped
Nd:YAG - has at least 25% of the pump power transferred into heat[41]. This amount of
heat at high powers can introduce many sources of degradation of the laser performance
or even damage. Non-uniform heating of the material can cause a so called thermal
lens which is usually a contribution of material bulging through non-uniform expansion
and a change of refractive index with temperature 3—;[42, 43]. Therefore a material of
a high heat conductivity is desired for the high power applications, allowing for efficient
heat extraction out of the laser gain medium.

Now briefly the 3—; effect is described. The pump of a solid state laser has usually

a spatial Gaussian profile and as such, the dn is larger in the center of the beam due
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to its intensity distribution. This non uniform refractive index distribution over the
transverse profile of the laser mode can lead to creating an unwanted thermal lens[44]
in the laser cavity. The thermal lens can change the laser mode sizes and make the
laser behave in an undesirable way. The thermal lens strength is inversely proportional
to the thermal conductivity of the material[45-48] making an argument for the high
conductivity tied to the laser performance. In [47], thermal conductivity of multiple
undoped laser crystals is compared; a YAG crystal being the highest 7, = 11Wm 'K !
and phosphate glass closing the list with 7. = 0.8Wm 'K ~!. A single crystal high
purity diamond’s thermal conductivity was measured to be T, = 2400Wm 1K1 [2, 49]
which is two orders of magnitude higher than in a YAG crystal. This fact makes
diamond unrivaled in terms of thermal lens handling but also thermal management in
high power laser applications. A case study of the impact of the thermal lensing on the
cavity stability is presented in Section 2.4.

In the standard laser geometry and laser crystals, a thermal lens is mostly prominent
in solid state lasers, Raman lasers and OPOs and therefore making it difficult to reach
high average powers. A solution to this commonly is to use optical fibers as a gain
medium in which the thermal lensing is negligible because of the waveguiding effect [50].
The damage in fiber lasers is not then caused by thermal effects, but other mechanisms.
When producing high peak powers, because of long interaction lengths of the pump
light with the fiber and small core areas, effects such as stimulated Brillouin scattering,
self-phase modulation etc. can cause e.g. substantial amount of back-scattered light
[51], spectral broadening, four-wave mixing [52], unwanted pump energy transfer to
the Brillouin scattered fields, nonlinear polarization rotation [53], self-focusing [54]. In
general the choice of technology for high power laser source at the eye-safe wavelength is
a mixture of available pump power achieved at a certain wavelength e.g. in the Raman
laser output wavelength depends on the pump wavelength, pulse duration, repetition

rate, beam quality as well as available expertise.
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1.2.4 LIDAR laser source

To summarize the two previous sections, the ideal material for the LIDAR laser
source would then be a technology allowing generation of wavelength at above 1.5um
at high average powers and repetition rates. The material should have therefore a very
high thermal conductivity to withstand high thermal load.

Diamond is a very promising laser material due to its thermal conductivity, but it
can not be doped to create a gain at 1.5um through the population inversion mecha-
nism. Unfortunately the reasons for the diamond having high transparency over a large
range of wavelengths and high heat conductivity (crystal structure and strong bonds
between carbon atoms) make it unsuitable for doping like in other standard inversion
based laser crystals. Doping diamond with common elements like Nd or Yb is not cur-
rently possible due to the density of the diamond’s lattice structure[55, 56]. Dopants
useful in conventional solid state lasers deform the diamond’s lattice, compromising its
advantages[57]. On the other hand, as mentioned, another method is to use diamond
x®) nonlinearity for wavelength Raman conversion and Section 1.3 will explain how

this nonlinearity can be used in a context of a Raman laser.

1.3 Diamond in Raman lasers

This section starts with the explanation of the Raman scattering process and how
it can be used for eye-safe wavelength generation in a Raman laser. This is followed by
the requirements for the various characteristics of the Raman laser pump source. At
the end a role of fiber lasers is shown in a context of eye-safe wavelength generation

and Raman scattering based lasers.

1.3.1 Raman scattering

Raman scattering was first observed in 1928 in liquids by C.V. Raman [58] in
an experiment where the light coming from the sun was focused onto a scattering
liquid. Figure 1.3 shows two chosen types of scattering. Rayleigh scattering is observed

when the scattered light has the same energy as the light coming into the scattering
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Scattered photon E = w; —w;(Raman)

| t photon E — Lattice vibrations
P pheton b = @ E=w Scattered photon E = w; (Rayleigh)
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/

Scattered photon E = w; +w;(Raman)

Figure 1.3: Raman scattering in crystals. Energy E of the given photon is represented
as w.

medium (E = hw;). Raman scattering occurs when incoming photon loses (or gains)
the energy by interacting with the crystal lattice vibrations wy and results in the
emission of the photon of an energy E = h(w; £ wr,)[59]. Not all materials can be used
as Raman generators - these are crystals that exhibit an inversion symmetry of the
lattice[39] and are said to be Raman active. The scattered photons with higher energy
(E = h(w; +wr)) are called anti-Stokes and the lower energy photons (E = h(w; —wp))
Stokes components. After the transformation, the output Stokes shifted wavelength

can be expressed with Equation 1.4 [39]:

1
Ae[nm] = o worfem ] (1.4)

Ai[nm] 107

where A, and \; are Raman shifted emission wavelength and pump incident wavelength
respectively.

In the context of lasers, a useful energy diagram is presented in Figure 1.4. The
excitation represents here an incoming photon energy of a pump, which creates a vir-
tual energy level. This is not an electronic level and no electronic absorption of the
pump photon is present in this case. The scattered photon emission is then determined
by the available phonon ¢ energy which is characteristic to the Raman gain medium.
Such emitted photons have random direction and phase and are called spontaneous

Raman scattering [39, 60]. Now these photons can stimulate the process and in turn
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create stimulated Raman scattering with the emitted photons of the same phase and
direction. Moreover, the phonons or lattice vibrations contribute to the generation of
the heat in the laser crystal. It can be then said, that in Raman lasers, the heat in a
defect free, transparent medium is not generated by the absorption of the input light

but by generation of phonons in the scattering process.

Virtual energy level

A

A ;
c (@) (@)
(@) c X C
S " = S <
+ v LB
AREEVEE
= U
LL n n < n
>q <9

Ground energy level

Figure 1.4: Raman laser energy diagram. ¢ - phonon.

Some of the main characteristics of the Raman lasers, expertly pointed out in [57],
are e.g. (i) there is no energy storage in the Raman laser cavity, (ii) a vast range of emis-
sion wavelengths are possible, limited only by the pump wavelength and losses of the
Raman active material, (iii) the Raman process exhibits a ”beam clean up”[28, 61, 62]
making it possible to use a relatively poor quality pump beam which usually is a charac-
teristic for very high power lasers and achieve high quality output beam from a Raman
laser.

Different Raman active materials are characterized in [63, 64], and it was found
that diamond has the highest Raman gain g5, with barium nitrate Ba(NOs3)s having
the second highest gain of only 60% of the diamond. The higher the Raman gain the
lower the threshold for the Raman laser oscillation[65]. A comparison of the phonon
energies in Raman active crystals was presented in [63]. The phonon energy dictates

the difference between the incoming and scattered photons (F = h(w; + wr)). Di-
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amond’s phonon energy is Qr = 1332.9cm ™! with the second highest CaCO3 with
QR = 1086.4cm™! (although with the Raman gain 100:6 compared to diamond) and
the most commonly commercially available crystal being KGW with highest phonon

energy of Qr = 90lem™!.

These phonon energies have very important implications
on the design of the eye-safe wavelength laser. The next paragraph is aimed to put
the choice of diamond as a Raman gain medium in a context of available Raman laser
pump source and other Raman active crystals.

The approach used in this project was to make use of the Yb fibre source at 1um
in tandem with Raman scattering in diamond to shift it to the eye-safe wavelengths.
Doing so combines access to the high average powers and repetition rates provided
by the fibre sources and and then utilizes the high Raman gain in diamond to access
eye-safe wavelengths. It has to be noted that most of the Yb-based sources mentioned
here operate on 1.06um wavelength - this wavelength is not long enough to reach the
required 1.5um with a second order Stokes shift. The minimum operating wavelength
should be about 1.072um assuming a Raman shift in diamond to be 1332cm~!. This
underlines the argument why the diamond is the enabling technology. The Yb fiber
amplification bandwidth reaches about 1.154m[66] which for a second order Stokes
shift with a KGW crystal results in a 1.45um emission wavelength. Figure 1.5 shows
an output wavelength out of a second order Stokes Raman laser pumped by an Yb
doped fibre laser working at 1.08um depending on a Raman active material used for
the wavelength conversion. It can be seen that only diamond allows for generation of
wavelengths above the 1.5um whereas using a KGW or BaWQ, crystal would require

using longer wavelength pump.

1.3.2 Linewidth and wavelength

This section aims to present how the linewidth and a center wavelength of a pump
for a Raman laser impacts its Raman gain coefficient. The latter determines e.g. Raman
laser efficiency as well as threshold since the intensity of the generated Raman scattered
signal I, increases as I = Ise9*I» when pumping with the intensity I, [67], where g; is

c

m
a Raman gain coefficient usually in units of aw’
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Figure 1.5: Wavelengths reached by a second order Raman conversion in different
crystals when pumped by 1.08um laser.

Raman scattering is generated by interaction of pump photons with crystal’s lattice
phonons which have a finite dephasing time (7%) which determines the Raman gain
1

linewidth Avy, = —
15

to a linewidth of FWHM = 143GHz or FWHM = 1.5cm~![71]. The Raman gain

[57, 68, 69]. For a synthetic diamond T» = 7ps[70] which translates

linewidth in diamond was measured by various groups to be around 0.2nm (or 2cm™1!)
at wavelength of A = 1um [3, 71-73|. The threshold of a Raman laser is then dependent
on the pump linewidth as presented in Equation 1.5 [74]:

th(®)

]

= (1 + AVpump/ AVRaman) 1™ (1.5)

i

where Ifh(b) and Ifh(m) are threshold intensities for a broadband and monochromatic

Av
— PP 5 a ratio between pump and Raman gain linewidth. Therefore,
AVRULman

narrowing the pump linewidth reduces the Raman threshold. Efficient Raman lasers

pumps and

Av,
require a narrow linewidth pump source as the efficiency falls off for —2"2- > 1[74].
VRaman

In [75] it was shown, that narrowing the pump laser linewidth from 5em=! to 2cm ™!

increases the Raman gain in diamond by 8%.

The Raman gain coefficient is pump wavelength dependent following Equation1.6[67]:

2 2
4
g =N <8a> T Pestokes (1.6)

9q ) mningtokesc>mhwr Ty
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Where N is the number density of scatterers, g—‘; is a polarizibility term [76], n; and

Nstokes are refractive indices at pump and Stokes emission wavelengths, wsiokes 1S a
Stokes emission energy, wy, is the phonon energy, m is a reduced mass of the scatterer
and c is a speed of light. For a constant wy (material dependent), the Stokes energy
is expressed as hwgstokes = A(Wpump = wr,) and therefore the Raman gain scales up with
pump photon energy (inversely with pump wavelength). This was shown experimentally
i.e. in [75] where the gain at \; = 1.064um was g; = 17% Versus ¢s = 78% at
0.355pum.

Another interesting consideration for optical cavities that are resonant both at
Raman and pump wavelengths (Raman gain medium inside of the pumping laser cavity)
is that the pump laser linewidth undergoes spectral broadening[77]. It is a result of the
increase loss at a pump wavelength through the Raman generation process and making
it possible for other longitudinal pump modes to oscillate around the main pump mode
and therefore broadening the spectrum. For the external cavity Raman lasers, where
the pump is not resonant, this broadening of the pump is not observed but considering

a cascaded Raman effect, it is a point of discussion[78] if the lower order Stokes field

can be treated as a spectrally broadened pump.

1.3.3 Polarization considerations

This section shows the how the Raman gain coefficient and output polarization

depend on the pump input polarization following the Equation 1.7 [79-81] :

gs < (es R - ep) (1.7)

,where the Raman gain coefficient g, for the Stokes polarization indicated as a unit
vector eg is proportional to the pump beam polarization unit vector ep, its direction
of propagation and the Raman tensor R;. Since the R; is a tensor, the Raman gain
is dependent on the directions of pump and Raman field vectors. Therefore, rotating

the pump beam polarization will have an effect on the gain coefficient and in the
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Raman laser, the Stokes polarization that will oscillate is the one with the highest gain
coefficient. It has to be added, that the Equation 1.7 determines Raman gain coefficient
in a position of the optical medium where the Raman scattering took place but does
not involve the impact of the propagation of the laser modes in a birefringent optical
medium - for reference this discussion is presented in [80]. The Raman gain in the

Raman crystal then is given by [82]:

_ 2gs arctan(§)
G = A (1.8)

, where g, is a Raman gain coefficient, 1 is a quantum defect, A and £ are parameters
involving beam confocal parameters (double the Rayleigh range) of the pump and
Stokes beams and crystal length.

The maximum Raman gain in a diamond based Raman laser was observed when the
polarization of the pump was aligned with the < 111 > direction of the crystal [81, 83]
which corresponds to a direction of the bonds between carbons in diamond[84]. The
ratio of the Raman gain in a diamond Raman laser between using a pump polarized
along < 111 > and < 110 > crystallographic directions was found to be 1.33 : 1[83].

In [79] a case of using unpolarized pumping for a first order Stokes diamond Raman
laser is discussed. The pump was propagating along the < 110 > crystallographic
direction and its polarization was rotated w.r.t. the optical axis between < 110 >
and < 100 > diamond directions (noted as h and v directions respectively) with a
half-wave plate. It was shown that either unpolarized or polarized pump results in a
polarized Raman emission. The slope efficiency of about ~ 85% was achieved for the v
polarization and ~ 81% for the h polarization with the maximum conversion efficiency
of about 36%. The unpolarized pumping resulted in a slope efficiency of 81% the
same as in a case of h polarization. The threshold for the unpolarized and h polarized
pumping was increased by 22% when compared to the v polarized pumping. This is an
important consideration for experiments presented in Chapter 4, where an unpolarized
pumping was available. This review shows that the unpolarized pumping is possible

and it has implication in the design of the pumping source.
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1.4 Eye-safe laser sources overview

Section 1.2.4 mentioned that a laser at an eye-safe wavelength can be realized by
using (i) a conventional laser material with a gain at 1.5um or using (ii) nonlinear
processes for wavelength conversion to 1.5um e.g. in the Raman active crystal pumped
by high peak power laser sources or optical parametric oscillators (OPOs). This section
will briefly present an overview of both approaches. Firstly the overview of the state
of the art of the conventional 1.5um lasers is presented followed by a brief overview
of the pump sources for the nonlinear conversion approach and finally an overview of

reported Raman lasers.

1.4.1 Eye-safe wavelength lasers

Several groups reported on high power eye-safe wavelengths generation with the
Er:Yb codoped fibre lasers e.g. 1.5um 188W average power with M2 = 1.9[35] source
where the linewidth was about 1nm. Another example was a recent Er doped Yb free
fibre laser at 1601nm with 656W output power and M2 = 10[36]. A master oscillator
power amplifier (MOPA) was presented in [85] achieving 8W at 1.6um with a 25M H z
linewidth in all polarization maintaining (PM) fiber. These sources, although achiev-
ing impressive average powers with high beam qualities and in the latter case with
extremely narrow linewidths are not meeting the requirements of LIDAR of working in
a pulsed regime.

In pulsed mode, 1mJ, 1.5W average power, 6.6kW peak power at 1.5k H z and 88ns
pulse length at 1535nm with beam quality of about M2 = 5[86] was achieved, power
limitation was due to ASE (amplified spontaneous emission) in the fiber. Another
pulsed source was presented in [87] with a use of large core diameter Er doped fibre in
an amplifier configuration generating 1.1ns pulses, 10k H z repetition rate with 1.4mJ
energy, 1.2MW peak power and 14W of average power at 1567nm with an M2 = 8.5.
A pulsed source making use of an optical parametric oscillator (OPO) was presented
emitting at 1534nm with a 5.3W output power, 3.71ns pulse lengths and 6kH z pulse

repetition[88]. These sources although working in pulsed regime, are working at moder-
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ate repetition rates and although the average power reaches over 10W, there is a clear
trade off with beam quality.

A high repetition rate laser was presented in [89] in an Er Yb codoped fiber laser
system using chirped pulse amplification with 156 M H z repetition rate with ultrafast
450 fs pulse durations and 10W average power. This source had an excellent beam
quality of M2 = 1 and could potentially be applicable to scanning LIDAR applications
although this system emitted at a low pulse energy (= p.J) not suitable for flash LIDAR
systems, also because of the ultrashort pulse duration, the broad spectrum (> 10nm)
would prevent it to be used effectively in Doppler LIDAR configuration. Also it has
to be added that the rest of the LIDAR system e.g. electronics etc. have to also be
fast enough for such scanning rate. A passively Q-switched Er-doped fiber laser was
presented in [90] with a multi wavelength emission around 1.5um with 10 to 61k H z rep-
etition rates and maximum of 27mW output average power which again is not suitable
for LIDAR applications due to the low power. A high repetition Er fiber doped Master
Oscillator Power Amplifier (MOPA - where a chain of amplifiers is seeded by a stable
and narrow linewidth laser) system shown in [91] with a 1.5pm emission, narrow 0.2pm
linewidth, 3.4kW peak power emitted with 2.3W of average power presents in turn a
trade-off between narrow linewidth advantageous for Doppler LIDAR, but low average
power. The newest publication (at the time of writing) was presented in [92] where an
Er Yh:glass waveguide laser was used to produce 1.55um emission with 3.2mJ output
energy, 4k H z repetition rate and 12.8W average power with a pulse duration of about
0.6us and the waveguide amplifier was seeded by a narrow linewidth source < 100H z.
This source although having high pulse energy and extremely narrow linewidth, has
a very long pulse duration which is a drawback for a distance resolution in scanning
LIDAR systems and is aimed at Doppler LIDAR technology.

It can be seen, that there is a trade-off between high power, beam quality and
linewidth in the available eye-safe wavelength laser sources. The causes for these limita-
tions are only briefly mentioned here as it is far beyond the scope of this work. As men-
tioned in [66], the performance of the Er doped fiber lasers is limited by processes such

as upconversion through excited state pump absorption or ion pair quenching[93, 94]
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which was found not to affect the gain in Yb based fibers even for high concentrations.
Also as mentioned before, other issues such as stimulated Brillouin scattering etc. arises
in high peak intensity narrow linewidth fiber lasers due to the long interaction length of
the gain medium and the laser field[50]. Overall, the Yb based lasers have wide range
of parameters such as repetition rate of output pulses, average powers, pulse energies

although with large limitations at the eye-safe LIDAR required wavelengths.

1.4.2 Eye-safe optical parametric oscillators

One of the methods of wavelength conversion is a use of the OPO - by a use of the
nonlinear crystal such as BBO, LBO or LiNbOg, a wave of an energy E; generates two
other waves of energies E5 = E; + E»[40]. It has to be added, that the authors of the
works presented in this Section usually mention the choice of the OPO above the Raman
systems especially for the high energy sources due to the handling problems of the high
pressure gas cells used in Raman sources. This further increases the importance of the
development of the solid state Raman source at the eye-safe wavelengths.

Work presented in [95] shows a comparison of two eye-safe laser sources - one at
1.54pm which was a Stokes shifted 1.06um Nd:YAG laser using a gas Raman cell and
1.57um using a KTP OPO and the same pump source. In this work, the highest
output energy reached at 100m.J pump was about 25m.J and 21ns pulse duration with
the KTP and 27mJ and 14n with the Raman gas cell. The repetition rate was limited
to about 100H z.

The other work including OPOs in [37] where a Q-switched Nd:YVOy4 laser pumped
a KTA crystal achieving 1.1W of average power at 30kH z and 2.5ns pulse duration at
1.53um. In [96] a LIDAR system was presented at 1.55um with a high 125m.J output
energy and 30% conversion efficiency although about 20m.J was calculated to be in
the other wavelengths that had to be filtered. The beam quality of this source was
very good about M? = 1.3. Another relatively high energy - 8.1m.J source at 1.57um
presented in [97] was an intracavity Q-switched Nd:YAG with a KTP nonlinear crystal
producing 5.9ns pulses at 5Hz operation. Another source presented in [98] shows an

intracavity OPO based on a Q-switched Nd:YVOQ, achieving a 1.5W average power at
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40k H z and 1.57um wavelength and 4ns pulse duration at conversion efficiencies of 50%
and M? = 1.6. Other sources in a W output power range and kH z repetition rate and
eye-safe wavelengths were presented e.g. in [99-103].

The OPO technology then is a very compelling alternative to the Raman sources
although there is a clear distinction between sources operating at very high energies
(10—100m.J) and ”high repetiton rate” sources (/= 10—50kH z) with non of the reviewed
OPOs reaching M H z repetition rate levels due to the thermal issues of the solid state
laser pumping the OPO.

1.4.3 High power Raman laser pump sources at 1um

Yb doped fibre sources working at 1um are considered highly efficient and reliable
sources for high power generation[66]. Reported were kW levels of CW power[104],
high energy (2.3m.J) in pulsed mode (500H z) at non conventional 1090nm wavelength
(operation at above 1073nm wavelength is important to this project as is explained
later)[105] and are suitable for working in high power > 100W MOPA configuration
with excellent beam quality M2 ~ 1.2 and ~ 20ns pulse durations[66, 106]. It has to be
mentioned, that the work in [106] presents a pump source for a diamond Raman laser
in Chapter 4 and is described there in more detail. A laser source described in [107]
presents a 100 average power (”limited by available pump power”) with 908 M H z
repetition rate and 21ps pulse lengths. A previous work from this group [108] showed a
100W average power system after the seed (mode locked Yb fibre laser) amplification,
60M H z repetition rate, 16ps pulse width and excellent beam quality of M2 < 1.5.
Looking at the available commercially sources based on Yb[109] one can find a 200/
average power, 4M H z repetition rate, ns pulse duration range and =~ 1.5mJ pulse
energy with a beam quality M2 < 1.6. These sources operate with a high repetition

rate, high power and excellent beam quality and have very high peak powers.

1.4.4 Raman lasers overview

Many Raman lasers were presented using various Raman active media like silicon,

diamond or KGW crystals[110-113]. One of the earliest solid state Raman lasers pre-
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sented was based on passively Q-switched self-frequency conversion in Nd:KGW [114]
in which the laser and Raman medium were the same optical crystal with the emission
at 1.18um and 0.97um as Stokes and anti-Stokes wavelengths converted from 1.067um
fundamental laser oscillation.

The early Raman source based on diamond in an external cavity configuration was
demonstrated in [115] where a Q-switched 532nm pump was converted into 573nm
pulses with 0.3mJ output energy and 22% slope efficiency. A year later the same
group improved their results to 75% slope efficiency, 0.67m.J output energy and 1.2W
output power at 5kH z repetition rate[116]. Other visible wavelengths work is refer-
enced in [113, 117]. An intracavity configuration was presented later on in [118] with
output powers of 375mW at 1.2um and 6.3kH z repetition rate by converting a 1um
Q-switched Nd : YV Oy laser. The first venture into the high repetition rate and high
average power was reported in first Stokes type diamond Raman laser [119] with an
output power of 24.5W at 1.2um and a 57% slope efficiency with 29ns pulse durations
at 40k H z repetition rate.

In a CW mode, a high power diamond Raman laser pumped by a MOPA Yb based
fiber laser source operating at 1060nm was presented in [45]. This particular work gen-
erated 154W of CW average power at first Stokes wavelength of 1234nm when pumped
by 309W of a narrow linewidth (0.16nm) YD fiber laser emission. The limitations in
power scaling were imposed mostly by the amount of heat deposited on the Raman
laser input coupler and back scattered light going back to the fiber amplification chain.
The power scaling of up to 381W with 61% conversion efficiency was achieved when
operating the fiber laser in QCW regime with 10ms pulses which reduced the thermal
loading of the system. A second Stokes diamond Raman laser in [120] was presented
where 21.8W of CW average power at 1.5um was generated pumped by an Yb fiber
laser with 191W CW average power. In [121] a diamond Raman laser operating at
1.4um was presented generating an average CW power of 34W with a 11% conversion
efficiency limited mainly by the temperatures generated on the Raman laser mirrors.
This constant improvement shows, that the diamond Raman lasers are capable of gen-

erating high powers. It is also worth reiterating, that most of the pump sources used

21



Chapter 1. Introduction

are Yb based fibers or YAG lasers operating at ”standard” wavelengths not allowing
the second Stokes to reach wavelengths above 1.5um with a few presented exceptions.

Second Stokes diamond Raman lasers most relevant to this thesis were presented in
[38, 83]. These lasers were pumped with a 1.064m Nd:YAG laser in pulsed regime and
an external cavity configuration reaching wavelengths of 1.485um; the output average
power reached 1.63W with a 5k H z repetition rate and 51% power conversion efficiency
and pulse energies of 0.3m.J.

Other work on generating eye-safe wavelengths using a Raman phenomena was pre-
sented in [122] where in intracavity configuration, an Nd:YAG crystal oscillating at
1.3pm was used as a pump to generate 1.5um emission from a Ba(NQO3)y crystal with
a very high 12mJ output energy from 25m.J of pump with a drawback of repetition rate
being limited to 1Hz due to the thermal effects. Self-frequency Raman conversion in
Nd:YVO, Q-switched laser operating at 1.3um was presented in [123] achieving 1.2W
average power, 60u.J, 10kW peak power at 20k H z repetition rate at 1.5um. Later the
group improved the laser performance to 2.2W of average power at 40kH z and 55u.J
with a 13% conversion efficiency[124]. Another self-frequency conversion, this time in
Nd:KGW Q-switched laser operating at 1.3um was presented achieving output energies
of 31.8m.J in 2ns pulses at 10H z repetition rate with 1.5um emission[125] followed by
work presented in [126] where a Q-switched Nd:KGW laser with its multimode emis-
sion converted to a 1.5um radiation of 7mJ and 15ns pulse duration at a conversion
efficiency of 20%. It is worth to mention work presented in [127], where a cascaded
fiber Raman laser achieved a 301W of CW average output power at 1.48um with over
60% conversion efficiency from 1um emission of the Yb based fiber laser to 1.4um of
the Raman emission.

Work presented in [28, 61, 128, 129] focused on brightness enhancement, where
brightness B is proportional to the laser power P divided by the laser beam angle of

4P
divergence ¢ and its diameter D; B = ————[40]. A beam divergence of a Gaussian

(mDg¢)?

A

beam can be expressed by ¢ = M?2(——), where ) is a laser wavelength, w is its beam
W

waist radius and M? is a beam quality parameter. The brightness enhancement in this

case is then reducing the M? parameter. In extreme case, pumping of the diamond
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Raman laser with a poor pump quality of M2 = 15 was shown to improve the Raman
laser output to M2 = 3 depending on the pump power[129]. This was relevant in
Chapter 4 where switching to a pump source of a worse beam quality (M2 = 5 from
M2 = 1.1) improved the reliability of a system making it possible to operate for a

prolonged periods of time.

1.5 Driving of the Raman process

This section presents methods of pumping of the Raman laser that were imple-
mented in this thesis. Firstly we will look at the possible configurations of the Raman
lasers and amplifier followed by the description of the methods of generating high peak

power that would efficiently drive the Raman signal generation process.

1.5.1 Raman laser configurations

Raman lasers are able to operate in different configurations shown in Figure 1.6 and
each will be described in this section.

Intracavity Raman laser

[ it

External cavity Raman laser

| |  Rammeser
| ) N
“ L | B

N
i

[
|

‘_‘\l | —

Raman amplifier

| Seed A,

Figure 1.6: Configurations of the Raman lasers - intracavity and external cavity con-
figurations and Raman amplifier with external seeding.
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External cavity configuration (the most common) where the external pump beam
is focused into a standalone Raman cavity resonant at Stokes wavelength was used e.g.
in [38, 61, 75, 83, 113]. The Raman threshold in [83] for a first Stokes Raman laser

MW
at 1.2um was about 30 of a 1pum pump with about 10ns pulse duration at 5k H z

2
repetition rate. The extg:r;bal cavity design is simplified in comparison to the intracavity
configuration since the considerations for the mode size design of the pump and Stokes
fields are separated.

In the intracavity configuration, a diamond Raman laser was presented in a pulsed
regime in [130] and CW operation was shown in i.e. [131, 132]. The threshold intensity
is expected to be the same as in the external cavity case although the high pump
intensity for Raman laser can be accessed easier due to the high reflectivity of the
Raman laser cavity mirrors at the pump wavelength. Such mirror configuration reduces
threshold of the pump laser and in an example of the intracavity solid state laser, relaxes
the diode pump power requirement. Since the intracavity Raman laser is resonant at
both pump and Stokes wavelength the mode size considerations extend to all of the
wavelengths oscillating in this cavity.

The configuration chosen for this project was external cavity due to a fact that the
master oscillator power amplifier (MOPA) fiber system used as a pump in Chapter 4

was not compatible with intracavity configuration.

1.5.2 Diamond Raman amplifier

An alternative method is an amplifier configuration as seen on Figure 1.6. This
type of a laser system consists of two parts - a seed which operates at a desired wave-
length and the amplifier which is essentially an external cavity Raman laser with highly
reflective mirrors at (in this particular case) first Stokes wavelengths and non reflective
mirrors at a second Stokes wavelength. Therefore all energy transfered from the pump
to the first Stokes field is oscillating within the cavity with minimum losses. This en-
ergy is then extracted by the seed laser with the wavelength tuned to the second Stokes
of the Raman laser cavity. Gas Raman amplifiers have been demonstrated previously

i.e. in [133] but no Raman amplifier was demonstrated using diamond. The difference
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between straight forward generation of Stokes emission in a Raman laser and the ampli-
fier is that the latter emission is defined by the characteristics of the seed laser. This is
especially important for the Doppler LIDAR applications[8] where a narrow linewidth
sources are required to improve upon speed measurement resolution. As an example,
a KGW intracavity Raman laser shown in [134] was a basis to investigate the impact
of the pump linewidth on the Raman emission. The intracavity pump linewidth was
varied from 1.2¢cm ™! to 0.6em ™! and no particular change in Raman emission linewidth
(1.2em™1) was observed. When the Raman cavity was seeded by the external narrow
linewidth (0.4cm ™) laser source, the seed after the amplification retained its linewidth.
It might draw conclusions that seeding of the Raman laser systems is a way of achieving
a narrow linewidth Raman laser source.

The principle of the Raman amplifier is now described. When a seed laser beam
passes through the cavity in amplifier configuration and its wavelength corresponds to
the second Stokes shift in the Raman crystal the seed signal is amplified through the
stimulated Raman scattering. This is explained by looking at Figure 1.4, where in the
case of second Stokes wavelength amplification, excitation is a first Stokes intracavity
field creating phonons that contribute to gain at second Stokes wavelength. Since the
second Stokes field is not resonant, in the absence of the seed, the emission of the
second Stokes originates mostly from inefficient spontaneous Raman scattering. It has
to be noted, that some stimulated Raman scattering can still occur due to reflections
from optical surfaces. An external photon of a seed laser can then stimulate the Ra-
man scattering at the second Stokes. Following work in [68, 69] it can be seen, that
the amplification is highest at the peak of the Raman gain spectrum therefore a seed
has to be sufficiently narrow spectrally and be centered on the Raman gain peak. In
pulsed operating regime, the pump driving generation of the first Stokes field has to
be synchronized with the seed laser pulses since the amplification is only present when
the Stokes field is present.

Having now reviewed possible configurations of Raman lasers as well as an overview
of the Raman sources using diamond, the next Section will present the requirements

for the pump source.
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1.5.3 High peak power generation

The condition of the pump peak intensity to reach the Raman laser threshold is
described in the Equation 1.9]68], where R are reflectivities of the laser cavity mirrors
assumed to be Ry = 0.99 and Ry = 0.8. For a reasonable length of a Raman crystal

of 5mm and gain coeflicient g, in the order of % (wavelength dependent) [75, 111],

pump peak intensity has to be in a range of tens to hundreds of to achieve

2
cm
threshold which corresponds to a value of couple of kW peak power focused to pump

spot diameter ~ 100um at threshold for the Stokes generation.

RiRyexp (2gs1,0) > 1 (1.9)

The methods chosen to achieve high peak power for the pump of the Raman laser in
this work were (i) Q-switching for the small scale test setup of a second Stokes diamond
Raman laser presented in Chapter 3 (ii) using an Yb MOPA fiber system for diamond
Raman laser pumping in Chapter 4 where a pulsed seed laser operating at relatively
high repetition rates compared to (i) is amplified in a chain of fiber amplifiers to reach

high average and peak power. These two methods are described now.

Q-switching

Q-factor of an optical cavity is a relation between laser cavity ”stored energy to
energy lost in one cycle of oscillation”[40]. If the Q-factor is low, and so the round
trip losses are large, there is no laser oscillation and all the stored energy is lost to
spontaneous emission. If the Q-factor is high, and so the round trip losses are low,
laser oscillation can be sustained and most of the energy stored in the gain medium
can be extracted via stimlated emission.

Figure 1.7 shows a time dependent population inversion in a laser gain medium and
giant pulse generation in a Q-switching process. It can be seen that when the pump
starts and with the lack of stimulated emission, the excited state population in a laser

No

d
gain medium N starts to grow following the Equation d—; = R, — —[40], where the
T
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7 is the lifetime of the excited state and R, is pumping rate. Because the Q-factor of
the cavity at this time is low, the threshold for lasing is high and no laser oscillation is
present for a relatively high population inversion. The delay time At between starting
the pumping process and switching the Q factor to high is often set to the time needed
to achieve maximum population inversion. Inversion saturates at maximum value due
to the spontaneous emission being balanced by the pumping rate. Then the Q-factor
is switched (for the time Aw) to high and because the laser threshold is now relatively
low compared to the level of population inversion - most of the stored energy in the gain
medium can be emitted in a giant high energy pulse. The start of such pulse begins with
a spontaneously emitted photon being amplified in a gain medium with a high level of
population inversion causing the pulse rise edge to grow, at the top of the pulse, most
of the population inversion is brought back to the ground state through the stimulated
emission process to the lasing threshold. Then the ringdown of the intracavity field
causes the falling edge of the pulse with a duration of the cavity photon decay time
Te = £[4()], where L is a length of the cavity, ¢ is a speed of light and T is a roundtrip

o
cavity loss consisting of output coupling as well as parasitic losses.

Lasing threshold (Low Q)
Pump pulse

Laser
pulse

At

> Aw
- -
Lasing threshold / \ \

(Higha) 7 U

Time

-

Figure 1.7: Population inversion and laser threshold in the Q-switch lasers.
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The energy of the emitted pulse is quantified by the Equation 1.10[40].

Ay (1.10)

, where 2 is an output coupler transmission, ]]\\; is a ratio of the maximum (before
Q-switch is opened) to the threshold (at the peak of the Q-switched pulse) level of
population inversion, ng is energy utilization factor, A, is the mode area, o is an
emission cross section and hv is a photon energy at the lasing wavelength. Therefore,
the higher the population inversion the higher the energy of the output pulse that is
possible to achieve.

The duration of the achieved pulse is described by the Equation 1.11[40], which
implies that the higher the output coupling (cavity losses determine 7.) and the higher
the ratio ]]\\Z the shorter the output Q-switched pulse. Usually, the pulse duration
achieved in Q-switching of the solid state laser are in range of tens of ns. The expected
energy of the pulse to be achieved in the Q-switching process might be in the m.J range.

(Ni/Np) 1

[(Ni/Np) —In(N;/N,) — 1] (1.11)

AT, =T,

Master Oscillator Power Amplifier

As previously mentioned, a second approach towards generating high peak intensi-
ties is to make use of a MOPA configuration where the seed laser with a set repetition
rate, pulse length, linewidth and wavelength is then amplified in a series of amplification
stages. Chapter 4 presents briefly a system developed by collaborators in Optoelectron-
ics Research Center in Southampton University[106]. In this project a seed laser was a
distributed Bragg reflector diode emitting at 1pm wavelength with a narrow linewidth
of about 0.2nm in CW regime. Then the output was shaped into pulses with acousto-
optic modulator. The advantage of that instead of using current modulation is that the
latter can cause a modulation of the wavelength through the e.g. temperature modu-
lation. The seed laser can have a low output power since it is amplified to the required

energy and peak powers in the amplification chain. The design of this system is beyond
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the scope of this thesis, but the main considerations are that the seed is first amplified
with a high gain pre-amplification stages (small diameter Yb doped fiber amplifiers)
to reach the saturation powers of the last power amplification stage. The latter had a
larger diameter core fiber which allowed for reaching high powers since the saturation
power is proportional to the area of the mode [135]. The required pulse peak powers to
reach the diamond Raman laser threshold are the same as in the case of Nd:YAP small
scale system and are about Ppe.r = 5kW. At the same time, the fiber MOPA system
was capable of reaching relatively high repetition rates; assuming a moderate rate of
150k H z and 20ns pulse durations then the second Stokes laser threshold should be at
average power of about 15W. The ultimate goal of using this system was to achieve

pump limited powers at levels.

1.6 Summary

In this Chapter it was shown that there is a place in the LIDAR laser source
market for a high power, high repetition rate laser working at the eye safe wavelength
and this was the motivation for a project presented in this thesis. The method that
was chosen was to use a diamond crystal as a Raman gain medium in order to shift
the 1um wavelength of the high power high repetition rate Yb fiber based MOPA
system to 1.5um. Requirements for characteristics of the pump such as peak intensity,
polarization and linewidth were outlined in this Chapter that would allow for efficient
wavelength conversion in the diamond Raman laser. Methods for reaching required
high peak intensities used in this thesis were described in Section 1.5. As a reference,
Section 1.4 provided some of the available eye-safe wavelength sources reported in the
literature.

Now an overview of the further chapters is presented. Firstly, Chapter 2 will
provide a tool to model an external cavity Raman laser. This chapter describes not only
optimization of the Raman cavity such as choosing an output coupler or mode sizes but
also provides a useful analysis tool to explain the physics behind the experiment but also
to inform diamond growers about what size and absorption parameters are acceptable

for best Raman laser performance. Chapter 3 shows a process of a design of the high
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peak power laser as a pump for the diamond Raman laser (DRL) also described in the
same chapter. This system was invaluable in gaining experience in alignment as well as
assessing and measuring the parameters important for the performance of the DRL. The
findings of the Chapter 3 were then a foundation for the analysis of the system described
in Chapter 4 which presents a high power high repetition rate DRL pumped by a fiber
MOPA which was built with cooperation with the Southampton University team. The
Chapter 5 concludes experimental part of the thesis with somewhat limited (due to
the time constraints) measurements of the alternative approach towards amplification

of the eye-safe wavelengths in the diamond Raman amplifier system.
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Chapter 2

Modeling of Raman diamond

lasers

2.1 Modeling of the Diamond Raman Laser performance

Modelling of the diamond Raman laser is presented in this Chapter. The considered
Raman laser cavity is presented in Figure 2.1. The pump pulses come into the two
E
Kt, where E
is the energy of a pulse of duration At. The input and output couplers are characterized

mirror cavity (from left) at a frequency vp and certain peak power Ppeqr, =

by their reflectivities R;o and R;1 respectively, where k is the Stokes order. The diamond
is characterized by its length [, absorption «; and Raman gain g, coefficient at a given
Stokes order. The output emission is at a frequency vg determined by the Raman shift

of the Raman crystal.

R‘I2 Rli
Pum | -_ _- . Stokes
P 8 1] 1 gal
beam ' | " beam
Raman
crystal

Figure 2.1: A model of the external cavity Raman laser. Pump beam is incident onto
the crystal through an input coupler and the Raman signal is resonant in the cavity.
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For a second Stokes operation, the input coupler is coated with an anti-reflective
coating at the pump wavelength and highly reflective coating at first and second Stokes
wavelengths. The output coupler is highly reflective at a pump wavelength (double pass
configuration) and the first Stokes and partially reflective at a second Stokes wavelength.
The diamond is a plane-plane crystal with optical facets coated with an anti-reflective
coating at all wavelengths of interest providing minimum intracavity losses.

Firstly an overview of the model is provided. This model was used as a design
tool for the Raman laser cavity in determining its output coupling, length and the
dependence of the laser performance on the pumping spot size and Raman mode sizes.
The model was also used to create a comment on the optimum values for the diamond as
a Raman gain medium such as absorption and crystal length. These two parameters are
controllable, within certain practical limits, by the material growers so the conclusions
(in Section 6.2) were drawn to help in optimising the production of synthetic diamond
for Raman lasers. The laser mode sizes were calculated using the ABCD matrix method

presented in the later part of this chapter.

2.2 Model overview

The model was based on work in [136], adapted for use in the solid state laser system
using appropriate parameters and modified to include the influence of the spontaneous
Raman scattering as shown in e.g. [65, 67]. Second modification was to include an
area overlap function between Stokes and pump modes as presented in [137]. The
modification will be presented in more detail throughout the text. Although this paper
presented theoretical considerations for a cascaded fiber Raman laser, the model is also
applicable for the external cavity diamond Raman laser in the Schematic 2.1 relevant
for this thesis. The coding for this model was started by the author by implementation
in MatLab and finished by Florian Worme as part of a summer internship at the
University of Strathclyde, working with Dr Vasili Savitski and the author. Now the

equations governing the flow of energy between pump and Stokes field in the Raman
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crystal will be presented.

de/B . PF/B Up g}z pF o pB PF/B 21
dz = ~Qplyp _Tﬁréff(sl+ 81) P (2.1)
F/B 1
dP F/B Vsl gs F/B
S aaPy/? — =L 2R (ph 4 pB) P/
4 Vs2 A
) eff (2.2)
g F B\ pl'/B F B
* Ap}fsl (Pp + 15 )Psl/ +KSP(PP + 5 )
eff
F/B 2
dP F/B 97 F/B
cz - _a52P82/ * Asﬁﬂ (P +Ph) PSQ/ + Kop(P + ) (2.3)
eff

Equation 2.1 governs the pump power P, evolution over propagation length z and
its power transfer to first Stokes power Ps;. The first term on the right hand side
ap represents absorption of the pump. The second term governs the flow of energy
from the first Stokes field (of power Ps; from the backward and forward traveling
components of the pump field, P}f and Pf respectively, scaled by the pump and Stokes
optical frequencies ratio PP and the effective interaction area of the Stokes and pump

vsi
modes Agrs. The calculation of the effective area was based on work in [137]; Aery =

7r(w2 (As,2)+w2(\r ,z))
2

where w is the mode radius position at z for the fundamental Ar or
Stokes wavelengths Ag [38, 137, 138]. The fundamental field in this case can be either
a pump or Stokes field that is the source of the energy flow into the higher order Stokes
field.

Equation 2.2 governs the signal evolution of the first order Stokes field oscillating
over the length of the Raman laser cavity and Equation 2.3 shows the second Stokes
order evolution which is outcoupled from the Raman laser cavity and it is assumed no
higher order modes are involved in the scattering process.

The negative terms on the right hand side of the Equations 2.2 and 2.3 represent
attenuation of the signal due to a diamond bulk absorption as well as AR coatings
of diamond and mirrors and the transfer of the first Stokes order power Pﬁ/ B to the
forward and backward propagating Pslg + Pg power of the second Stokes order. This

power transfer is dependent on the Raman gain gr at a pump wavelength scaled to the

33



Chapter 2. Modeling of Raman diamond lasers

appropriate Stokes order by multiplying it by the ratio of the pump to the first Stokes
wavelength ;j—p, over the effective area A.;y.

Positive téll“ms in Equations 2.2 and 2.3 show the transfer of energy from the pump
to the first Stokes and first Stokes to the second Stokes field respectively. This energy
transfer is governed by the product of the sum of forward and backward propagating
fundamental and Stokes fields (Pf + PfB )Pj;/ B scaled by the Raman gain coefficient
gr over an effective area A.pr. This influence of the beforementioned spontaneous
scattering is represented by signal P:;{ SEl} =K Sp(PJf + Pf ), where K, is a spontaneous
scattering factor. The negative term contributing to the spontaneous scattering in
the Equation 2.1 is omitted, because not all of the scattered photons will end up
contributing to the first Stokes laser mode. Instead this was adjusted by reduction of
the Raman gain coefficient at the pump wavelength which was more convenient.

After each roundtrip, the intracavity pump and Stokes fields P, ; are multiplied by
the mirror reflectivity - Ry in case of bouncing off the output coupler and Ro off the

input coupler.

P,s =Ry x Py (2.4)

The output power for the second Stokes laser in then defined by the output coupler
reflectivity at the second Stokes wavelength following

Pout,sZ = PI; * (1 - Rl) (25)

S

In the pulsed regime, the pump and Stokes fields were divided into dt segments one
by one transferred through the Raman crystal model. The energy of the emitted second
Stokes order pulse E could be then found by integrating the instantaneous power of

the pulse in a time dt following

inf
E= / Pout st (2.6)

—inf
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It has to be mentioned, that the absorption coefficients o consist of bulk diamond
absorption as well as losses on the AR coatings on the diamond surfaces following

equation:
_ 2(AR; + AR)
- L

a + Oigps X L (2.7)

,where L is a length of the crystal, AR; and ARy are losses on the AR coatings at the
diamond surfaces at a given wavelength and ag s is a bulk diamond absorption.

The MatLab implementation consists of firstly initiating the parameters of the
model like Raman gain coefficient, reflectivity values of mirrors and diamond surfaces,
K, starting noise values. Then the initial power of each Stokes order in each of the dz
segment of the Raman crystal is set to the starting noise value. The input pump pulse,
divided into time segments dt was transmitted through each of the spatial segment
dz of the cavity updating the pump and Stokes fields values using Equations 2.1 2.2
and 2.3. In each time step dt then, the instantaneous power of each Stokes field in
dz segment is a sum of the incident fields at a time dt propagating in forward and
backward directions. This was consistent with a model for the external Raman laser
which was presented in [65].

As mentioned in [38], the resulting simulated pulses had to be filtered to simulate
the photo detector’s response. In this case, the low pass filter’s cut-off frequency was
215M H z at the 3dB point implemented by a MatLab smoothing function butter which
is a Butterworth filter. This frequency was chosen empirically to reduce the spikes
in the unfiltered simulated pulses and to closely resemble the experimentally recorded
pulses with a 350M H z photodetector. Figure 2.2 shows simulated second Stokes pulse
with and without smoothing the pulse.

This section showed the overview of the Raman laser model. It could be seen, that
the laser mode size plays an important role because of the A,y factor in the equations
for the energy transfer between subsequent Stokes fields. The size of the laser modes

can be determined using ABCD matrix method which is presented next.
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Figure 2.2: Smoothing function applied to the Stokes output pulse normalized by the
pulse energy.

2.3 ABCD matrix cavity design

A Gaussian beam complex parameter ¢ can be used to fully describe its parameters

and therefore intensity distribution following Equation 2.8

1 1 A
iR re 28)

where R is a propagating wave radius of curvature, A is a wavelength and w is the
Gaussian beam radius.

The intensity distribution of a Gaussian beam after propagating through the optical
system described by the ABC'D parameters is shown in Equation 2.9 [40]:

2 + y2
2q

1 .
u(z,y, z) = ﬂexp —jk (2.9)

where u(x,y,z) is an intensity distribution over z,y plane after propagating in a z
27
direction, k = ~ is a wave vector and ¢y is a complex beam parameter of the initial

Gaussian beam.
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Extending this beam propagation principle to the laser cavities, in a stable cavity,
Aqg + B
Cq+D
the cavity. Therefore for the ABC D matrix describing the laser cavity, a laser mode

the condition of ¢ = must be satisfied at each roundtrip in any position in
spatial and phase parameters can be calculated when substituting Equation 2.8 to
Equation 2.9. A free software reZonator was used simulating the laser cavity[139] and
it was based on this method. In the next section it is shown how the calculation of the
laser cavity mode size and stability using the ABC'D matrix method can indicate the
impact of the thermal lens. In this case, a stable laser cavity is referred to as supporting

oscillation of the low spatial order TEMyg Gaussian beam at a given wavelength.

2.4 Thermal lens impact on the cavity stability

A brief case study is now presented of the impact of the thermal lensing on the DRL
cavity stability. The stability of the laser resonator is understood as such a geometric
configuration of the cavity tht it is able to support oscillation of the laser mode. When
the cavity is out of the stable condition, no laser mode can oscillate and the laser action
is not possible. The cavity stability can be described with a condition in Equation 2.10

[40]:
A+ D
2

0<1—( <=1 (2.10)

,where the elements in the laser cavity create an optical system of ABC D parameters.

The cavity model that allows for the simulation of the thermal lens is presented in
Figure 2.3. Figure shows a cavity which consists of two mirrors: plane input coupler,
ROC = 50mm output coupler and a 4mm diamond with about 10mm free space and
a simulated thermal lens.

The thermal lens strength f~! presented in Equation 2.11[45] depends on various
contributors such as deposited heat Py, refractive index n, Poisson’s ratio v, absorp-
tion coefficient ar, T, is a thermal conductivity and photoelastic coefficient C. As
mentioned in [45, 140], in diamond, only the 3—; needs to be taken into account since

the other contributions such as bulging of the crystal end facets and the photo-elastic

effect (refractive index change with thermally induced stress[141]) are orders of magni-
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Figure 2.3: Laser cavity with a laser crystal with a thermal lens. M1 - input coupler,
M2 - output coupler.

tude lower. For example the bulging is caused by the material expansion due to heat
and for diamond the thermal expansion coefficient is 1.1 x 1076 K ~1[45] which is much

lower than 7.9 x 1079 K ~1[44] of a Nd:YAG crystal.

Py dn
fl= 27T;Z2 (d_T +(n—1(w+ar+ n3aTC') (2.11)
0

Figure 2.4 shows the cause of the formation of the thermal lens. The heat deposited
in the diamond through the optical pumping with a Gaussian spatial distribution is
shown by a dotted red line. The pump beam is focused into the crystal and the resulting
heat gradient causes a refractive index change over the transverse coordinates of the
laser crystal, where the highest heat is deposited in the center of the crystal and falling

off to its edges. The circular arrow indicates rotational symmetry of the system.

Temperature
frefractive index

___,-‘“‘Bu|g ing ' gradient

crystal
Heat sink

Figure 2.4: Heat and refractive index gradient distribution over an optically pumped
crystal. Pump beam is indicated with a red dotted line and the bulging effect with
blue dotted line. Dashed line indicates axis of the symmetry.
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d
It is worth mentioning here, that the % coefficient in diamond is 1.5 x 1072 K ~1[45]
dn

which is in the same order of magnitude as Nd:YAG aT = 0.73 x 105K ~1[142],
but the important difference is that because the thermal conductivity of diamond is
T. = 2400Wm 'K~ as compared to conventional laser material such as YAG with
T, = 11Wm~tK~! (ref. Section 1.2.3), for the same deposited power Pjep, the strength
of the thermal lens in diamond is expected to be about 100 times smaller than in
Nd:YAG (ratio of the thermal conductivity of diamond to Nd:YAG).

The thermal lens can be used in a laser cavity ABCD model and by varying its
focal length, a stability and the intracavity laser mode size can be analyzed. Figure
2.5 shows the variation of the DRL laser cavity stability parameter versus thermal lens
focal length. It can be seen, that the cavity is stable up to a focal length of near a
few mm point although this is not to say that it will not impact the laser performance.
Zooming in near the f = Omm point, the cavity is unstable at f = 0 — 2mm and
then f = 3 — 6mm which represent a very strong thermal lens. In terms of laser mode
diameter change, also shown in the Figure 2.5, the mode diameter can change from
185um to 140um for a thermal lens between 400mm and 5mm. This thermal lens
model was used in the Raman cavity design to mainly determine if the laser mode sizes
would change substantially as the laser mode size affects the energy transfer between
subsequent Stokes laser sizes through the overlap area factor as is described in detail in
the Section 2.2. Taking into account assumed deposited power of 100W (let’s say in a
much improved system in Chapter 4) and pump spot diameter of 144um, the thermal
lens in the diamond Raman cavity would be around 500mm not really reaching the
very strong lensing effects. Focusing tighter in the future experiments to improve the
conversion efficiency might lead to introducing a stronger thermal lens.

To complicate the picture of thermal lensing, an extreme case in a diamond Raman
laser presented in [45], the calculated thermal lens in diamond with the heat load of
about 60 and a 40pum pump diameter was about f = 6mm which would destabilize
the laser mode oscillations, but as also stated, the minimum lens strength for which
the cavity would still be stable was f = 28mm. Additionally, for the lens approaching

the stability limit, the authors indicated that the laser modes would change reducing
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Figure 2.5: Stability of the diamond Raman laser cavity against a thermal lens strength
in the diamond crystal.

the laser efficienct. The model in Equation 2.11 might not be sufficient to fully predict

thermal lensing in diamond not including effects such as guiding effects [143].

2.5 Summary

This Chapter presented a model used for the optimization of the diamond Raman
laser in terms of pump energy and peak intensity but also in terms of the Stokes mode
sizes. The results of these optimization of the DRL are presented in the experimental
chapters where it is relevant. The model was also used to simulate the efficiency of the
diamond Raman laser by changing the length of the diamond as well as its absorption
coeflicient which could be a useful information to the material growers. These diamond
consideration results are presented in Chapter 6. Having presented the tools needed
for the Raman laser design, the proof of concept laser is presented in Chapter 3 and

its high power version in Chapter 4.
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Chapter 2 presented tools that were needed to design a laser cavity namely: cal-
culation of mode sizing through ABCD method and optimization of the Raman laser
performance using parameters such as pump spot diameter and output coupler reflec-
tivity. In this Chapter, two lasers are developed — a Q-switched high peak power pump
laser and a diamond Raman laser (DRL). Firstly the process of designing the pump
laser is described (Section 3.1), where we start with assuming an output energy (based
on the literature review) that is enough for pumping of the second Stokes DRL. From
this energy requirement, we can then calculate the mode sizes of the pump laser cavity
as well as Q-switch parameters. As it will be seen, the output average powers from the
laser achieved in this Chapter are not rivaling any of the systems described in Section
1.4. This was expected since this system was only but a test subject for the large scale
system developed with the Optical Research Center (ORC) in Southampton University
(described in Chapter 4.1). The ”large scale” system consisted of the same diamond
Raman laser but with the difference that the pump laser was a high repetition rate,
high average power Yb fiber master oscillator power amplifier (MOPA).

The DRL cavity is described later on in the chapter. It consisted of two mirrors
and a diamond in between. The diamonds used in the Raman laser were provided by
Element 6 and are briefly described in Section 3.4. Then the performance of the DRL is
characterized in terms of energy, pulse durations and wavelength shift. The outcomes

of this Chapter should be seen as a starting point for the fiber pumped DRL which
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potentially could rival existing eye-safe technology.

3.1 Pump source at 1079 nm

Threshold for the second order Stokes diamond Raman laser oscillation was reported

in the literature to be about 35 [38, 61] peak intensity and about 10ns pulse dura-

2
tion at 1um pump. As mentione?iz in [45, 82|, the conversion efficiency in the external
cavity Raman laser becomes independent of the pump intensities at above 4 times the
threshold (conversion efficiency saturates at this level). Therefore, a pump laser that
would deliver peak powers of at least 5 — 6 times the threshold (to be sufficiently above
the 4 times the threshold requirement) of the DRL was designed which corresponded to
the maximum output energy of F ~ 0.5mJ assuming pump diameter of about 140um.
This value of pumping spot size was found to be optimal by simulations will be pre-
sented in Section 3.5.3. The pump laser linewidth was controlled by putting an etalon
in the cavity allowing for efficient Raman conversion. We now start with the design

of the pump laser considering the gain medium, moving onto the cavity design and

linewidth narrowing. Then the performance in a Q-switched regime is described.

3.1.1 Gain medium

The requirement for the eye-safety of the laser is for the emission wavelength to
be above 1500nm as set out by the industrial partners and in [16]. There were
a few reasons to utilize Nd:YAlOs (Nd:YAP) crystal as a gain medium instead of
the more commonly used Nd:Y3Al;012 (Nd:YAG). Firstly, the differences in emission
wavelengths[144]. The 1079nm emission wavelength of Nd:YAP results in the second
Stokes Raman shifted wavelength of 1514nm when using diamond, as compared to
1485nm when using Nd:YAG with its highest emission cross-section corresponding to
1064nm emission. As presented in [145], the excited state lifetime at 1% doping level of
Nd3* in the Nd:YAP is about 7 = 1565 and is 100us shorter than Nd:YAG potentially
making Nd:YAG a better choice for storing the energy for extraction in the Q-switch

1
process (see Equation 1.10, where N, o< —), but since the emission cross-section at
T
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A = 1064nm in Nd:YAG is 0, = 71 x 1072%cm? compared to its g, = 12 x 10720cm?
at A = 1077.9nm, it would be more complex to make the Nd:YAG laser oscillate at
such longer wavelength. Usually this would be achieved through diffraction gratings or
prisms. Therefore Nd:YAP was chosen as a gain material with the highest cross section
of oo = 46 x 10720em? at A = 1079.6nm. Nd:YAP and Nd:YAG have similar refractive
indices (1.9 versus 1.8) and pumping wavelengths. The highest absorption coefficient
for Nd:YAG is at 808nm with about 2nm bandwidth [40] which is usually similar to
the pump laser diode’s linewidth and 4.3¢m ™! absorption coefficient at this wavelength.
Typically 803nm laser diode is used for pumping of Nd:YAP and depending on its cut,
the bandwidth can be up to 7nm[146] with 4.8cm ™! absorption coefficient[145, 147].
The differences in material characteristics can be explained by the difference in
crystal structure, Nd:YAG being isotropic and Nd:YAP anisotropic making the latter
emission wavelength and emission cross section dependent on the output polarisation
[145]. In a nutshell, as outlined in [146], the overall performance of both Nd:YAG and
Nd:YAP based lasers is very similar and the most important reason to chose Nd:YAP

was the emission wavelength.

3.1.2 Cavity design

In this section, the laser mode diameters needed for a desired energy extraction
in the Nd:YAP laser are calculated through rate equations analysis. After that, the
ABCD method is used to match these diameters with the available mirrors and optics.

The output energy in an actively Q-switched laser is a function of the ratio between
the maximum and a laser CW threshold inversion population|[40]. As seen in Section
1.5.3 and as mentioned before, it was assumed that a pump pulse energy of 0.5mJ
was required to sufficiently far above the Raman laser threshold.. Equation 1.10 was
used to calculate the energy stored in the Nd:YAP laser. Assumption of the typical
]]\\z = 3[40] was made which corresponds to the energy utilization factor of ng = 0.9.
An output coupler of partial reflectivity PR = 30% was assumed in this calculation as

one of the available mirrors. The plot of the Nd:YAP energy calculated using Equation

1.10 versus mode radius r (A, = r27) is presented in Figure 3.1. It was found that
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Figure 3.1: Simulation of the output energy in a Q-switched Nd:YAP laser versus mode

radius in the gain medium. Parameters for Equation 1.10: ng = 0.9, F; =3, 7% =0.1.
reaching the energy of F = 0.5mJ, the fundamental mode diameter in the Nd:YAP
crystal should be about w = 580um.

Next, the ABCD matrix method was used to design and develop the laser cavity of
a specified mode size with the help of the software(reZonator). The mode size could not
be ideally matched with the calculated value because of the mirrors availability. The
input coupler was ROC = 758mm (highly reflective at laser emission wavelength) and
the output coupler was ROC = 1000mm (partially reflective at laser wavelength). The
fundamental mode diameter at the Nd:YAP crystal in a laser cavity with the available
mirrors was about 660um diameter with a cavity length of about 230mm which was
long enough to accomodate for all the needed optical elements. Additionally, the ABCD
matrix method also included the acousto-optic modulator (AOM) crystal needed for
the Q-switch operation. Mode propagation throughout the cavity is shown in Figure

3.2.

3.1.3 Experimental setup

Figure 3.3 shows a block diagram of the Nd:YAP laser that was developed. It has

an ”L” shaped cavity in order to allow for double side pumping. An available crystal,
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Figure 3.2: 1079 nm mode size radius in the Nd:YAP laser cavity.

Nd:YAP (Crytur) in the shape of a rod (¢3 x 5mm) had a doping of 1at.%. The choice
of the laser material was dictated by availability. Crystal was a-cut to maximize the
emission cross-section at 1079nm [145]. The crystal was pumped by two fibre coupled
laser diodes (LD) emitting at 808nm. The diodes were Coherent FAP-808-25C-800-B
(LD1) and LIMO (LD2) connected to a pulsed current drivers (Newport ILX Lightwave
and LIMO) synchronized together allowing for quasi-CW pumping reducing the thermal

load on the crystal.

LD Relay1IC Etalon M1 Relay2 LD

Brewster
plate

AOM

OoC

Figure 3.3: Developed Nd:YAP laser pump source. LD - laser diode, IC - input coupler,
OC - output coupler, M1 - dichroic mirror, AOM - acousto-optical modulator, Relay
1,2 - a set of lenses for resizing the pump beam focal spot.
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In CW mode, LD1 and LD2 power current curves had gradients of 0.98% and

0.85% respectively. While pumping the Nd:YAP laser for the purpose of Q-switching,
the diodes operated at a 2% duty cycle resulting in the total of 0.25W average quasi CW
power, 20H z repetition rate with about 0.47ms pump on time. The repetition rate and
duty cycle were dictated by the performance in the Q-switch regime described in later
Sections. Increasing the repetition rate above 20H z or operating at the higher duty
cycle resulted in the output energy falling off most likely due to the thermal roll-off.
Both of the LD output beams were focused into the gain material to match the cavity
mode sizes with the lens relays. For efficient pumping, the pump focus spot should be
about the laser mode size[40] following Equation 3.1 where the average pumping rate
over a laser mode field distribution < R, > is proportional to the inverse of the laser
mode radius w, and pump radius w, over a gain medium of length [. It also has to

be noted, that reducing the pump radius at the focus below a certain point does not

increase the pump rate averaged over the length of the rod.

< R >x T L)l (wg +w§)l

It was assumed here, that the spot sizes do not change over the distance ! which
for real divergent beams is not true - therefore, decreasing the pump spot radius does
not necessarily increase the pump rate since the divergence increases for tightly focused
beams[40]. In this case, a calculation of the average beam size over the gain medium
should be used, presented e.g. in [148]. As mentioned in [40] a practical approach is to
match pump and laser modes as closely as possible. It is also worth mentioning, that
if the pump size is much larger than the fundamental laser mode size, it is possible to
pump higher order modes and decrease the output beam quality, on the other hand,
pumping with too small spot size can increase the risk of crystal or coatings damage.

The matching of the pump and laser modes was achieved by two lens relays as seen
on Figure 3.3. Each relay conditioned a beam of each of the LDs and consisted of two

plano convex lenses, the first of which (focal length f1) collimated the LD light coming
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out of the optical fiber (output diameter dp) and the second of which (focal length f2)
focused the beam into the Nd:YAP crystal to a spot d; = ﬁdo. As the focused beam
spot diameter is determined by the ratio of the two focal lengths of the lenses, the
matching is limited by the availability of the lenses and it was not perfectly accurate.
On the other hand it was found that despite this, the performance of the laser met the
requirements for the generated energy and no further improvements were needed.

The first lens relay (f1 = 63mm, f2 = 50mm) focused the LD1 beam from 800um
which was a fibre output core diameter, to a calculated value of 640pm diameter in the
crystal.

The second lens relay (f1 = 35mm, f2 = 175mm) expanded the LD2 beam from
200um fibre core diameter to measured value of 850um diameter. Therefore the first
pump diode spot diameter was about 20um smaller than the laser mode in Nd:YAP
(calculated) and the second laser diode was about 200um larger (as measured).

The input coupler was highly transmissive at the pump wavelength and highly
reflective at laser emission wavelength and the output coupler was partially reflective
at the laser emission wavelength. The dichroic mirror M1 was highly reflective at a
1079nm and transparent at LD wavelengths to allow for the side pumping. A glass
etalon (2mm) and a glass Brewster plate were used for wavelength and polarization
control. An Acousto-optic modulator (AOM) was used to control the Q-factor of the
cavity in the Q-switched pulsed operation. The following sections will focus on how
these optical elements in the cavity impact the laser performance and its emission

spectrum.

3.1.4 Spectrum and wavelength stabilization

Firstly, the output spectrum of the Nd:YAP laser was analyzed in a quasi-CW
regime and turned off AOM. The LD1 pump was set to 174, which was equal to about
1W of quasi-CW average power, 50H z repetition rate and 1.5ms on time. It resulted in
about 120mW of average power in the Nd:YAP emission. These parameters were chosen
to fall into the operating range of the optical spectrum analyser (OSA 205C, Thorlabs)

in terms of the signal duration. The chosen output coupler of the Nd:YAP laser had
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a partial reflectivity PR = 70% since this was the optimum output coupler for the
Q-switching operation (described later in Section 3.2.1). As a reference, the optimum
parameters for the Q-switching operation were 20H z repetition rate and 0.47ms pump
on time but these were outside of the OSA operating range. The Q-switched spectrum
of the Nd:YAP is presented in Section 3.2.2.

The OSA had an 0.02nm resolution at 1um wavelength. The cavity consisted of the
same elements as seen on Figure 3.3. The glass etalon of a length L = 1.3mm placed in
the cavity acted as a wavelength filter due to its own mode spacing (free spectral range)
of FSR = i = 74.7GH z which was about A\ = 0.29nm at A = 1080nm. Green curve
in Figure 3.4a shows the Nd:YAP emission at the center wavelength of 1079.96nm with
the linewidth of a Gaussian fit of FW HM = 0.020nm +0.001 which is about the OSA’s
resolution at 1079nm. A blue curve in Figure 3.4a shows the output spectrum without
the etalon in the cavity. It can be seen that this element narrows the linewidth as
well as clears additional features in the spectrum which could have resulted from either
multimode operation or wavelength instabilities seen as a time averaged broadened
spectrum. The rotation of the etalon was found to tune the output wavelength of the
laser over about 0.3nm as seen on Figure 3.4b. The gain bandwidth of around the
1080nm is about couple nm wide as described in [149].

a) b)
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0.30 0.30

0.25 0.25
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(a) Effects of linewidth narrowing of the (b) Nd:YAP wavelength tuning by etalon in
etalon in CW regime. CW regime.

Figure 3.4: Nd:YAP laser output linewidth narrowing and tuning through the etalon.
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3.2 Pump source at 1079 nm Q-switched operation

Raman conversion is a non-linear process requiring high peak powers[39], hence the

pump laser is usually operated in the pulsed mode since the emitted peak power of the

Pcwg
f?”epAt
At and the lower the repetition rate f,.p, the higher the peak power. For short pulse

laser is then Ppeqr o and it can be already seen that the shorter the pulse width
generation the Q-switch method is used and is described in detail in 1.5.3, whist here
we will focus on the practical implementation. The switching of the Q factor of the
laser cavity was achieved using an acousto-optic modulator (AOM - Stallion, Gooch and
Housego)[40] which periodically diffracted the intracavity laser field increasing drasti-
cally the lasing threshold. The diffraction efficiency (DE) could be adjusted using the
RF power from the RF driver [150]. The higher the DE, the higher the lasing threshold
when the AOM is operating but if the DE is too low, the laser could always be above
the threshold and the Q-switching action would not be achieved. The angle of diffrac-
tion is dependent on the fraquency of the RF power from the driver. If this frequency
is too low, the diffracted beam could potentially contribute to lasing and reduce the Q-
switching efficiency. Another parameter important to the AOM operation is an active
aperture which indicates the area over which the acoustic wave interacts with the laser
beam to diffract it. This aperture is smaller than the crystal itself and is determined
by the size of the acoustic transducer. The AOM driver available in the experiment
had an operating frequency of 24M H z and the AOM crystal had an active aperture of
8mm. Figure 3.5 is a reminder of the Q-switch operation. The crystal in the modulator
was water cooled and made of fused silica, AR coated at 1064nm with damage thresh-
old of > 1%. Firstly, the RF power is supplied to the AOM to prevent the laser
from lasing (low Q factor by diffracting the laser photons). Then the pump laser is
turned on at time t = 0 initiating the population inversion N; growth in the laser gain
medium. At a certain population inversion level, the laser gain reaches the threshold of
CW emission (in a high Q-factor state) but because the Q-factor of the cavity is low,
the losses of the cavity are actually higher than the gain and the laser does not emit.

The population inversion then approaches an asymptotic maximum determined by the
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Figure 3.5: Q-switching setup for Nd:YAP laser. The schematic represents one pulse
generated in a loop. V; - initial population inversion before AOM opening, N, - popu-
lation inversion at the CW operation threshold for high Q state.

product of pump rate and the photon excited state lifetime Njynqe = R,p7[40]. After
a delay of §t controlled by the function generator, the Q-factor of the cavity is turned
high by switching off the AOM for a time window of Aw, allowing the energy stored in
the gain medium to be released in a form of a high energy pulse. The amount of energy
in this pulse is determined by Equation 1.10 in which Ni = 3 can be taken as a ratio
of the LD current needed to reach the threshold for the pﬁlsed operation to the current
needed to reach threshold for the CW operation. It was found that the Nd:YAP laser
threshold in CW regime was at a 124 of LD current and about 354 in Q-switched case
which matched the typical[40] ratio of ]]\\i = 3, taken into account for the cavity design
in Section 3.5.2.

The procedure of optimizing for the high energy output involves finding right pa-
rameters for the trigger delay 6t and width of the off window Aw. For the long trigger
delays, the population inversion can reach the lasing threshold for even a low Q fac-
tors which results in a laser free-running operation and therefore extracting part of
the energy from the gain medium. This was observed as a series of spikes in the laser
output before the Q-switched high energy pulse and although the overall average power
increases, this additional energy is not a part of the high energy pulse and it can con-

tribute to the error in the Raman laser conversion efficiency analysis. On the other

50



Chapter 3. Diamond Raman Laser prototype

N‘
hand, if the trigger delay is made too short, the —= ratio is low and limits the output
P
energy.
The population inversion evolution N in a gain medium in the absence of stimulated

emission as in the case of low Q cavity can be calculated using Equation 3.2[40]

dN N

T

where the term R, is the pump rate and 7 is an excited laser level lifetime. For a
P,ps = 26W absorbed pump average power in the gain medium (average total pump
power in the Q-switching pumping cycle), absorbed photon energy v, and a pumping

volume V' = 3.5mm? (which was about the volume designed for the Nd:YAP pumping),
Pabs

hvpmV
time of the normalized population inversion calculated with the Equation 3.2 which

the pump rate was R, = = 2.7 X 1034%. Figure 3.6 shows the evolution in
reaches the maximum at around 600us. The optimal performance of the laser was
found when this time was reduced to 420um since after increasing this time further
some CW emission was observed in the output as the laser reached the threshold for
the low Q factor. Pumping for shorter times decreased the output energy in the pulse
as the population inversion was lower.

The width of the g-switch window Aw = 188ns was chosen to maximize the output
energy of the laser. A window that is too short will clip the tail of the output pulse
reducing its energy and by decreasing it further, it will introduce cavity losses during
the Q-switch pulse buildup and reduce the output energy, on the other hand if the
window is too long, some spikes may occur after the main pulse of the laser indicating
laser reaching a free running threshold. This situation is described in [40] as the slow
switching of the cavity losses (and not switching them at all in a case of a long Aw is
certainly the case) can lead to multi pulsing.

Figure 3.7a shows the output pulse of the laser which was about 20ns long of FWHM
width. The used pump combined average power was about 0.22W average power with
the 420us on time and 20H z operation. Mode beating, similar to [151], was observed in

the output pulse and the distance between the peaks was 1.75ns which corresponds to
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Figure 3.6: Evolution of the population inversion in the Nd:YAP laser. Normalization
to the maximum population inversion.

576 M H z beat frequency. Figure 3.7b shows the Fourier transform of the output pulse.
The intermode beat frequency for a 262mm cavity of the Nd:YAP laser was 576 M H z
which corresponds to a 1.75ns period which confirmed intermode beating in this laser.
The secondary peak at 1.17GHz is a second harmonic of the 576 M Hz peak. This
means that there are at least two adjacent longitudinal modes oscillating in the cavity.
The pulse duration as well as the output energy depended on the used pump power and

this is described in the next section together with the output coupler optimization.

3.2.1 Performance and output coupler optimization

The output coupler for the Nd:YAP laser was chosen from the available mirrors:
70% and 80% reflectivity. The results are summarized in the Table 3.1. The 70%
reflectivity mirror was chosen based on the highest output energy. The pump on-time
in the 20H z case was equal to the trigger delay time 6t (plus RF off time dw) and the
maximum achieved output energy was 0.55mJ. In the 50H z case, the output energy
was 0.46m.J and not as high as in the 20H z which was most likely caused by shorter
pump on time (ref. Table 3.1). Increasing the pump on-time resulted only in decreasing

the Nd:YAP output energy possibly due to the thermal load so the repetition rate of
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(a) Output pulse of the Nd:YAP laser. (b) Nd:YAP output pulse FFT analysis shows
mode beating at the intermode frequency.

Figure 3.7: Nd:YAP laser output pulse analysis.

operation was chosen to be 20Hz. As a proof of concept laser, the repetition rate was
not the most important factor and the main goal was to produce as much of energy as
possible per single output pulse which as described in the beginning of this Chapter
would be a few times above the Raman laser threshold energy. The investigation of the
high power and high repetition rate is described in Chapter 4 where Yb fiber MOPA

is used as a pump laser.

Output Pulse Trigger  Repetition
coupler (%] Energy [m.] length [ns|] delay [us] rate [Hz]
70 0.55 21 420 20
70 0.46 21 276 50
80 0.44 21 184 50

Table 3.1: Optimization of the output coupler in Nd:YAP laser

Figure 3.8 shows an output pulse energy and pulse duration as a function of LDs
quasi-CW (2% duty cycle) average power. The operating point was set to be 25A4 for
LD1 and 20A for LD2 which corresponds to about 0.23W of quasi-CW average power
and about E = 0.4mJ output energy at A = 1080nm which gave enough energy to
use this laser as a proof of concept system for diamond Raman laser pumping. It was

possible to generate more energy, but it was observed, that the coatings on the Nd:YAP
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were damaged. The graph shows that the roll-off point for this laser, most likely due
to thermal effects was around 0.24W average power. The pulse duration also decreased
as the pump power increased since the pulse duration also depends on the maximum
population inversion [40, 152] and is limited usually by the cavity decay time. The pulse
duration in Figure 3.8 reaches a steady value for a certain pump power. As mentioned
before, the rising edge of the pulse is determined by the gain in the laser medium and
the trailing edge by the cavity decay time. By increasing the pump power, the % ratio
increases and the A7, from Equation 1.11 tends to cavity decay time 7, which depends

on the output coupling, losses and length of the laser cavity.
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Figure 3.8: Pulse energy and duration as function of pump power.

3.2.2 Output spectrum

The pulsed regime spectrum seen in Figure 3.9 was measured with about 0.5W
of quasi-CW average power at b0H z repetition rate. The laser repetition rate was
increased from 20H z because the OSA measurements at lower repetition rates are dif-
ficult due to the artifacts in the output spectra and low sensitivity[153]. The resolution
of the OSA at 1080nm was about 0.03nm. The center wavelength was measured to
be 1079.6nm and the linewidth was limited by the resolution and was 0.03nm. The

achieved wavelength of operation of the Nd:YAP laser operating in the pulsed regime
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allowed for the second Stokes conversion in diamond to reach 1.5um making it a suitable

pump source for the eye-safe laser system.
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Figure 3.9: Nd:YAP spectrum in pulsed regime.

3.2.3 Beam quality

The method for the measurement of the laser output beam quality is described
in Section 1.2.1 and [154]. Here, the output beam of the Nd:YAP was focused by
a f = 100mm lens to a spot and a series of beam profiles were measured through
this focus. Figure 3.10 shows the beam diameter versus propagation distance with the
z = 0 representing the focus position. Each point represents an average of the beam
diameter of 100 frames taken with the CCD camera. Each single measurement had
an error of about 10% therefore after averaging, the error is negligible. The resulting
solid curve is a fit to the Equation 1.2 and parameters: A = 2.394+0.41 x 107 8m, B =
7.9542.85x107"m,C = 1.15+0.3 x 10~*m with 95% confidence bounds and R-Square
value of 0.97. The beam quality M? parameter was about M? = 1.2 & 0.2 calculated
with the Equation 1.3. The Rayleigh range (range over which the beam expands by the
factor of v/2) for this beam is about 14mm which was much longer than the diamond

length in the Raman laser cavity. This simplified the pump rate calculations for the
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Raman laser since Equation 3.1 assumed a non diverging beam.
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Figure 3.10: Beam diameter fit for the beam quality measurement. Inset shows a beam
at the focus. R-Square value of the fit 0.97.

3.3 Summary

The first part of this Chapter concludes with a summary of the achieved parameters
of the Nd:YAP laser presented in Table 3.2. The maximum energy in the following table
represents the energy available for DRL pumping and is lower than the one presented
in Table 3.1 due to (i) degradation of the AR coatings on the Nd:YAP crystal over
time and (ii) the transmission function of the DRL conditioning optical system (ref.
Section 3.5.1). It is still about 4 times above the expected second Stokes threshold
[38]. The output polarization of the laser was linear and could be rotated with the
external half-wave plate to adjust for the polarization with the maximum Raman gain

in diamond as mentioned previously in Equation 1.7.

Pulse Pulse Repetition
energy  duration rate
1079nm < 0.3nm  0.42mJ 21ns 20Hz 1.2£0.2

Wavelength Linewidth M2
Table 3.2: Parameter of the developed Nd:YAP laser.
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3.4 Research grade diamond samples

3.4.1 Diamond samples

Before moving on to characterizing the diamond Raman laser, a brief description
of the Element 6 diamond samples is provided. There were five 4 X 2 X 2mm samples
and one 7 X 2 X 2mm sample. Figure 3.11 shows the orientation of the sample where
the laser beam propagation was along a < 110 > crystallographic direction with its
polarization aligned with a < 111 > direction. The specification for the absorption
coefficient of the crystals was < 0.005cm ™1 at 1064nm wavelength. Birefringence can
cause polarisation changes which can result in losses if there is some polarisation de-
pendent loss in the cavity. It is measured by the difference in the refractive index An
for the two orthogonal polarizations. The birefringence can be assessed by using e.g.
cross-polarizer method[155] where a polarized light is passed through a medium and
later is analyzed through a polarizer which is orthogonally oriented w.r.t. to the input
light polarization. In a case of a medium with no birefringence, the light should be
completely blocked by the second polarizer. Figure 3.12 shows a measurement (supplied
by Element 6) of the birefringence of the crystals. It can be seen, that the image does
not show any light which means that there is no significant birefringence present in the
crystal. The specifications of the birefringence for the samples was An = 2 x 107°.
Such ultra low birefringent material is essential for the efficient Raman laser: Equation
1.7 shows that the Raman gain is dependent on direction of the pump and Raman
field vectors and if these become depolarized due to the birefringence, the gain can be

reduced.

A7

<110>

Figure 3.11: Crystallographic directions of the diamond samples.
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Figure 3.12: Cross-polarization measurement of the birefringence in the diamond sam-

ples.

3.4.2 Diamond coatings

The diamonds were coated with anti-reflective (AR) coatings at three wavelengths

of interest. The lowest reflectivity was at 1.5um and 1.2um with about 0.3% and 0.5%

respectively and about 3% at 1um. Figure 3.13 shows a measurement performed by

the coating company Lambda Research Optics, Inc.

4.2
4.H

357

3.0

2.5

2.4

%R

1.5

1.0

0.5

\ 1079, 31815 5 ating : R<0.5% @1260nm & 1520nm & R<5% @ 1079nm, 0°

0.0
1000

1100 1200 1600 1700

nm

Figure 3.13: Simulation of the reflectivity spectrum of anti-reflection coatings on dia-
mond. Courtesy of Lambda Research Optics, Inc.
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3.5 Diamond Raman Laser proof of concept

The diamond Raman laser (DRL) presented in this section was a second Stokes
Raman laser which means that the pump wavelength is shifted by Raman shift in
diamond from 1um twice to reach eye-safe wavelengths. The DRL consisted of pump
conditioning optics (power attenuator, polarization control and focusing) and the DRL
cavity itself - an input coupler, diamond crystal and an output coupler.

Figure 3.14 shows a DRL cavity with a piece of diamond in between two mirrors.
The diamond is positioned on a micro adjustable XYZ stage which can also tilt allowing

for precise alignment.

Figure 3.14: Diamond positioned in between input and output coupler makes a DRL
cavity.

3.5.1 Beam conditioning

Additional optical elements were used for power, polarization control and for fo-
cusing the pump beam. This allowed for the characterization of the DRL performance
depending on the input pump beam conditions.

Figure 3.15 shows the conditioning optics elements. The isolator (Electro-Optics
Technology - PAVOS, 33dB isolation) prevented the back reflected light affecting the
Nd:YAP performance. Due to the chosen reflective coatings of the DRL output coupler,
the pump was double passed in the Raman cavity and removing the isolator substan-

tially limited the Nd:YAP laser performance. The attenuator consisted of a rotating
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zero-order halfwave plate (HWP, Thorlabs) anti-reflection (AR) coated at 1080nm and
a Polarizing Beamsplitter (PBS, Thorlabs). By rotating the HWP it was possible to
control the intensity of light being passed through the PBS. An additional HWP was
added after the attenuator to control the polarization of the pump beam since the Ra-
man gain is dependent on the pump polarization [81]. The focusing lens was a spherical
plano-convex lens (Thorlabs, C AR coating 1050nm — 1700nm) and was used to focus
the pump beam into a desired diameter. The lens was positioned on an XYZ stage
allowing for shifting the focal spot along the optical axis which was found to be the
most important factor in the alignment. An aperture was added after the focusing lens
as well to aid with the DRL alignment process. The reflections from the DRL (couplers
and diamond’s surfaces) were visible with an IR viewer on the aperture and can be used
as an indication if all the reflecting surfaces are positioned in parallel to each other (the
reflections are going back the same optical path). The Raman cavity itself consisted of

the input coupler, diamond crystal and an output coupler.

[0

Figure 3.15: Conditioning optics for the DRL.

3.5.2 Diamond Raman laser cavity design

This section presents an analysis of the DRL mode sizes for the first and second
Stokes. The laser mode sizes were important for the simulation of the DRL efficiency
in Section 3.5.3, where the pump spot diameter and output coupler partial reflectivity

were optimized for the following ABCD matrix calculated laser modes.

60



Chapter 3. Diamond Raman Laser prototype

Available mirrors for input and output couplers had radii of curvature (ROC)
50,100, 150mm and plane. Figure 3.16 shows the first and second Stokes laser modes
diameter variation in the DRL cavity for a plane input coupler, 4mm diamond (using a
7mm diamond does not increase the mode diameter significantly) and a ROC = 50mm
output coupler generated by the reZonator software [139]. The ROC = 50mm output
coupler provided the smallest mode size over the diamond’s length (187um at 1261nm

and 202pm at 1516nm). The mirrors in the DRL cavity were positioned as close as

220 -
J—— 1516 nm mode diameter
2159—— 1261 nm mode diameter
E 2104
3 J
< 2054
Q ]
[0]
IS 200‘_ Diamond
%’ 195 - 4 mm 7 mm /
° ]
3 190—-
= 185
180
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0 2 4 6 8 10 12
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Figure 3.16: Mode size propagation along the cavity axis, starting at z = Omm - the
input coupler. The diamonds represent positions of the diamond samples (4mm and
Tmm).

possible to the diamond (as also indicated in [38]) which minimized the mode radius
of the second Stokes and it varied from 202um to 218um over the crystal length. The
full length of the cavity was about 1.1¢m. This allowed for matching of the pump and
DRL laser modes over the diamond length which simplified the model as the overlap
of the pump and laser modes shown in Equation 3.1 assumes low-diverging beams.
Figure 3.17 shows the stability parameter (ref. Section 2.3) and laser mode size
on the diamond’s input face versus the distance between the diamond surface (closer
to the output coupler) and an output coupler. The mode size changes from 150um to
about 210pm over the stability range. Changing the output coupler ROC' to 100mm

further increased the mode diameter by 80um. The mode diameter used in the exper-
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iment is also indicated in the Figure 3.17 for reference and we will see in the Section
3.5.3 that it was chosen to best match the pump spot size. It has to be added that
a similar mode size could have been achieved by increasing the distance between the
diamond and the output coupler to 40mm but the lasing action was difficult to achieve,
possibly due to the increased pump beam size on the second pass through the DRL
cavity. The diameter of the pump beam from the Nd:YAP laser at the center of the
diamond after reflecting off the ROC = 50mm output coupler positioned 8mm away
from the diamond output surface was estimated to be about 170pum diameter versus

186m when the output coupler was positioned 40mm from the diamond surface.
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Figure 3.17: Stability and mode diameter of 1516nm for a DRL cavity (plane input
coupler and 50mm output coupler) versus the distance between the diamond surface
and the output coupler.

3.5.3 Pump spot diameter and output coupler optimization

This section shows the optimization of the pumping spot size and the partial reflec-
tivity of the output coupler (OC PR) of the DRL as two main variables. The Model
presented in Chapter 2 was used to simulate the conversion efficiency of the DRL.
Table 3.3 shows the parameters used in the model. The DRL laser mode diameters
for this simulation were as calculated by the ABCD matrix method for a 2cm long

cavity with a 4mm diamond: d i st stokes = 187um, dsecond Stokes = 202ppm. Diamond
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was assumed to have an absorption coefficient of & = 0.003c¢m ™! at pump and Stokes
wavelengths. The input coupler had anti-reflective (AR) coatings on a side facing away
from the diamond to transmit the pump light (< 2% at 1080nm) and the side facing
diamond was highly reflective at Stokes wavelengths (> 99.9% at 1.2um and 1.5um)
as well as AR at the pump wavelength. The output coupler was highly reflective at
pump wavelength (> 99.9% to allow for a double pass operation) and first Stokes-
shifted wavelength (> 99.9% at 1.2um). It was also partially reflective (15%, 30% or
60%) at the second Stokes wavelength of 1.5um. Raman gain coefficients reported in
an and g; = 7.6ﬂ at 1.28um. The gain coefficients

GW GW

were first adjusted to the experimental wavelengths by taking the gain at fundamental

[75] at 1.064um was go = 17

wavelength and multiplying it by the ratio of the wavelengths as shown in [38]. The

1064
pump wavelength gla;igocoeﬂicient: gi079 = ﬁglom = 16.7% and first Stokes gain
coefficient gi964 = 1264 gi280 = 1.7 % These values were further adjusted to match

the experimental results in Section 3.6.3 by multiplying the gain factors by a constant
k = 0.9 resulting in the so called effective gain coefficient that takes into account mis-
match in the pump and Stokes beams overlap and first Stokes photons scattering not

contributing to the laser mode. The gain coeflicients used in this simulation were there-

fore gg = 15.3% and g = 6.8%.
cm cm Pump pulse d d
9ol &y gl enexgy [11]] 1[pm] 2[um]
15.3 6.8 400 187 202
I, [mm] K, R12 R22 RO1
" P (1st Stokes IC) | (2nd Stokes IC) | (pump OC)
4 1079 0.99 0.99 0.99
R02 R11 R21 ROC OC ROC IC
(pump IC) | (1st Stokes OC) | (2nd Stokes OC) [mm] [mm]
0 0.99 variable 50 plane

Table 3.3: Parameters for the model used for pump spot optimization. d; are diameters
of i order Stokes laser modes (i = 0 for pump wavelength), plane input coupler.

Keeping the mode sizes constant, optimum performance can be found by varying
the pump spot diameter and OC PR parameters and plotting the conversion efficiency

of the second Stokes output in a "heat map” plot which is presented in Figure 3.18.
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Figure 3.18: Simulation of the DRL preformance versus pump spot diameter and output
coupler partial reflectivity at a pump energy E = 400uJ. Indicated are the damage

threshold for a pump double pass 10— [8] and chosen pump spot diameter.
cm

Figure 3.18 shows the conversion efficiency of the DRL at the second Stokes wave-
length versus pump spot diameter and OC PR of the DRL cavity. It can be seen,
that for the decreasing pump spot diameter (increasing the intensity of the pump) the
conversion efficiency of the DRL increases towards maximum at about 25um pump
spot diameter and about 50% OC PR. The damage threshold of the AR coatings was
observed at about 10%[8] corresponding to the pump spot diameter of 110um indi-
cated by the " AR damage threshold” dashed line in the Figure 3.18. The pump spot
diameter chosen was 140um for the experiment was sufficiently larger not to induce
damage. The maximum simulated conversion efficiency for a pump spot diameter of
140um was about 33% for an OC PR of about 30%.

Figure 3.18 also shows that the second Stokes conversion efficiency for the pump
spot size of 50um reaches maximum between 30% and 60% OC PR and falls off for both
higher and lower PR. This is consistent with the findings in [38], where a very similar
laser was presented (second Stokes laser, pumped by 1.064um laser) and where the

higher efficiency was achieved when using a low output coupler reflectivity at second
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Stokes wavelength. For the PR = 0%, there is no feedback to start the lasing action
and only spontaneous scattering is present in the output of the laser. For PR = 100%
all the energy is contained within the cavity and no second Stokes signal outputs from
the laser.

A preference of the low versus high partial reflectivity of an output coupler for the
DRL is presented in a discussion in [156], where the analysis of the performance of the
odd and even order Raman laser is shown. Burgoyne et.al show, that this is due to the
amount of residual power of the not fully depleted pump. The higher the depletion,
the higher the efficiency of the Raman conversion as seen explained using following
equations.

Equation 3.3[156] shows, that the residual pump power P, in the even order Ra-
man laser case is minimized by using the low reflectivity of the output coupler as well
as it depends on the L length of the cavity, gain coefficient g, «; absorption and

o _ (R A)

Pj =94~ TagL where R;f is an output and R; input coupling reflectivity of the

J Stokes order.

n
P, = PuR{exp | ~4goL | S pj+ 20‘70 (3.3)
=2 0

J even

On the other hand, Equation 3.4[156] shows, that for the odd order Raman laser,
the P, is on the both sides of the equation and therefore, maximizing the reflectivity
of the output coupler is going to increase the residual pump depletion.

P = PmRar exp | — (3.4)

The higher DRL efficiency at tighter focusing agrees with the optimization of Raman
stimulated scattering shown in [27] where it is stated that the lowest threshold for the
SRS is achieved at the optimum value of the ratio between the pump confocal parameter
(twice the Rayleigh range) to the Raman crystal length of 0.5 which for the Nd:YAP

would mean focusing to the spot size of a wy = 20um radius (40). The confocal
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parameter follows the equation zj.f = 2&2%\ and for the Nd:YAP laser of beam quality
M2 = 1.1 operating at A = 1.08um focused to a spot size diameter of 144um, it is
about 2.y = 30mm which is almost an order of magnitude longer than the length of
the diamond. This means that decreasing the confocal parameter of Nd:YAP laser - or
focusing tighter, the efficiency of the DRL should also increase.

To summarize - the chosen output coupler was 30% (from available 15 ,30 and 60%)
which seemed to be optimal taking into account a pump diameter of 140um. This
allowed to reasonably safely operate the DRL avoiding damage and maximizing the
efficiency. To increase the damage threshold point and use tighter focusing one might
think that it would be beneficial to use a Brewster cut crystals which would increase the
possible pumping fluence to 260”%2 which is a damage point of the uncoated diamond
surface[157]. Using Brewster cut diamonds also introduce the astigmatism and so a
larger mode size in one crystallographic direction which would need to be taken into
account for this type of design. Another important drawback is that this crystal cut

requires pumping with the polarized emission which is not preferred by the industrial

partners for this project.

3.5.4 Output coupler optimization - experimental results

This section presents results from the experimental output coupling optimization.
The available output couplers (OC) had a partial reflectivity (PR) of 15%, 30% and
60% and a ROC = 50mm. A diamond sample of a size 2 x 2 X 4mm was chosen for
preliminary tests of which OC would perform best. The pump energy was varied by
the attenuator from 100uJ to 300uJ. The maximum output energy from the DRL
was when the pump polarization was aligned with a < 111 > crystallographic direction
as is described in more detail in Section 1.3.3. Figure 3.19 shows the energy of the
second Stokes shifted output at 1.5um wavelength with varying pump energy for three
different OC PR and the results are summarized in Table 3.4. The lowest threshold
was achieved for the PR = 30% OC and highest for the PR = 15% OC although all
values were within the error margin. The highest slope efficiency of 46% was achieved

from the PR = 15% OC followed closely by PR = 30% OC with 44% slope efficiency.
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Figure 3.19: Energy transfer of the DRL working at 1.5um wavelength range versus
output coupling. Solid lines are linear fits of the data.

A reason to choose a PR = 30% OC was that a damage to the diamond’s coatings
was observed when using PR = 15% OC possibly due to a high first Stokes intracavity
field. As suggested in [83] the careful choice of the OC can deplete, or enhance the
first Stokes intracavity field which could influence the damage threshold of coatings
or mirrors. The experimental results are consistent with the modeling presented in
Section 3.5.3 where the efficiency between OC PR of 15% and 30% should not change
as much and fall off for OC PR of 60%.

Output coupler reflectivity % Slope efficiency % Threshold pJ

15 46.6+1.6 13048
30 44.1£1.6 11849
60 30.8+0.6 127+5

Table 3.4: Comparison of the performance of the DRL laser versus reflectivity of the
output coupler.
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3.6 Diamond Raman laser performance

This section aims to measure characteristics of the DRL such as efficiency, transient
analysis and spectral analysis. Figure 3.20 shows a setup used. Observation of pulses
of each Stokes signals could be done with a use of a monochromator (Edmund Optics)
which acted as a wavelength discriminator. An additional 45 deg dichroic mirror, HR at
1.5um was used to direct the light onto an energy meter (Thorlabs, ES111C) for energy
measurements. On the output of the monochromator, a photodetector (Thorlabs,1 —
1.7um 350M Hz GaAs) connected to an oscilloscope was placed to show time traces of
each signal. A lens was used to focus the DRL output beam into the monochromator
(f = 35mm coated for high transmission at 1050 — 1700xm). The monochromator’s

entrance and exit slits were 100um.

DRL Lens Dichroic  Monochromator Photodetector
irror

Oscilloscope

Energy
Meter

Figure 3.20: A setup for measuring the pulse traces at first, second Stokes and depletion
of the pump. Dichroic mirror allowed for measurement of the output energy at 1.5um.

3.6.1 Output energy

Energy transfers of available diamond samples (five 2 x 2 x 4mm samples and one
2 x 2 x Tmm sample) are presented in Figure 3.21. It can be seen that the 7Tmm
sample performed best due to the longest interaction length (detailed considerations
on diamond length are presented in Section 6.2). From the 4mm diamonds, Diamond
2 performed above the average of other 4mm samples. One possibility is specially well
aligned cavity in this one case or unknown production differences of either coatings or
diamond. Table 3.5 summarizes the thresholds and slope efficiencies for each of the

diamonds. In a rough comparison to a DRL presented in [38] where a 6.9mm diamond
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Figure 3.21: Energy transfers of DRL of all available diamond samples. Two simulated
energy transfers showcase the accuracy of the model.

pumped with 1.064um had a slope efficiency of 56% which is comparable to the slope

efficiency of 50% achieved with the 7mm diamond in this experiment.

. . Maxi tput Maxi i
Diamond Threshold uJ  Slope efficiency % axinum owpu AXTITILTL COTVETSION

energy u.J efficiency %
6 64.9+0.1 50+1 133.3+3.2 40.5
5 115.1£0.2 4142 88.1+£3.2 26.4
4 105.5+0.2 37+2 82+4 25
3 130.14+0.1 46+1 93.6+4.5 28.4
2 92.5240.03 49+1 120.4+5 35.6
1 114.840.1 4241 90.448.1 27.2

Table 3.5: Summary of the diamond samples performance in the DRL obtained with
the output coupler of PR=30%.

3.6.2 Output pulse analysis

Analysis of the first, second Stokes and both depleted and an input pump sig-
nals was achieved using setup shown on Figure 3.20 where the signal was recorded

with a 350M H z photodetector connected to a 1GHz bandwidth oscilloscope. Figure
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3.22a shows output pulses from a DRL (with a 7mm diamond, pumped with 300u.J
of Nd:YAP output energy, OC used was PR = 30%) at first, second Stokes as well as
depleted pump after only one pass through the diamond - leakage through the output
coupler - and the input pump (leakage through the misaligned DRL). After the pump
pulse reaches the threshold for the first Stokes oscillation, first Stokes pulse begins to
rise, after which the pump pulse depletes (transfer of the energy to the Stokes emis-
sion). The first Stokes pulse builds up and caps[158, 159] at the intensity needed to
generate the second Stokes. In turn, the second Stokes pulse rises after its threshold is
reached by the first Stokes intracavity field. Then both of the Stokes fields reach their
maximum value, after which as the pump pulse begins to fall off, the Stokes fields also
fall with a trailing edge of the pulse equal to a cavity decay time.

In Figure 3.22a the full-width half maximum of the input pump pulse was about
20ns and the resulting second Stokes pulse was about 16ns. The first Stokes pulse was
35ns which was much longer than the pump pulse which agrees with the simulations
and also was observed in [38, 83|. The first Stokes pulse duration can be broken down
into three parts: (i) increase of the first Stokes field due to the Raman gain[38, 40, 68],

(ii) plateau due to the energy transfer towards the second Stokes field and (iii) decay of

—2L
cn(R1x R2x (1 —1T)?) 140]

The decay time of the first Stokes pulse was fitted by converting the falling edge part

the pulse with a time equal to the cavity decay time 7 =

of the pulse into y = ae”® natural logarithmic scale and fitting the data with a linear

1
regression equation Iny = Ina 4+ Bz where — is a decay time of the exponential func-

B

tion. The measured decay time of the first Stokes pulse was 715 = ; = bns and roughly
agreed with the calculated cavity decay time 715 = 3.6ns[40], where L = 22mm is an
optical cavity length, R1 = 0.99 and R2 = 0.99 are mirror reflectivities at first Stokes
wavelength and 7' = 0.01 is an assumed cavity loss which is a reasonable assumption
for a very high Q cavity. The difference in the calculation and the measurement can
partially be explained by the unknown differences in the high reflective coatings on of
the mirrors at the first Stokes wavelengths which are specified as PR > 0.99

The second Stokes pulse measured decay was 195 = 4.8ns which was much longer

than the 795 = 0.1ns of the calculated value for R1 = 0.99, R2 = 0.3, L = 22mm and
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T = 0.01%. Of course, the additional losses T can be different for second Stokes com-
pared to the first Stokes fields, but the increasing the losses only decreases the decay
time instead of increasing it and decreasing the losses does not lead to an order of mag-
nitude difference in 7 before reaching unreasonable values. The most likely assumption
would be that whereas the first Stokes field has a clear pump cut-off, the second Stokes
does not. It is because the first Stokes pulse oscillates in the high Q cavity and its
plateau part as well as the decaying part of the pulse can still have enough intensity to
generate the second Stokes signal.

Figure 3.22b shows the output pulses for the DRL with a 4mm diamond and OC
PR = 15%. The second Stokes pulse had a duration of about FW HM = 13ns for the
same FW HM = 20ns pump pulse and was 3ns shorter than in the case of PR = 30%
as expected. In this measurement, it was possible to record the depleted pump after the
second pass in contrast to Figure 3.22a, where only single pass of the depleted pump
is shown. The double passed depleted pump does not have an additional bump as in
the single pass case meaning that the second pass contributes to the energy transfer to
the second Stokes signal.
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[——Depleted pump| 1st Stokes
I—— 1st Stokes 2nd Stokes
084 f ﬁ]";uts;iﬁ: 084 Depleted pump
m
S
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(a) Output pulses of the DRL at first, sec- (b) Output pulses of the DRL at first, sec-
ond Stokes and the pulse traces of input and ond Stokes and the pulse traces of input and
depleted pump. 7mm diamond, 30%PR. depleted pump. 4mm diamond, 15%PR.

Figure 3.22: DRL output pulses at different output coupling.

The first Stokes pulse duration in the case of OC PR = 15% and PR = 30% (at
second Stokes wavelength) were 20ns and 35ns. As the cavity is highly reflective at the
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first Stokes wavelength in both cases, the difference in the first Stokes pulse duration
could be a sum of different cavity decay 7 values due to the slight difference in the re-
flective coatings at the first Stokes wavelength and possible impact of the higher order
DRL laser modes. It needs reminding, that the Nd:YAP laser output signal showed a
mode beating behavior which is also present in the Stokes pulses.

For completeness, the time traces of the first and second Stokes pulses with an
output coupler of PR = 15% and PR = 60% at the second Stokes wavelength were
measured in combination with two different 4mm diamond crystals. The recorded
pulses of the first and second Stokes are shown in Figure 3.23.

For different diamond samples, the rise time of the second Stokes pulse in Figure
3.23a does not change indicating the same Raman gain of the diamond samples. The
fall time of the pulse was fitted by the exponential decay function and was about 6ns
for PR = 15% and about 10ns for the PR = 60% which is consistent with the mod-
eling and as mentioned before, is much longer than the calculated cavity decay time
probably due to a long duration of a high intensity intracavity first Stokes field. The
overall pulse duration of the second Stokes pulse was 16ns with PR = 60% OC and
13.5ns with PR = 15% OC.

The first Stokes pulse duration shown in Figure 3.23b (recorded in the same exper-
iment as the second Stokes pulses) for a PR = 15% was FW HM = 27ns for diamond
4 and FWHM = 37ns for diamond 1 and for a PR = 60% was FWHM = 50ns for
diamond 4 and FW HM = 40ns for diamond 1. It can be seen, that the red and green
curves of the shortest two first Stokes pulses correspond to the shortest trailing edges
of the second Stokes pulse. This at least partially confirms that the long duration on
the first Stokes pulse impacts the decay time of the second Stokes pulse as mentioned
before. The model presented in Chapter 2 does not include impact of the higher order

modes and therefore further investigation into this was not currently possible.

3.6.3 Simulation results

In this Section a brief analysis of the results in the context of the model is pre-

sented. It will be seen, that the gain coefficient parameters and assumed absorption
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(a) Measured second Stokes output pulse (b) First Stokes output pulses with different
with different diamonds (4mm) and different diamonds (4mm) and output couplers used in
output couplers. the DRL.

Figure 3.23: DRL output pulses at different output coupling.

in the diamond crystal are reasonably close to the literature reported values and the
simulations give an adequate representation of the experimental results. Firstly, fitting
of the time traces of the DRL will be shown followed by the energy transfers for two
diamonds.

The pump simulation parameters were identical to those in the experiment and
were presented in Table 3.3. Nd:YAP laser was operating at 1079nm, 20H z with 21ns
output pulses focused down to 144um spot diameter. The DRL cavity had a plane in-
put coupler anti-reflective at pump wavelength and highly refflective at first and second
Stokes wavelength. The output coupler was ROC' = 50mm and highly reflective at first
Stokes wavelength and PR = 30% at second Stokes wavelength. Diamond length was
4mm with the absorption coefficient assumed to be a = 0.003cm ™! at all wavelengths.

Figure 3.24 shows simulated pump, depleted pump and first and second Stokes time
signals in the output of the DRL. The amplitude of the simulated signals were adjusted
to match the rising edges of the measured signals. The simulated depleted pump shows
a double passed depleted pump whereas the measurement shows a single pass depleted
pump and that explains the additional energy in the measured depleted pump pulse
at 20 — 3bns time. It can be seen in Figure 3.24, that the measured pulses duration
of Stokes and pump signals matches well with the simulation. Also the point at which

the depletion of the pump starts to occur is quite consistent with the model as seen on
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the purple curve.
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Figure 3.24: Simulated time traces in the DRL of the depleted pump, first and second
Stokes emission.

To simulate the output energy of the DRL, an integration of the second Stokes
pulses was performed and the results are presented in the Figure 3.25. The simulations
were performed with the same set of parameters as mentioned before for two lengths
of the diamond 4mm and 7mm. As seen, the measured and simulated values for the
output energy match quite closely.

This Section showed, that the model described in Chapter 2 is adequate to predict
the DRL performance and is in line with the literature reported values for important
coefficients. The theoretical analysis of the output coupler optimization in [156] is also
consistent with the results. Therefore, the model was further used to create discussion
on the other optimal conditions for the DRL operation and these are presented in the

conclusion chapter.

3.6.4 Output spectrum of the Diamond Raman laser

An automated monochromator (Spectral Products, CM110) was used to measure
the output spectrum at the individual Stokes wavelengths. Using a leakage through

the output coupler and a setup similar to the one shown on Figure 3.20 it was possible
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Figure 3.25: Simulation and measurements of the energy transfers and conversion effi-
ciency of the DRL performance with the 4mm and 7mm diamonds.

to observe emission at both Stokes wavelengths at 1.2um and 1.5um as well as the
pump leakage. The monochromator used in this experiment was an automated grating
monochromator with a wavelength resolution of 0.2nm and a wavelength accuracy of
+0.6nm which was connected to a smart scope (LabNation). Both the monochroma-
tor and the scope were connected to the computer through a LabVIEW plugin. This
allowed the transmission wavelength of the monochromator to be tuned while record-
ing the signal on the photodetector. Figure 3.26 shows an output spectrum recorded
through the setup. This is not a linewidth measurement since the expected linewidth
( 0.2nm(3]) is less than the instrument resolution. The structure of the spectral lines
could be an outcome of the time averaging of the collected data. Each emitted laser
pulse lasted about 20ns whereas the averaging window was about a 1ms so with 20H z
repetition rate, for a single monochromator wavelength step, measurement was taken
of a different pulse.

The emission of the first Stokes was observed at 1262nm and second Stokes at

1515nm. The lines are separated by 1320 +29c¢m~! where the literature reported value
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is 1332em~![3]. The large error was due to the instrumental limitation as well as the
fact that the scanning took place over number of pulses.

The main outcome is that there is a very clear emission in the second Stokes wave-
length region and at the available pump energies (< 400u.J). The achieved wavelength
is above 1.5um which makes this proof of concept viable to generate eye-safe wave-
lengths. More detailed spectral analysis was undertaken for the fibre-laser pumped

DRL described in Chapter 4.
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Figure 3.26: Output emission wavelength cascade from the DRL.

3.7 Summary

This Chapter showed that the developed DRL is a proof of concept for generating
eye-safe wavelength and that diamond is an enabling component for this technology.
Firstly, the Nd:YAP laser was developed with a repetition rate of 20H z, 0.5mJ output
energy and 20ns pulse width which met the requirements for the DRL pumping. The
available energy was about 5x higher than the achieved threshold for the generation
of the second Stokes emission. Then, the DRL was developed with the emission wave-

length above 1.5um which was a requirement for industry. Maximum output energy
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was 130uJ at 1.5um with the repetition rate of 20H z. The requirement for high aver-
age power can not be met due to the thermal issues of the pump laser. To overcome
this, a fibre laser was employed as a pump which could operate in kH z to M H z regime.

The fibre pumped DRL is described in Chapter 4.
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Chapter 4

Fiber pumped Diamond Raman

Laser

Chapter 3 showed a proof of concept system converting 1um wavelength to 1.5um
through a second-Stokes Raman conversion in diamond. The maximum output energy
reached was about 120uJ but the requirement for high average power and repetition
rate operation was not. To achieve the latter, a more powerful pump source that could
operate at high average powers had to be used. The approach of using an Yb:fibre
Master Oscillator Power Amplifier (MOPA) as a pump was chosen due to the scalability
of the average power of Yb:fiber lasers (as described in detail in Section 1.4) as well as
the expertise provided by the collaborators in the project at the ORC (Optoelectronics
Research Center) at University of Southampton. The MOPA system that was developed
by the ORC met the requirements for the pulse energy determined in Chapter 3 at
relatively high repetition rate and high average power.

The elements of the MOPA system are described in the next Section based on the
ORC publication in [106]. Further on, a brief characterization of the output pulses
and spectrum is presented as measured during the DRL experiments (not from the
publication). Further sections provide the results of the DRL experiments with the
MOPA system as a pump. An important remark has to be made here - the sets of data
were usually taken during visits to Southampton that were months apart and therefore

direct comparison should be done carefully always keeping in mind, that the DRL cavity
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was rebuilt each time - with slightly different cavity length and overall alignment etc.
Additionally, due to the limited time with the pump laser (due to reliability of one of
the fibers or time constraints) the full set of data (pulse traces, power transfer, spectra)

was difficult to obtain at times.

4.1 High average power pump source for diamond Raman

lasers

The schematic of the MOPA system itself is presented in Figure 4.1 and now its
elements will be described. To summarize the ORC’s work as reported in [106], this
system consisted of a narrow linewidth diode laser as a seed source. This DFB (dis-
tributed feedback) diode laser operated in CW with 40mW output power, 1083nm
wavelength and a specified linewidth of < 2M Hz. This linewidth was later broad-
ened by the electro-optic phase modulator (EOPM) driven by the white noise source
(WNS) in order to mitigate for SBS (stimulated Brillouin scattering) in the amplifica-
tion stages[160-162]. To meet the requirements of the pulse energy with high repetition
rate, the CW output of the seed laser was modulated by an AOM (acousto optical mod-
ulator) to achieve pulses with the duration of 18ns. The amplification stages consisted
of the polarization maintaining ytterbium doped fibers of X/Y core and cladding di-
ameters (e.g. PM-YDF 5/130 on Figure 4.1) and were separated by the isolators (ISO)
to prevent back reflections. Hybrid isolators (Hybrid-1,2) were also fiters to block the
amplified spontaneous emission from propagating in the amplification chain. The max-
imum output average power after 5 amplification stages was 120W, 150k H z repetition
rate, 0.8mJ pulse energy, linearly polarized at 1083nm with a 69GH z linewidth. The
linewidth is about 2.3cm ™! and corresponds roughly to the Raman gain bandwidth in
diamond of about 2em™![3]. A beam quality was good at M2 = 1.2. The schematic
also shows mirrors (M-1,2,3) and lenses (f-1,2,3) used for alignment of the laser beam
into the fifth amplification stage and f4 to align the pump beam. Polarization optics
(A/2,PBS) were places after the MOPA output to maximize its power.

One of the issues encountered during the experiments was reliability of the fifth
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Figure 4.1: MOPA system developed by the University of Southampton (Optoelectron-
ics Research Center) which was used as a pump source for DRL[106].

amplification stage optical fiber in the MOPA system. Most of the measurements pre-
sented in this Chapter are done with the fiber YDF 40/400 but reaching high powers
as well as having time to record full data sets proved to be difficult - the endings of
the fiber kept evaporating when reaching powers of ~ 50W at 150k H z operation in an
unpredictable fashion. To prevent this, end-caps were used that expanded the fiber end
tip areas to allow, in theory, for larger damage threshold [163]. Unfortunately, at this
stage, the middle of the fiber damaged. The reliability and system complexity is a very
important point of discussion for the industrial partners and lessons learned by using
this fiber led to replacing it by a multimode Yb based fiber (ORC, 100/760) which
proved to be more reliable.

The remarkable feature of the original fiber, as noted in [106], was that despite
it not being polarization maintaining, the output light was polarized in about 83%
and after using a high power polarization beam splitter in the output beam path, the
output light from MOPA was fully polarized retaining most of the power in one po-
larization (= 80%). This allowed for the DRL pump light polarization manipulation.
On the other hand, the multimode fiber output was unpolarized which allowed us to
greatly simplify the setup by removing the polarization dependent optics making it
more attractive for the industrial partners. Another consequence of using the unpolar-

ized emission was that the isolator preventing the DRL back reflected light from going
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back into the MOPA system was replaced by a polarization independent isolator (SPI)
and ultimately completely removing the isolator would be desirable by exploring the
possibility of off-axis pumping. Off-axis pumping would save additional cost (polar-
ization dependent high power isolators cost about 3500$, EOT website, 2019) as well
as remove the back reflections from the diamond Raman laser. At the same time the
emission of 1.5um was still possible with comparable ~ 10WW output average powers as
in the polarized pump case. It is not a trivial case to compare these two results (with
polarized and unpolarized pumping) since not only was the polarization a factor but
using a multimode fiber - due to the larger core size - the beam quality decreased from
M? = 1.2 to M? = 5.7 (measurement provided by University of Southampton) which
could also influence the DRL performance.

Characterization of the MOPA system that follows in further sections (spectral,
output pulses, output power) was measured by the author unless specified otherwise in

the text.

4.1.1 Output spectra of the Yb fiber MOPA

In this Section, output spectra of the MOPA are included that were measured during
the work on DRL. Results from before replacing the fifth stage fiber are referred to as
"polarized emission” and after replacing the fiber as "multimode emission”. Figure 4.2a
shows the output spectrum recorded with an optical spectrum analyzer (OSA) ANDO
AQ6317B with 0.01nm resolution for the polarized emission of the MOPA. The center
wavelength of the emission was 1081.9nm with the FWHM linewidth of 0.13nm for
both 30kHz and 15W average power and 150k H z and 50W average power operation.
The emission of the MOPA after the fifth stage fiber was changed to the multimode
one was measured with ANDO AQ6315E with a 0.05nm resolution and is presented
in Figure 4.2b. It shows that the center wavelength was 1082.4nm and the FWHM
linewidth was 0.25nm with 150kH z and 50W operation.

The output spectra measurement has another important function closely related
to the output power measurement. The Yb fiber lasers emission consists usually of a

main peak wavelength (determined by the seed laser and amplification bandwidth of
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Figure 4.2: Normalized to maximum values output spectra of the MOPA system in
polarized and multimode configuration.

the power amplifiers[66]) where usually maximum power is concentrated although if
not addressed through a careful design, an ASE (amplified spontaneous emission) band
at a wavelength range of 1030 — 1070nm [135, 164, 165] can also significantly contribute
to the total output power. Because of the broad spectrum of the ASE, it is not useful
for Raman conversion and its amount in the overall output power of the fiber laser
had to be assessed. This assessment was done by evaluating the output spectrum and
comparing the integrated area of the main emission peak to the area of entire spectrum.
This procedure is described now.

The scan of the MOPA spectrum between 1000 — 1100nm with a 1nm resolution (to
allow the OSA measurement of such a wide spectrum scan) was done and is presented
in Figure 4.3. It was then converted to linear scale for convenience in integrating the
area under the curve. The linear scale plot is not shown here since it is less readable
than the logarithmic scale in the case of large differences in signal levels as in the case
of relatively small ASE and large signal levels. The integrated amplified seed emission
at 1080.6 — 1084.5nm consisted of 99% emission of the entire MOPA output spectrum.

Therefore the ASE was found to be less than one percent of the total energy in the
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Figure 4.3: Wide scan of the MOPA output emission.

spectrum and hence was negligible.

4.1.2 Pulse traces of the Yb MOPA

To record the output pulses from the MOPA, the light was attenuated with ND
filters and filtered by a manual monochromator (Edmund Optics, slits = 100um) which
allowed us to observe a wavelength of interest. The light then was transmitted onto a
photodetector (Thorlabs,1 — 1.7um 350M Hz GaAs) connected to an oscilloscope and
the result is shown in Figure 4.4. The pulse duration of the MOPA (gray curve) was
15.5ns both for 30k H z and 150k H z operation and for comparison an output pulse from
the Nd:YAP is shown with the 23ns duration (red curve). It can be seen, that the rising
edge is the same (both pulses are normalized to their maximum values) with the longer
falling edge of Nd:YAP. The advantage of shorter pulse duration 4t is that, for the same
pulse energy E, the peak power is higher Pjeqr = % It should be mentioned here, that
for both 30kHz and 150kH 2z the maximum pulse energy achieved was about 0.5m.J.

No particular differences were seen when using multimode or polarized emission which
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was as expected since the pulse length only depends on the seed laser pulse shaping as

described before.
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Figure 4.4: Output pulses of the MOPA system. 150kHz operation, 30W average
power, Nd:YAP pulse for comparison.

4.1.3 Summary of Yb MOPA measurements

This section concludes a preliminary characterization of the MOPA system where
it was found that the pulse energy was adequate for the DRL experiments with the
energy of about 0.5mJ and about 30kW peak power. The ASE in the output power was
negligible making it easier to assess the input power for the DRL experiments. It has
to be mentioned though, that, by design, the seed for the MOPA system operated with
the 600k H z repetition rate and the reduction to either 30kHz or 150kH z was done
by a pulse picker (acousto-optic modulator) which picked every n-th pulse and rejected
the pulses in between. It was found that the rejected pulses are not completely isolated
and make their way through the amplification chain. The assessment of the power
in between the useful pulses proved to be extremely difficult and therefore, it is not

taken into account in the power transfers measurements in further sections. Possible
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solutions would be to improve the diffraction efficiency of the pulse picker or increase the
repetition rate of the system. The latter solution would deplete the available energy in
the amplification chain as well as increase the duty cycle; it is also a goal of the project
- to increase the repetition rate and average power of the DRL.

In the next section, a description of the conditioning optics for the DRL pump
is presented. Also presented are beam profiles for multimode and polarized MOPA
output. It will be made clear in the text if the following data was produced by the

polarized single mode or unpolarized multimode pumping.

4.2 Beam conditioning of the Yb fiber for DRL pumping

This Sections describes the MOPA - now referred as the pump - conditioning optics
system that was a buffer zone between the DRL and the MOPA output. It allowed
for measuring the pump DRL input power as well as the input and depleted pump
spectra. There are two different setups used depending on if the polarized or multimode
(unpolarized) pump emission was used. Firstly, the beam conditioning optics will be
described for each case. A comment on a difference in operating the MOPA system in

both cases is also provided.

4.2.1 Beam conditioning of the polarized pumping of the DRL

In the case of the polarized pump, the conditioning optics system used for the
DRL experiments was exactly the same as shown in Figure 3.15 with the collimated
and polarized MOPA laser beam following the purple line along to the Raman cavity.
The function of each element is described in Section 3.5.1. The measurement of the
input power for the DRL was done by putting a power meter in the beam path of the
rejected polarization from the attenuator. When the attenuator was closed, the beam
was directed onto a power meter measuring the maximum rejected power as close to
no power was transmitted to the DRL. When the attenuator opens, light was being
transmitted towards the DRL and the rejected power was minimized. The input power

for the DRL was then calculated by subtracting the rejected power meter reading from
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the maximum rejected power. The degree of unpolarized light was negligible (~ 1%)
compared to the overall measurement and did not contribute much to the error in
assessing the power levels. This way of power measurement was found to be the most
convenient and consistent. It has to be noted, that the MOPA system was operated at a
constant output power which was thermally the most stable option for the conditioning
optics system to operate. The largest thermal lens expected to develop in the system
was the one in the optical isolator since it consists of a 2cm optical crystal. By keeping
the isolator in front of the attenuator, the change of its thermal lens is minimized
(not its absolute value) and therefore the instabilities in the rest of the system are
minimized as well. Colleagues in Southampton measured, that changing the average
output MOPA power from 30W to 50W and focusing the beam with a f = 200mm lens,
the focal position shifts by 2mm which is half of a 4mm diamond crystal. This could
easily lead to focusing the high power beam onto diamond’s surface and damaging it.

During one of the visit to Southampton, a beam profile at a focus of a f = 7Tbmm
lens was measured at different MOPA output average powers and repetition rates to see
how the beam size changes with a different thermal load in the optical elements like the
isolator. Figure 4.5a shows a MOPA beam profile in the focus at 30k H z operation with
15W output power and Figure 4.5b shows a beam profile in the focus with 150k H z
operation at 50W output power. The measured diameters were about 160um and
180um respectively at 40 level. It shows that the beam size isn’t changing dramatically
when increasing the pump average power in this case although a measurement of the
MOPA beam size at the focus was done before each time a DRL cavity was rebuilt. More
on the topic of the beam divergence follows in the next paragraph since the situation
is not constrained to one type of pumping. Additionally, another issue with the beam
profile was found. Especially at higher powers, when pumping the diamond, sparking
was observed on its surface. After closer inspection, it was found that the MOPA beam
in the focus featured many hot spots. A speculation is that the light coming from the
fifth stage fiber cladding was interfering with the signal light causing this. Figure 4.6b
shows a beam of the MOPA at a focus of a f = 100mm lens operating at 10W with

150k H z operation with visible interfering hot spots called speckles. These are usually
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Figure 4.5: Image from a CCD camera of a focused MOPA beam at different operation
conditions.

prominent for a laser with a large coherence length L = é [40] which indicates
the distance over which the laser light can interfere with itself. For MOPA system,
for the measured emission bandwidth of Av = 33M Hz, the coherence length was
about L = 2.8m making it possible for the light diffracted on various optical elements

to interfere at the CCD camera sensor plane. The speckles, have average radius of
ro= /2R & 2.6um [166] for a A = 1083nm and a D = 1 inch f = 100mm
focusing lens and # = % = 4. As the CCD camera had pixels of 4.4um size, the
speckles in Figure 4.6b appear in blotches of about 10um radius that is reasonably
close to the calculated value. After a variable aperture was placed in front of the DRL
focusing lens, the beam profile was cleaned removing the interfering parts of the beam
as presented in Figure 4.6a. As this aperture was not appropriate for the high power, a
different aperture was manufactured by the ORC with a range of openings which was

then put in front of the conditioning optics setup to minimize the amount of cladding

light in the further part of the setup.

4.2.2 Beam conditioning for the unpolarized pumping of the DRL

For the unpolarized pump case, the attenuator and a half-wave plate were removed
and the isolator was replaced with a polarization independent one. This time, pump

power to the DRL had to be adjusted by changing the MOPA pump diodes currents.
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(b) Aperture fully open shows hot spots in

(a) Aperture closed for the ”cleanest” beam the beam profile.

profile.

Figure 4.6: Beam profiles of the MOPA in the focus of a f = 100mm lens operating at
10W, 150k H z.

This caused the power going through the isolator to change when changing the MOPA
power. This in turn lead to forming of a different strength of thermal lens in the
isolator at each MOPA operating point. Colleagues in Southampton measured, that
when changing the MOPA average output power from 10W to 50W and measuring
the focus position after a f = 50mm lens results in a shift in the focal position by
0.5mm as well as increases the beam diameter from 124um to 146um. Measuring of
the beam diameter at each data point proved not to be practical so the pump spot
size taken for calculations of e.g. intensities was taken at an intermediate power level
(about 10W of average power) in the further sections with every amplification stage
of the MOPA system operating. The power was not high enough to damage the CCD
camera and high enough to represent a real beam size. This provided a convenient
solution introducing as little error in the calculations as possible.

Figure 4.7 shows a beam profile from a CCD camera at the focus. Apart from the
signal beam in the middle it can be seen that there are other transverse modes in the
wings of the beam profile. It was not assessed how much power is in these; it might be
possible that constructing a spatial filter in the future with an available variable high

power aperture can solve this problem.
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Figure 4.7: Beam profile of a multimode output of the MOPA system at 10W, 150kH z.

4.3 Yb fiber pumped DRL cavity and output emission

analysis setup

To draw a full picture of the system, after the focusing lens in the conditioning
setup, a Raman cavity and an analysis optical setup was put. The Raman cavity in
Figure 3.15 was discussed in 3.5.2 and the same considerations follow in this Chapter.
As a reminder - the Raman cavity consisted of a plane input coupler, highly reflective
at first and second Stokes (> 99.9% at 1.2um and 1.5um) and highly trasmissive at
the pump wavelength (< 0.2% at 1080nm) and the output coupler was highly reflective
at the pump wavelength (> 99.9% to allow for a double pass operation) and first
shift wavelength (> 99.9% at 1.2um) and partially reflective at second Stokes 1.5um
wavelength. The diamond samples were 4 and 7mm long, coated as described in Section
3.4.

The spectra and pulse traces of the DRL emission were measured with a setup shown
on Figure 4.8. The output emision from the DRL was passed through a 45 deg dichroic
mirror, coated with high reflective coating (99.9%) at 1.5um. The reflected light was
then directed onto a high power power meter (200W, Thorlabs) in order to measure
the output power. Leakage through the 45 deg mirror was used to record pulse traces
and spectra of the DRL output beam. The pulse traces of each Stokes order as well as
pump (MOPA) leakage were recorded by placing a focusing lens, monochromator and

a photodetector in the beam path (just as in Figure 3.20).
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Figure 4.8: Spectrum measurement setup allowing for power, spectrum and pulse traces
measurements.

To record the output spectra, an optical fiber was put into the beam path and was
connected to an OSA for signal analysis. Depending on where the fiber was placed, it
was possible to record spectra of the light before it entered the DRL or after double
or single passing through the diamond. Comparing the double passed (depleted) and
input (undepleted) pump spectra can show e.g. spectral hole burning in a case when
the pump spectrum is much broader than the Raman gain bandwidth in diamond. The
next Section will discuss this phenomena in a greater detail on an example of depleted
and input spectra of the MOPA whilst the DRL was operating with a 1.5um emission.

The energy transfers of an operating DRL are presented later on in the Chapter.

4.4 Depleted pump spectrum analysis

As mentioned in the beginning of this Chapter - the multimode and polarized MOPA
emission spectra differed in both center wavelength and the linewidth of emission. The
center wavelength difference is not as important since as long as it is above 1.072um
and so the second Stokes emission would be above 1.5um. The Raman gain on the other
hand, as described in detail in Section 1.3.2, depends on the pump emission linewidth.
The extreme case scenario would be, that for a pump spectrum much broader than the

Raman gain bandwidth (AAp >> AAg), the Raman gain would be maximum at the
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peak of the pump spectrum and deplete part of it with a linewidth of the Raman gain
bandwidth.

Figure 4.9 shows the input and double passed pump (MOPA) spectra when us-
ing the polarized configuration. The MOPA system was operating at 15W average
power with 30kH 2z repetition rate and the DRL average output power at 1.5um was
about 4W. The input pump spectrum was measured with the maximum power in the
rejected beam from the attenuator and the depleted pump was measured when maxi-
mum power was transmitted through the attenuator and after double passing through
the DRL cavity. The measured linewidth was FW HM = 0.18nm for both input and
depleted spectra (measured with ANDO AQ6317B with a 0.01nm resolution). It can be
seen, that both the depleted and input pump have the same shape and no spectral hole
burning. The 150k H z data was incomplete due to the floppy drive failure and could

not be recovered. It was not expected to be different than 30kH z data presented.
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Figure 4.9: Spectra of depleted and input pump. MOPA at 30kHz operation, 15T
average power, polarized emission.

After the fiber was replaced with the multimode version, the experiment was re-
peated. Figure 4.10 shows input and double passed depleted pump spectra at 70W of

average power, 150k H z repetition rate and with the DRL emission at 1.5um of about
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9W. The depleted spectrum shows what might resemble a spectral hole that on the
graph has about 0.08nm width as indicated with a blue arrow. It is not evident, but
it is possible that this hole represents the bandwidth of the Raman gain. Analysis of
the impact of the relatively broad spectrum of the pump to the Raman bandwidth is
presented in Section 4.9.2. In the next Section a broader spectrum is presented showing

spectrum peaks in the DRL emission at first and second Stokes.
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Figure 4.10: Spectra of depleted and input pump. MOPA at 150k H z operation, 7T0W
average power, unpolarized emission.

4.5 Emission spectra of the DRL

4.5.1 Polarized pump emission

Figure 4.11 shows a wide spectrum of the DRL output measured with the setup
shown in Figure 4.8. This spectrum was measured with a resolution of 2nm which
allowed the scan to be stretched over the cascade of the Stokes signals - first Stokes at
1.2um and second Stokes at 1.5um. The height of the peaks is not representative of
the strength of the signals; power-wise, the second Stokes peak would be the largest,

but to avoid the damage of the OSA fiber, the spectrum was measured after the highly
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reflective 45 deg mirrors reflecting most of the 1.5um emission. Now high resolution
spectra are presented for the pump and second Stokes emission. Unfortunately first

Stokes spectra files were corrupted and are unrecoverable.

1— 30 kHz wide spectrum from DRL
—— 150 kHz wide spectrum from DRL

-40

dB

-60 4

1100 1200 1300 1400 1500
Wavelength (nm)

Figure 4.11: Wide spectrum of the DRL output emission.

The high resolution (taken with OSA ANDO AQ-6315E resolution 0.05nm) of the
pump emission at 150k H z and 30k H z are presented in Figure 4.12. The peak of emis-
sion at both 30kH z with 30W and 150k H z and 50W of average power is at 1081.8nm.
High resolution spectra of emission of a second Stokes signal from the DRL at differ-
ent repetition rates are shown on Figure 4.13. First of all, both spectra appear at a
different central wavelength; the center peak of the 150kH z emission is at 1518.9nm
and the highest peak at 30kH z emission is at 1520.5nm. Secondly, there are multiple
peaks in each spectra. These two issues will be addressed now.

The second Stokes in 150k H z and 30k H z appears at a different wavelength (which
implies a different Raman shift). This could be associated with the accuracy of the
wavelength measurement of the instrument which without calibration could be +0.5nm.

As these measurements were made separated by months this is a possible explanation
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Figure 4.12: Pump spectra at different repetition rates, 0.05nm resolution.

of the output spectra separation. The first Stokes emission spectra were not possible
to be obtained due to the corrupted data file.

The Stokes shift from pump wavelength of 1081.8nm to the peak emission of the
second Stokes at 30kHz was 2 x 1333.5 4+ 1.5cm ™! and to the middle peak in 150kH z
spectrum was 2 x 1330.14 1em ™!, where the error comes from the wavelength accuracy
and resolution. This is reasonably close to the 1332.9cm ™! literature reported value[63].

As mentioned before, an additional point to be addressed is the multiple peaks in
the second Stokes spectra. Peaks are separated from the center peak by 0.06nm or
78GHz in 30kHz case and 0.07nm or 9.6GHz in 150kHz case. Additionally, some
features in the 150k H z spectrum are split by 0.02nm or 3GH z.

There are two possible mechanisms that could explain these. Firstly, the peaks
could be caused by a Brillouin scattering in diamond which is scattering off acoustic
frequency phonons. This phenomena is very similar to the Raman scattering although
instead of pump wave interacting with the crystal lattice vibrations, it interacts with
the pressure (sound) waves travelling in the crystal and undergoing scattering process.
Following works presented in [167, 168], at 1.5um, the Brillouin peaks should be sepa-

rated by 0.5nm which makes this explanation unlikely.
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Figure 4.13: DRL output emission at a wavelength of above 1.5um.

Secondly, the peaks in the output spectra might arise from etalon effects from op-
tical elements in the set up. The etalon effect is a phenomena where transmission
through an optical element with two surfaces (e.g. glass plate) is a periodic function
of wavelength with modulation depth and period depends on the reflectivity and sep-

aration of the surfaces. The period of the transmission function follows equation for

the free spectral range (FSR) FSR = , Where L, is an optical length of the

_c
2L opt
optical element between the surfaces and c is a speed of light. For the DRL cavity with
a 4mm diamond, the optical length would be about L., = 1.7cm which corresponds
c
2L ot
to come from the DRL cavity free spectral range. It needs reminding, that the 30kH z

to = 8.4GHz. This modulation in output emission spectra is then very likely

and 150k H z data were recorded after rebuilding the DRL setup hence the difference
in the exact peak separation in the emission spectra. In the case of scanning LIDAR,
multiple peaks in the spectrum are not seen as a problem, but for a Doppler based

LIDAR, multiple peaks might make it very difficult to assess the frequency shift of the
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back scattered light.

4.5.2 Unpolarized pump emission

0.4

1.0 5 10 Depleted pump
Input pump
€ 0s First Stokes
g 08+ Second Stokes
g 1264.62 1264.68
S 06- Wavelength (nm)
°©
o
N
©
£
o
=
-1
I\

0.2 1

ya

0.0 1 A MR | 1
1082.0 1082.5 1264.0 1264.5 1521.0 15215 1522.0

Wavelength (nm)

Figure 4.14: DRL emission spectrum pumped by 85W of unpolarized MOPA spectrum,
first and second Stokes at 1264nm and 1521nm respectively.

Figure 4.14 shows emission spectra of the pump at 1082.4nm, first Stokes at 1264.65nm
and second Stokes at 1521.4nm in case of 150kHz pumping with 85W of average
power in the unpolarized MOPA output. The spectra were recorded with OSA ANDO
AQ-6315E with 0.05nm resolution. The depletion of the pump spectrum was dis-
cussed in Section 4.4. The first Stokes and second Stokes peaks are separated by
1331+ 0.4¢m ™!, This is reasonably close to the theoretical value of the Raman shift in
diamond (1332em~1[3]).

The pump linewidth in this case was FW HM = 0.25nm, the first Stokes FW HM =
0.17nm and the second Stokes FW HM = 0.21nm all of which are within the resolution
margin of the instrument and no broadening of the pump or first Stokes spectra are
evident. It needs reminding, that the spectra were averaged over many pulses as well
as the scanning time.

The inset in Figure 4.14 shows evidence of two emission peak in the vicinity of
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1264.65nm separated by 0.06nm or about 11GH z which is equivalent to an etalon ef-
fect in a cavity of 1.4cm optical length and taking into account the uncertainties, it is

consistent with the DRL cavity free spectral range.

4.6 DRL emission spectra summary

In the previous Sections spectra from an Yb pumped DRL were presented. In both
cases — polarized and unpolarized (multimode) case, the obtained output wavelength
was above 1.5um which makes this system adequate for LIDAR applications based on an
eye-safe laser sources. The depleted and undepleted pump spectrum in the unpolarized
pumping of the DRL case showed, that it might be possible to improve the efficiency of
the DRL by narrowing the MOPA linewidth since there is a sign of a spectral hole in
the MOPA depleted spectrum. Narrowing of the MOPA linewidth proved not to be an
easy task; there were concerns about stimulated Brillouin scattering causing damage
to the fiber and a careful real-time monitoring of the MOPA output spectra needs to
be developed when narrowing the linewidth.

In the next section, power transfers are presented in case of cooled and uncooled
diamond mount when using the unpolarized pump. Using the DRL without cooling
certainly is an attractive option for a simple setup but it has to be seen what is being
sacrificed in terms of performance. In the further section, the MOPA system was
pushed to the highest average power &~ 95W limited only by the time constraints of
the measurement. The power transfer of the DRL when pumped with the polarized
configuration MOPA is presented after. It needs reminding, that the time spent with
the multimode MOPA pumped DRL was only a week and its performance is expected to
be improved significantly given more time for alignment and learning this configuration

of the MOPA system.

4.7 Multimode Yb fibre pumped DRL performance

In this Section, rather than looking at the emission spectra, a focus is put on the

power and energy transfers obtained from the DRL in both unpolarized multimode and
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polarized pumping configurations.

4.7.1 Pump focusing and DRL cavity

The DRL cavity in this experiment consisted of the plane input coupler (HR at first
and second Stokes, HT at pump wavelength), 7mm diamond and the ROC = 50mm
output coupler (HR at pump and first Stokes wavelengths) with PR = 30% partial
reflectivity at 1.5um wavelength. The focusing lens was f = 50mm which resulted in a
pump spot diameter of about 120um which was centered in the middle of the diamond.
The detailed description of beam focusing and a beam profile at the focus can be found

in Section 4.2.2

4.7.2 Impact of cooling of the DRL diamond mount

The diamond crystal in the DRL cavity was attached to the brass piece with a
thermal glue. The piece had water connectors for active cooling as seen in Figure 4.15.
Further in the text, cooled diamond will refer to when the water was being pumped
through the mount and uncooled when there was no water flow through the piece.
Other three faces of the diamond were in the air and were not actively cooled. The

measurements of the thermocouple are presented in the Section 4.7.3.

Thermocouple

Diamond

Chiller
water

Figure 4.15: Cooling arrangement of the diamond. Diamond rests on the brass mount
chilled with water. Thermocouple attached to the surface of the diamond.

Firstly, two preliminary power transfers were measured in which a cooled (The
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cooling water was 15°C') and uncooled diamond was used. Figure 4.16 shows these
power transfers. The maximum average power in the DRL output was about 5W
in both cases although the slope efficiency was improved from 16% to 28% for the
same DRL configuration after cooling was applied. The threshold was about 28W for
uncooled and 26.5W for cooled case. Both improvements of the threshold and slope
efficiency indicate the thermal effects being an issue in the DRL operation. These
effects might include mechanical thermal expansion of the brass piece and the stages

upon which it was placed impacting the alignment whilst increasing the pump power.
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Figure 4.16: Power transfer of the DRL pumped by a multimode Yb fibre MOPA
without and with cooling.

4.7.3 Power transfer

After realizing that the cooling of the mount has some important consequences, the
DRL cavity was rebuilt to attach a thermocouple with a thermal glue to the diamond
surface to measure its temperature.

Figure 4.17 shows the power transfer of the cooled diamond mount DRL at 1.5um

when pumped with the unpolarized multimode MOPA laser. The aim of this exper-
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iment was to push for the maximum average power of the MOPA. The maximum
pump power was about 95W at 150kH z and 16ns pulses with no sign of fiber dam-
age. The maximum output power from the DRL was 12.6W corresponding to about

844.J output pulse energy with a 19% slope efficiency and maximum of 13% conversion

MW
efficiency. The threshold was 23.4W corresponding to a 172 with a pump spot
c

2
of 40 = 120pm diameter in the focus, 150k H z operation an:inlﬁns pulse duration.
This particular experiment was performed only once in this configuration (unpolarized
multimode Yb fiber) due to the time constraints and the decrease of 9% of the slope
efficiency as compared to the previous Section is expected to improve when given more
time for the alignment of the laser.

Figure 4.17 also presents obtained temperature readings from the thermocouple.
The temperature increases linearly with the input pump power from about 100°C at
30W to about 250°C at 90W. It has to be added that this measurement could be
skewed by scattered 1um light interacting with the thermocouple[169]; what is also
worth mentioning is that this measurement does not measure the temperature inside
of the diamond where the Raman process actually takes place. The measured temper-
ature of the diamond surface was 34.5°C' when only pump at 30W was present and the
cavity was misaligned so that the Raman action was not present. After aligning the
cavity, with the DRL output at 0.5, the temperature of measured by the thermo-
couple was 49°C. The background temperature of the diamond without any pumping
was 19.2°C. The temperature increase in the pump only case is a combination of the
background small amount of absorption in the diamond at the pump wavelength and
scattering of the pump light onto the thermocouple. After the Raman action is ini-

tiated, the temperature increases due to the generation of the phonons in the crystal

lattice. Based on the discussion in Section 2.4 and Equation 2.11, for the average
A 1
pump power of 100W, ¢ = 100W x (1 — )\—p) = 100W x (1 gm ) quantum defect and
! Sum

focused beam down to 60um radius, the expected thermal lens in diamond would be
f = 120mm. This assumes a CW operation and under a pulsed regime, a question
would be if there is enough time for the diamond to cool since it’s thermal conductivity

is superior to any other laser material as explained in Section 1.3 and 2.4. This is part
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Figure 4.17: Power transfer of the DRL pumped by a multimode Yb fibre MOPA with
cooling.

of the ongoing investigation using the finite element analysis simulations and is still to

be answered.

4.7.4 Time traces analysis

This Section presents obtained pulse traces from the DRL when pumping with the
multimode unpolarized Yb fiber MOPA system. The setup used for these measurements
is presented in 4.8. Unfortunately, due to an oversight, the recorded pulses were not
synchronized with each other; the pulses are recorded in a random time after the pump
pulse and therefore the detailed analysis will not be performed here. The synchronized
pulses and therefore a better subject for such analysis are presented in Section 4.8.3,
where pulse analysis from the polarized Yb MOPA pumped DRL are presented. Here
only the output pulses are shown at first and second Stokes wavelengths with calculated

FWHM values.
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Figure 4.18: Time traces of the output of the unpolarized multimode Yb fiber MOPA
pumped DRL.

Figure 4.18 shows output pulses at first and second Stokes wavelengths where the
MOPA was operating at 85W average power and about 11W of average power at 1.5um
was obtained from the DRL. The first Stokes pulse was about F'W HM = 23.4ns and
the second Stokes FWHM = 11.9ns. It has to also be noted that the pulses don’t
present the mode beating structure as in the case of the Nd:YAP pumping.

Following the discussion in Section 3.6.2, calculated cavity decay time for this DRL
cavity, where the optical length (with a 7mm diamond) L = 26mm for first Stokes with
R1=0.99, R2=10.99 and T = 0.01% was 715 = 4.3ns which is reasonably close to the
measured value of the pulse trailing edge 715 = 11ns. The calculated cavity decay time
at the second Stokes for R1 = 0.99, R2 = 0.3 and T = 0.01% was 705 = 0.14ns and
the pulse trailing edge was 195 = 9.6ns. It is again the argument that the very slowly
decaying first Stokes pulse was able to pump the second Stokes field thus prolonging
the decay time for this field.
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4.8 Polarized Yb fibre pumped DRL performance

This Section presents obtained average powers and pulse energies from polarized Yb
MOPA pumped DRL when operating at 30 and 150k H z pulse repetition. As a reminder
- the experiments with the MOPA in a polarized configuration were stretched over
multiple months with revisiting the setup during visits and both 30kHz and 150kH z
data was taken using a DRL setup that was rebuilt multiple times, therefore the direct
comparison should be taken with caution. On the other hand, as seen in Section 4.5
that the emission spectra for both repetition rates do not differ substantially and so it

is a good sign that these results are somewhat comparable.

4.8.1 Pump focusing and DRL cavity

The DRL cavity consisted of a diamond, plane input coupler (HR at first and second
Stokes and HT at pump wavelength) and PR = 30% at 1.5um output coupler (HR at
first and pump wavelength). Diamond 3 was used for 30k Hz measurements and dia-
mond 5 for 150k H z, both were 4mm (ref. Section 3.4). Although the diamond samples
were different, their performance when pumped with Nd:YAP laser in Chapter 3 was
the same. The diamond mount was not cooled nor were any other optical elements.
The focused beam 40 width was 180um in 150kH 2z operation regime and 160um for
30kHz. The detailed description of the focusing of the beam and its recorded profiles

is in Section 4.2.1.

4.8.2 Power transfer

Figure 4.19 shows a power transfer of the Yb MOPA pumped DRL at 30kH z and

150k H z against pump peak intensity and average pump power at a corresponding
2P,0g

TWEt frep’
P,y was the average pump power, w, is Gaussian beam radius (20), 0t is the pulse

repetition rate. The peak intensity was calculated as Ppeqr = where the

duration and f,¢, is the repetition rate. The pulse duration of the MOPA pulse was

FWHM = 16ns. The maximum average output power achieved was 9W out of about

MW
41W of pump average power at 150k H z corresponding to about 140 pump peak

cm?
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Figure 4.19: Yb fibre pumped DRL power performance at different repetition rates.

MW
cm?
roll-over characteristic comes from the damage to the fifth stage fiber output at about

intensity with a 180um pump spot diameter. The threshold was about 28 The

50W average output power. The roll-off seen before this point might have been a result
of the degrading of the fiber output before it failed.

In the 30k H z case, since the repetition rate was 5 times lower, the maximum output
average power at 1.5um was about 4W out of about 14.5W of pump average power

corresponding to about 300
MW
cm?

As the pulse duration in both 30kH z and 150k H z was the same, the difference in

5~ with 160um pump spot diameter. The threshold was
cm

about 66.8

the threshold comes mainly from the 20um difference in the pump beam diameter, but
also in about 20uJ higher pump pulse energy at the threshold in 30kHz case. The
safest assumption would be that the higher threshold is a combination of alignment
and the beam size. It also has to be noted, that the 30kH z experiments were done

in the very first visits in Southampton and the main goal was to move into the high
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repetition rate territory as soon as possible. As the experiments with the polarized Yb
fiber MOPA pumping yielded the highest achieved output energy, the energy transfer
is presented next.
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Figure 4.20: Yb fibre pumped DRL energy performance at different repetition rates.
D5 - diamond sample 5, D3 - diamond sample 3.

Figure 4.20 shows an energy transfer of the DRL based on recalculating the data in
Figure 4.19. The input and output energy were calculated by measuring the average
power of the pump and output 1.5um DRL beam and dividing the value by the repe-
tition rate. The output energy in the 30kH z case follows an expected linear increase
and the maximum output energy achieved was 130uJ at 1.5um with the conversion
efficiency of 27% out of about 480uJ of pump. The slope efficiency was about 35% and
the conversion efficiency curve shows saturation at around maximum pump energy not
showing signs of a roll-off. The threshold was about 108u.J of pump pulse energy.

In the 150k Hz case, maximum output energy was about 43uJ from pump pulse
energy of 375u.J with the conversion efficiency of 22.5%. It can be seen that in 150k H z,
the energy plateaus and rolls-off already at a 250u.J pump energy which was previously
explained by a damage to the fiber end. The slope efficiency of the first three mea-
surement points had a 23% slope efficiency. The threshold was about 81uJ of pump

energy.
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4.8.3 Time trace analysis

The time traces were recorded with the setup shown in Figure 4.8 where the trigger
for the oscilloscope was the MOPA seed AOM trigger. As mentioned before, the pulses
were filtered through a monochromator which provided a neat way to observe a partic-
ular pulse at a wavelength of interest. It needs reminding, that during the operation
of the DRL, there are three distinct wavelengths in the DRL emitted beam; depleted
pump leakage, first and second Stokes and when the DRL is not in operation (e.g.
misaligned cavity) non-depleted pump leakage can be observed. The depleted and non
depleted pump spectrum was described in earlier sections but here temporal signals of
each are observed. The evolution of the pulses follows the same reasoning as explained
in Section 3.6.2 and here only comment on the absolute pulse durations will be made

and how the cavity decay time compares to the trailing edges of the pulses.
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(a) Time traces of the output emission of the
MOPA pumped DRL. 43.7W of MOPA av-
erage power, 6WW of second Stokes output,
150k H z operation. Inset shows logarithmic

(b) Time traces of the output emission of the
MOPA pumped DRL. 10W of MOPA average
power, 2.5W of second Stokes output, 30k H z
operation.

decay of first Stokes signal.

Figure 4.21: Time traces of a MOPA pumped DRL at different operating conditions.

Figure 4.21a shows obtained pulse traces for different repetition rates of the MOPA
and hence the average power. It has to be added that these results were obtained in the
space of couple months and direct comparison might be difficult. Figure 4.21a shows
time traces recorded at 150k H z repetition rate, 43.7W of MOPA average power and
about 6W of the second Stokes output at 1.5um. The full-width half-maximum of a
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pump pulse was FWHM = 15ns and the second Stokes pulse was about FWHM =

Tns. The first Stokes was FWHM = 17ns. Following equation for the cavity de-
—2L

~ cn(R1x R2x% (1 —1T)2%)

T1s = Tns which for R1 = 0.99, R2 = 0.99 and optical cavity length L = 22mm corre-

cay time, 7 [40], the measured first Stokes pulse decay was
sponds to about T' = 0.01% additional loss in the cavity which for a very high Q factor
cavity is possible. For the second Stokes, measured decay time was about 15 = 1.45ns.
The calculated value for 7 with R1 = 0.99, R2 = 0.3 and T = 0.01% corresponds
to is 0.1ns. This order of magnitude difference can not be offset by increasing the T’
losses since the value for 795 would further decrease not increase. This is exactly what
was observed in the Chapter 3 in a case of Nd:YAP pumping. It was assumed that
since the first Stokes pulse is much longer than the second Stokes pulse, it can be, that
the first Stokes field, even in its decay part of the pulse is still strong enough to pump
the second Stokes field - increasing its pulse duration beyond the cavity decay time.
Similarly a long decay time of a couple of ns for the second Stokes pulse was observed
e.g. in [38], where the OC at the second Stokes wavelength was PR = 16%.

In the case of 30kHz operation with 10W of pump average power and about
2.5W of second Stokes average power output, the second Stokes pulse was about
FWHM = 1lns with the first Stokes pulse of FWHM = 20ns. The cavity decay
time reasoning follows the same argument as in a previous paragraph. Third Stokes

signal was not observed in either case.

4.9 Yb fiber pumped DRL summary

This Section is aimed to (i) gather all the information presented in this Chapter in

a form of a useful Table 4.1 (ii) follow up on the arguments made along the Chapter.

4.9.1 Summary table
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MOPA Unpolarized | Polarized Polarized
configuration 150kH z 150k H z 30kHz
P“;np 1082.4nm 1081.9nm
Pump 0.25nm 0.13nm
AX ' '
Pump pulse 15.5ms
duration
SecondAStOkeS 1521.4nm | 1518.9nm | 1520.5nm
Seconz AStOkeS 0.21nm | 0.02nm (1) | 0.03nm (1)
Second Stol.<es 11.9ns s 11ns
pulse duration
Max energy 86.6uJ 40uJ 132uJ
Max average power 13W 1014 4w
Max conversion 13% 22.5% 27%
efficiency
Max slope
. 28% 23% 35%
efficiency
Peak intensity MW MW MW
at threshold 176 cm? 28 cm? & cm?

Table 4.1: Summary of all the important parameters achieved in the Yb MOPA pumped
DRL experiments. (1) This number represents the FWHM value of the highest peak
in the emission spectrum in the Figure 4.13.

4.9.2 Summary discussion

The Yb fiber MOPA pumped DRL proved to be a viable option to reach high pow-
ers at high repetition rates at eye-safe wavelengths. The experimental results should
be treated as an exploration of possible ways to evolve the system. Initial requirements
put on the MOPA system of polarized emission with a close to M? = 1 beam quality
seemed to be also a limitation to the MOPA system reliability. Changing the fiber to a
much more reliable multimode fiber allowed the system to work over an extended pe-
riod of time with no sign of damage. The unpolarized emission also simplified the DRL
conditioning optics setup by removing the attenuator (PBS and half-wave plate) and a
polarization controlling half-wave plate. The measurements of the DRL output beam

quality are not presented in this work, however, further experiments utilizing the DRL
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pumped by unpolarized MOPA system have been performed. Omne such experiment
conducted at the time of writing by Dr Giorgos Dimitriou demonstrated that pumping
the DRL with the M? = 5.6 unpolarized MOPA beam resulted in the M? = 1.2 of the
DRL output beam.

The maximum energy when pumping with the polarized MOPA emission was achieved
when using a lower repetition rate of 30kH 2z compared to 150k H z although this was
most likely due to the damage to the MOPA fifth amplification stage fiber. In the
unpolarized pumping case, the cooling of the diamond showed some improvement in
the DRL output and in the future, a new mount is going to be produced which will
allow cooling all the sides of the diamond crystal, not only the bottom side.

The maximum average output power of 13W at 1.5um was achieved at 150kH z
when pumping with unpolarized MOPA emission. As mentioned in the first para-
graph, even though this value was obtained at 85W of MOPA average output power
compared to 9W at 1.5um when pumping with 56W of average power polarized light,
the improvement in reliability of the system makes up for the much higher pump power
that had to be used. The improvements are expected with futher optimisation of the
alignment, making the choice for unpolarized pumping much more appealing.

The disadvantage of using the unpolarized approach is that for the same DRL out-
put power at 1.5um of 9W, the peak intensity required for the multimode pump source
was 2.7 times higher than the polarized pump source. It is a combination of a different
beam quality impacting the confocal parameter of the pump, possible spectral hole
burning in the unpolarized case, dependency of the Raman gain on the polarization
and of course differences in alignment which is believed will improve the unpolarized
pumped DRL results.

The observed differences in the Raman laser threshold in case of unpolarized and po-
larized pumping could be a sum of influences of the broader emission of the multimode
unpolarized MOPA, undefined polarization and worse beam quality not to mention a
limited time with the system. The threshold for the DRL in case of the polarized pump
of 0.13nm linewidth at 150k H z was 28 MW and 172MW

cm? cm?
case of unpolarized pumping. Assuming that the Raman gain bandwidth is equal to

with a 0.25nm linewidth in
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the spectral hole of 0.08nm shown in the depleted spectrum of the unpolarized pump
and the pump linewidth is 0.25nm, the threshold following Equation 1.5 should be
about 1.6x higher than in the case of polarized pumping with 0.13nm linewidth com-
pared to the measured 6x. Following work in [79] it can be seen, that the Raman laser
threshold for the unpolarized pumping is about 20% higher than when the pump is
polarized along the < 111 > crystallographic direction of the diamond crystal. This
indicates, that indeed not only the broader spectrum of the unpolarized pump and
polarization influences the higher threshold peak intensity. It has to be reminded, that
tighter focusing would bring the DRL closer to the optimum of operation as described
previously.

This Section concludes the Yb fiber pumped DRL and leads to a short Chapter of
an alternative way of achieving the eye-safe wavelength with DRL. This Chapter pre-
sented a diamond Raman laser whereas in the next one, a diamond Raman MOPA will
be presented. This means that the 1.5um light originating from a low power seed (e.g.
Er doped fiber amplifier) is transmitted through a diamond Raman based amplifier
with a high intensity oscillating at the first Stokes providing gain for the second Stokes

wavelength which the seed is tuned to.
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Diamond Raman amplifier

In this chapter a proof of concept diamond Raman amplifier operating at an eye-
safe wavelength is presented. The advantage of the amplifier over the laser oscillator
configuration discussed so far in this thesis is that the amplifier emission usually in-
herits characteristics of the seed laser. This is an attractive option for amplification of
narrow linewidth sources. An example of a conventional amplifier exhibiting narrow
linewidth emision is work presented in [170], where a 13k H z laser diode seeded a chain
of fiber based amplifiers resulting in above 80W of CW emission at 1552nm. Narrow
linewidth sources operating at eye-safe wavelength are important for Doppler LIDAR
technologies where the wind speed measurement resolution is proportional to the laser
source linewidth [18]. The diamond Raman amplifier seeded by a narrow linewidth
laser diode is one of the potential approaches towards developing such a source. To the
knowledge of the author, no bulk solid-state Raman amplifier based on a first Stokes
Raman oscillator has been reported and the literature only shows gas based Raman
amplifiers e.g. in [133] and waveguide based e.g. in [171]. The amplifier presented in
this chapter is a second order Stokes amplifier and other multiple order Raman based
amplifiers were reported e.g. in [172] where a germanosilicate fiber pumped with a
1064pm pump provided an amplification at a third Stokes shift for a 1.3um seed laser
signal. It has to be added that amplification at the first Stokes wavelength in bulk
material was reported previously e.g. in [173] for silicon, [174, 175] for diamond and

[176] in glass in a pump-probe based experiments.
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It needs reminding, that due to the time constraints, the work presented in this
chapter should be looked at only as a proof of concept which aims to demonstrate
amplification of the eye-safe wavelength light in diamond. The next section outlines
the principle of operation of a diamond second Stokes Raman amplifier based on a first
Stokes oscillator. The following section shows the experimental setup developed for
the purpose of demonstrating Raman amplification in diamond. Next a description of
challenges in spatial, spectral and temporal alignment is presented. The effect of jitter
in the Nd:YAP pump laser on the amplification is described followed by measurement

of the diamond Raman amplification versus the seed pulse energy.

5.1 Raman amplifier principle of operation

In this section a diagram showing a working principle of amplification of the eye-
safe wavelength seed laser in a first Stokes diamond Raman oscillator is presented. The

sections following this one experimentally prove this principle.

Oscillation Amplification

1.5 um 1 pum 1.2 ym ———— —1.5 um

seed | A \/\I %

1 um e
pump DM

M1: M2:
HR@1.2 um HR@1 pum, 1.2 pm
HT@1 um, 1.5 pm HT@1.5 um

Figure 5.1: Amplification process of a 1.5um seed laser in a diamond Raman amplifier.
Blue area - diamond, M1, M2 - input and output couplers, HR - highly reflective, HT
- highly transmissive, DM - dichroic mirror, q - diamond phonon energy.

Figure 5.1 shows a proof of concept diamond Raman amplifier. The diamond (blue
area) is placed in between two mirrors - M1 highly reflective at the first Stokes wave-
length of 1.2pm and highly transmissive at 1um pump and 1.5um second Stokes wave-

lengths and M2 - highly reflective at pump and first Stokes wavelengths and highly
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transmissive at second Stokes wavelength. This configuration creates a diamond Ra-
man oscillator in which a double passed external pump at 1um drives the intracavity
first Stokes field. This field is mainly kept inside of the cavity since the only loss of
the first Stokes field would come from unwanted scattering, absorption and coatings
imperfections. The cavity is not resonant at the second Stokes wavelength and, in the
absence of the seed, any second Stokes signal in the laser output is expected to originate
from spontaneous Raman scattering or stimulated Raman scattering occuring from the
feedback of imperfect anti-reflective coatings.

The working principle of the setup in Figure 5.1 is as follows: (1) a pump beam at
1pm (orange color) goes through a dichroic mirror (DM) and M1 mirror into a diamond
crystal (blue area). The pumping process of the first Stokes intracavity laser field is
indicated by the energy diagram labeled ”Oscillation”. It can be seen that a pump
photon at 1um (orange color) interacts with a phonon ¢ contributing to the emission
of 1.2um photons (purple color) that start the lasing action at this wavelength. As
the M1 and M2 mirrors are highly reflective at first Stokes wavelength, the majority
of this laser field is contained within the resonator. (2) The first Stokes intracavity
field is then acting as a pump, which in turn allows for amplification of the externally
injected photons at the second Stokes wavelength at 1.5um. As the resonator is non
resonant at the second Stokes wavelength, the threshold for stimulated scattering at
1.5pum without supplying the external field is very high. Spontaneous scattering occurs
in addition as well contributing to a loss of the available amplification. (3) The external
photons are indicated in Figure 5.1 as a seed laser beam at 1.5um (red color) which
is reflected off the dichroic mirror and transmitted collinearly with the pump beam
through the diamond crystal. The seed laser photon indicated by a red wave in the
” Amplification” diagram then starts the stimulated Raman scattering process resulting
in two photons (two red waves) at 1.5um. Therefore, the seed laser beam is amplified
by an amplification factor equal to the ratio of the seed laser power at the resonator
output with the pump beam turned on, to the seed laser power with the pump beam
turned off.

This section described the processes taking place in the first Stokes diamond Raman
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oscillator allowing for amplification of the second Stokes wavelength supplied by the
external laser. The next section presents a setup used in the experiments in detail - an

external seed laser, diamond Raman amplifier and analysis equipment.

5.2 Setup

Figure 5.2 shows an overview schematic of the setup used for amplification in the
diamond Raman amplifier. The system can be divided into two parts indicated with
a green and pink colors. The pink color shows the seed laser (master oscillator): a
distributed feedback (DFB) laser diode (Eblana) pre-amplified by an erbium doped
fiber amplifier (EDFA). The green area shows the diamond Raman amplifier exactly
as one described in section 5.1 with the Nd:YAP laser being a 1pum pump. The blue
section shows the diagnostic setup which was previously shown in Chapter 3 in Figure
3.20. To summarize, this analysis system allowed for the recording of diamond amplifier
output pulses at different wavelengths set by the monochromator. It was also possible
to record optical spectra using OSA205 (Thorlabs) in CW and pulsed mode due to the
relatively long pulses of the DFB diode laser pulses.

In the next subsection a description of the components used in this particular di-
amond Raman oscillator (power amplifier) is presented. The following subsection will
talk through the seed laser consisting of the Eblana DFB diode laser and an EDFA

pre-amplifier.

5.2.1 Diamond Raman amplifier

The description of the diamond amplifier (green area in Figure 5.2) is now pre-
sented.

The amplifier consisted of a Raman cavity with a 4mm diamond crystal. The cavity
had a plane input coupler and a ROC = 50mm output coupler which both were highly
reflective (> 99.9%) at the first Stokes and non reflective (< 0.2%) at the second Stokes
wavelength. The output coupler was highly reflective at the pump wavelength for dou-

ble passing. The cavity was pumped with the Nd:YAP laser previously described in
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Figure 5.2: Schematic for the diamond MOPA system. Green area - diamond Raman
amplifier. Pink area - Er-doped fibre amplified distributed feedback diode (DFB) seed
laser. Blue area - analysis system. Nd:YAP - pump source, FL - focusing lens, HWP -
halfwave plate, Att - attenuator, DM - dichroic mirror (HR at 1.5um, HT at 1um), DRA
- diamond Raman amplifier, MCHR - monochromator, PD - photodiode (Thorlabs,
350M Hz), OSC - oscilloscope, EDFA - erbuim doped fiber amplifier, LD1,2,3 - pump

diodes for EDFA, ELD - narrow linewidth Eblana DFB laser diode, PPS - pulsed power
source, TC - temperature controller.

Chapter 3 with the same conditioning optics system with an additional dichroic mirror
(DM) placed after the focusing lens to allow for the injection of the seed laser into the
Raman cavity. It has to be mentioned here, that the amplification process described in
section 5.1 requires that the seed laser and the pump laser second Stokes wavelengths
are the same (as well as the seed laser linewidth to be narrower than the gain band-
width in diamond of 2cm ™! or about 0.4nm at 1.5um). In the case of this experiment,
the peak of the Raman gain was fixed at the second Stokes shift from the 1.079um
Nd:YAP emission which was about 1.514um.

The mode size of the first Stokes field was about 185um (from ABCD matrix
method) in diameter and the pump was focused to a measured 144pm diameter (both
40 width). The intracavity intensity was not quantified due to a difficulty of measuring
of the output light from a high Q cavity. The threshold for the first Stokes field detec-
tion in the Raman cavity output was about 120uJ of Nd:YAP pulse energy. Nd:YAP
had the same settings as described in Chapter 3 - 20H z repetition, 20ns pulse dura-
tion. This means that the intracavity first Stokes field and therefore the condition for

amplification at the second Stokes wavelength was also pulsed.
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Despite the Raman cavity not being resonant at the second Stokes wavelength, as
soon as the first Stokes intracavity pulse became stable in amplitude at about 150u.J
Nd:YAP pulse energy, second Stokes stimulated or spontaneous scattering reached its
threshold causing the amplifier to emit at the second Stokes wavelength. It is possible
that this emission was caused either by self-lasing of the amplifier (stimulated Raman
scattering) or spontaneous Raman scattering and both these phenomena will be called
parasitic second Stokes emission. This parasitic emission decreases the amplification
factor in the diamond Raman amplifier by depleting pump signal. The next subsection
presents the results of a simulation of the first Stokes intracavity field energy in a case
of no parasitic emission at second Stokes compared to when it is present taking the

experimental setup as an example.

5.2.2 Impact of the parasitic emission at second Stokes wavelength

on the amplification factor

The first Stokes intracavity field acts as a pump for the amplification process for
the seed laser. The amplification factor depends then on the first Stokes field strength.
Losses to this field decrease the amplification factor and one of the mechanisms of such
loss is energy transfer between the first Stokes field to the second Stokes field. In the
absence of the parasitic emission at the second Stokes wavelength, the first Stokes field
intracavity energy and therefore the amplification factor of the seed laser is expected
to be the highest.

The simulation in this subsection aims to compare two numbers - energy of the first
Stokes intracavity field in the absence of the parasitic second Stokes field (spontaneous
and stimulated Raman scattering), and energy of the first Stokes intracavity field energy
in the presence of the parasitic second Stokes intracavity field. The first case was
simulated using the model described in Chapter 2 and setting all the parameters that
contribute to the generation of the second Stokes field to zero whilst the latter case was
simulated with the parameters equal to the experimental values. The parameters as
well as the intracavity energy of the first Stokes field are presented in Table 5.1. The
pump for the simulation was the Nd:YAP laser pulse of an energy of 400u.J, At = 20ns
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duration and 20H z repetition rate, which the peak power is Ppeqr, = g = 20kW. It can
be seen, that the potential intracavity first Stokes field peak power without the second
Stokes field present is equal to 2.06 M W, where the simulated first Stokes pulse duration
is 35ns, compared to the 12kW when the second Stokes field is present. The model
does not include the amplification process described in section 5.1 therefore the direct
comparison of the amplification factor of the seed laser for the two cases is not possible
and the conclusion is only indicating that to reach the maximum potential amplification

factor, the second Stokes intracavity field should be minimized by introducing losses at

the second Stokes wavelength in the diamond Raman cavity.

Input  Output Diamond Diamond Kop .
Stokes . uantum Intracavity
order coupler coupler input surface output surface q 1 ulse peak DOWer
PR% PR % PR % PR % noise — Do PEAXDP
m
1 99 99 0 0 1079 2.06 MW
2 0 0 0 0 0 0
1 99 99 4 4 1079 12EW
2 2 2 3 2 1079 4EW

Table 5.1: Intracavity pulse energy for first and second Stokes depending on the coatings
partial reflectivity PR. Pump pulse peak power P,eqr = 20kW.

5.2.3 Seed laser

The seed laser for the diamond amplifier is shown in Figure 5.2 in the pink area. It
consisted of a master oscillator indicated as ELD - DFB laser diode (Eblana, threshold

about 30mA, maximum 15mW CW, linewidth < 1.5M H z, 1.518um center wavelength
nm
°C
coefficient. The output power was driven by a pulsed low noise power source (7uA RMS

at 25°C'). The center wavelength could tuned by a temperature controller with a 0.1

ripple) and guided through a pigtailed fiber output. The choice of the low noise power
source comes from the fact that electrically pumped laser diodes are susceptible to
wavelength variation due to current changes and an unstable ELD wavelength could
modulate the Raman amplifier gain.

The output from the master oscillator was then fed into an EDFA pre-amplifier

developed by collaborators at Southampton Univeristy and since it is not a part of the
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author’s work, it will only be described briefly. The choice for using of the Er:fiber
was dictated by its amplification bandwidth around 1.5um. The EDFA consisted of
three amplification stages and its gain bandwidth could be tuned with the etalon filter
between the first and second stage. The pump for the first amplification stage (LD1)
was a DFB laser diode operating at 1468nm and two DFB laser diodes (LD 2,3) oper-
ating at 1473nm for stages two and three. The maximum operating current for all of
the diodes was 800mA giving about 160mW output average power each. In the exper-
iment described in this chapter, the LD1 and 2 were operated at 700mA and the LD3
at 500mA which was limited by the available laser diode current drivers. The measure-
ments made by the Southampton University team show that from about 50mW at the

EDFA input, it was possible to get above 200mW of 1.5um radiation.

5.2.4 Seed laser wavelength tuning

To maximize the seed laser amplification in the process described in Section 5.1,
the seed laser emission wavelength has to be tuned to the second Stokes wavelength
of the diamond Raman oscillator. The tuning of the seed laser consists of two steps:
(1) tuning of the ELD center wavelength using a Peltier temperature controller taking
into account ELD operating regime (pulsed, CW) and driving current; and (2) adjust-
ing the peak wavelength of the EDFA gain bandwidth with the etalon to maximize
the ELD amplification and therefore the seed laser overall output power leading to a
better signal to noise ratio in amplification factor measurements. These steps will be
described now: firstly the impact of the operating regime and temperature of the ELD
on its output spectrum followed by the adjustment of the EDFA.

Figure 5.3 shows output spectra of the EDFA when pumped with the LD 1,2 and 3
pump currents (700mA + 700mA+500mA) operating in CW regime and seeded by the
ELD at different currents and temperatures. Two operating regimes of the ELD are
shown - CW and pulsed (100ns pulse duration - limited by the current driver, 20H z
repetition rate). The spectra were measured with the OSA205 with the resolution of
about 0.3nm at 1.5um wavelength. Spectra recorded in pulsed mode at 110mA ELD

current and 37°C' (red curve) and 31.7°C' (blue curve) show that the center wavelength
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Figure 5.3: Output spectrum of the DRA seed at different ELD operating conditions.

can be tuned by changing the temperature of the ELD controller; the tuning coefficient
was about 0.1%. Increasing the current in pulsed regime (gray and red curves) from
50mA to 110mA increases the emission wavelength by about 0.6nm.

An effect of wavelength variation is also present in the shown spectra. The golden
curve shows the output emission in CW regime at 50mA operating current. The emis-
sion shows a single sharp peak as expected from a narrow linewidth seeded EDFA
amplifier. In pulsed mode, shown with a gray curve, where ELD was operated at the
same current and very similar temperature, spectrum shows a slight ”side peak” at
1.515um indicating multiple wavelength operation over the time averaged OSA mea-
surement of about 5s needed to scan the spectrum. This side peak is more evident
when the current of the seed is increased to 110mA as seen in red and blue curves
indicating wavelength variation.

One conclusion that arises from this part of the section is that changing the ELD
operating regime, current and temperature is going to impact its emission wavelength
which will become important in the later part of the section. The second conclusion
is that since the gain coefficient in the diamond Raman amplifier is wavelength depen-

dent, the wavelength variation will affect the overall gain of the amplifier. In a later
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part of the section an interaction between the EDFA preamplifier gain bandwidth and

ELD emission wavelength is shown.
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Figure 5.4: Output spectrum of the EDFA when seeding with two different seed wave-
lengths. EDFA pumps at the maximum available current.

It was mentioned before that the expected wavelength of the second Stokes field in
the diamond Raman oscillator is 1.1514um therefore an experiment was designed in
which the ELD was operating in the CW regime and its center wavelength was tuned
by the temperature controller around this value. Then, the EDFA peak wavelength
of the gain bandwidth was adjusted by the etalon to maximize its output power. In
case of the gain bandwidth falling outside of the ELD emission, the EDFA output
is dominated by amplified spontaneous emission (ASE). To visualize the limit of the
EDFA amplification, two EDFA output spectra are shown in Figure 5.4 recorded with
OSA205C. ELD had about 6mW of CW output average power and the EDFA was
pumped with LD1,2 set to 700mA and LD3 to 500mA. The black curve shows the
ELD operating at 1.520um at 25°C' and the EDFA etalon was adjusted so that the
ELD emission peak was the largest and the noise in the background caused by the
ASE from the EDFA was negligible. On the other hand, the red curve spectrum of the
ELD operating at a 1.515um wavelength at 25°C' and about 6mW output CW average
power with the EDFA gain bandwidth not adjusted, shows only a small emission ELD
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peak (attenuated by the Er:fiber) and the rest of the spectrum is overwhelmed by the
ASE.

Tuning the EDFA etalon as well as ELD center wavelength by a trial and error
method, it was found, that 1514.6nm was the lowest seed wavelength that it was possi-
ble to amplify. At this wavelength of operation, the ASE contributed 28% of the total
power in the EDFA output spectrum. This value was calculated from the ratio of the
integrated seed laser emission spectrum at 1.5146um to the power in the entire EDFA
output spectrum integrated over the range between 1.513um and 1.537um.

The constraint of not being able to reach shorter wavelengths in the EDFA output
comes from its limited gain bandwidth. A reasonable fix to this issue would be to use a
longer wavelength pump for the diamond Raman oscillator shifting the second Stokes
wavelength to longer values. The MOPA laser presented in Chapter 4 operating at
1.083um would result in a 1.522um second Stokes wavelength which is well within the
EDFA gain bandwidth.

5.3 Amplification factor measurement method

This section presents a definition of the amplification factor of the diamond Raman
amplifier which will be useful for the clarity in the later sections. The operating regimes
for the Nd:YAP laser (pump for the first Stokes diamond Raman intracavity field) was
pulsed, 20ns pulse duration and 20H z repetition rate. The seed laser operated also in
the pulsed regime with the pulse duration of 100ns limited by the current source. This
meant that the seed and the Nd:YAP pulses were mismatched in duration which could
be fixed by using a different current driver unavailable at the time of conducting the
experiment.

The ELD was synchronized to the Q-switch trigger of the Nd:YAP laser (ref. Section
3.2). The amplification factor was defined as the ratio of the area under a seed laser
temporal pulse shape detected by the photodiode in the analysis system when the
Nd:YAP laser was operating (amplification condition turned on) to the seed laser area

when the Nd:YAP laser was turned off. Averaged amplification factor refers to a ratio
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of 64 averaged pulses of the seed laser. An example of 64 averaged seed laser pulses
when the Nd:YAP laser is on and off is shown in Figure 5.5. The area ratio between
these two averages was 1.08 leading to an 8% average amplification factor. It has to
be added that the amplification factor was underestimated since the Nd:YAP pump
was not present over 80% of the seed laser pulse duration (seed laser pulse duration -
100ns, pump pulse duration - 20ns). To mitigate this, another approach of presenting
the instantaneous amplification factor is shown in Section 5.5, comparing only the
amplitudes of the amplified and not amplified seed laser pulses. Both approaches of
presenting the amplification factor were useful and will be used as appropriate.

It has to be added, that the standard deviation of the pulse areas was estimated
by the oscilloscope built in tools as well as recording of the N = 64 time traces and
calculating the error. The manual calculation of the pulse area was done using Origin

software and then the standard deviation of N pulses was calculated as o = , Where

ON
AA is a standard deviation of the single pulse area [177]. Both methods gave similar
results and the standard deviation error of the averaged pulse area was between 1%
and 2%. The standard deviation of the averaged amplification ratio is then between

2% and 4%.
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Figure 5.5: Averaged seed laser pulses (ELD at 110mA and 47°C') with Nd:YAP on
and off.
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The parasitic emission of the diamond Raman amplifier is the most significant
contribution to the error in the amplification factor measurement. The seed laser and
the parasitic emission were not possible to be separated spectrally or spatially, and the
parasitic emission was evident as additional spikes at the second Stokes wavelength
coming purely from the diamond Raman amplifier. These spikes contributed to the
error in calculating the amplified seed laser pulse area and therefore to the amplification
factor. The temporary solution was to put an neutral density filter in the analyzing
system path, attenuating the parasitic emission spikes below the detection threshold,

allowing only the seed laser to be detected.

5.4 Optimization the amplification process

Previous sections presented the principle of operation of the diamond Raman am-
plifier and the experimental setup. This section outlines the optimization process in
terms of spatial, spectral and temporal alignment between seed and pump lasers to

maximize the amplification factor.

5.4.1 Spatial overlap

To maximize the amplification of the seed laser in the diamond Raman amplifier,
its beam was made collinear with the pump beam over the length of the diamond. This
was achieved by placing two apertures - at the Nd:YAP focus point with an opening
of 100pum diameter (Nd:YAP was focused to 144um diameter) and another one close
to the input of the monochromator. The seed laser beam was then aligned with the
Nd:YAP laser beam and it was assumed that the Stokes intracavity field is collinear
with the Nd:YAP laser beam. After this spatial alignment, the diamond Raman cavity
was built with the center of the diamond in place of the first aperture at the Nd:YAP

focal spot.
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5.4.2 Spectral tuning

The amplification factor is maximized when the peak emission wavelength of the
seed laser is aligned spectrally with the peak of the second Stokes wavelength of the
diamond Raman amplifier. This section presents measurements of the averaged am-
plification factor (ref. section 5.3) versus wavelength of the seed laser to determine
its optimal operating condition. The wavelength of the seed laser was adjusted by the
temperature controller and the amplification factor was measured at each point. The
seed laser emission wavelength was first measured with the OSA205C at two operating
points - the 50°C and 30°C in pulsed regime at 110mA ELD current with maximum
available EDFA pump currents to create a wavelength scale with a 0.1% temperature

coefficient.
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Figure 5.6: Average amplification factor of the diamond amplifier depending on the
seed laser wavelength. Dashed curve is a Lorentzian fit with a FWHM = 0.5+ 0.1nm
with a quality of the fit R — Squared = 0.8.

Figure 5.6 shows the average amplification factor measurement versus seed laser

temperature and its wavelength. Each of the red square points represents the ratio of
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the area of the 64 amplified seed laser pulses to the same amount of averaged non ampli-
fied pulses. The maximum averaged gain was 10% obtained for about 48°C' (1519nm).
The dashed line represents the best Lorentzian function fit of a Raman gain bandwidth
of the amplifier [178] with the factor of R = 0.8. The reported Raman gain bandwidth
in diamond of 2em™1[3] at 1.519um is equal to 0.4nm and the dashed red curve, with
a baseline fixed to the amplification factor of 1, has a FWHM = 0.5+ 0.1nm. As
mentioned in [178] the lineshape of the Raman spectrum is a Voigt function which is
a convolution of a Lorentzian and Gaussian functions, the first coming from the Ra-
man spectrum and the latter from an instrumentation response. Fitting with the Voigt
function in this experiment introduced a large error in estimating the FWHM of the
Lorentzian fit most likely coming from the noise in the measurement - lack of base-
line and instabilities of the Nd:YAP laser impacting the averaged amplification factor
values therefore the Lorentzian fit only was chosen. To improve the fitting, the mea-
surement of the average amplification factor should expand to the baseline although
this might result in damaging the seed laser diode for temperatures larger than 50°C.
Another significant error source is a timing jitter of the pump laser pulse and this will

be described in more detail in the next Section.

5.5 The effect of jitter on the amplification factor

This section presents the effect that the Nd:YAP jitter has on the amplification of
the seed laser. In this experiment, the seed as well as Nd:YAP pulses were recorded.
The seed laser was recorded after the monochromator as seen in Figure 5.2 whilst the
Nd:YAP pulse was picked off before reaching the diamond amplifier and so the exact
value of the delay between the recorded signals is not meaningful. The oscilloscope
was triggered by the seed laser pulse leading edge. The amplification in the Raman
cavity lasts only as long as there is a first Stokes field oscillating and it was expected
to last only about 20 — 30ns which was much shorter than the seed laser pulse dura-
tion of 100ns limited by the current source. Therefore, only a part of the seed laser
pulse was amplified which reduced the amplification factor. Additionally, the jitter of

the Nd:YAP pulses modulated the amplification window within the seed pulse in time.
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As a result, the averaged amplification factor underestimates the amplification factor

during the pump pulse.

— — Pump position 1
— — Pump position 3
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— — Pump position 4
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Figure 5.7: Amplification of the seed laser pulses with varying Nd:YAP pulse position.

Figure 5.7 shows seed laser pulses transmitted through the diamond amplifier.
Firstly, lets consider a situation where the pump (Nd:YAP laser) is turned off and
the seed is transmitted through the Raman cavity without amplification. This situa-
tion is presented with a gray curve showing the non amplified pulse coming from the
seed laser, with ELD emission amplified by EDFA pre-amplifier. ELD operated at
110mA and 48°C and 20H z operation triggered by the Nd:YAP Q-switch open signal
(ref. Section 3.2) and maximum operating currents for the EDFA LD1,2,3 pumps of
700mA + 700mA + 500mA. The double peaked shape of the pulse is caused by the
ELD driver.

Now the Nd:YAP laser is switched on and set to about 150uJ output energy, 20H z
and 20ns pulses allowing for pumping of the first Stokes field in the diamond Raman
cavity. The seed laser pulses transmitted through the diamond Raman cavity were
recorded with red, black, golden and green solid curves. It can be seen, that each of

these pulses have a characteristic feature which is caused by the amplification. The
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amplified feature can be seen as a difference between the gray curve and the other seed
laser pulses. It has to be added here, that this difference is different for each pulse
because of the first Stokes intensity variations originating from the Nd:YAP instabil-
ities and operation close to the second Stokes threshold. The first Stokes pulses were
not recorded since the setup only allowed to record one output wavelength at a time.
As mentioned before, the amplified feature only covers part of the seed pulse which is
a result of the long seed laser pulse (or short first Stokes field in the Raman cavity).
This effect could be minimized by synchronizing the pump to the seed laser. This has
been tried, but the electronics available were too slow for the seed laser to turn on fast
enough. The effect of the jitter can be seen as the amplified feature moving in time
over the entire seed laser pulse depending on the position of the Nd:YAP laser pulse
as indicated with the dashed curves. Each colour of the Nd:YAP pulse corresponds to
a recorded amplified seed laser pulse e.g. the position of the red curve of the Nd:YAP
laser results in the amplification of the red seed laser curve. The instantaneous amplifi-
cation factor during the pump pulse for this particular pulse was the largest measured

at 1.4x the amplitude of the non amplified pulse.

5.6 Effect of the seed laser pulse energy on amplification

This section aims to present the influence of the seed laser energy on the ampli-
fication factor. Where the seed pulse fluence (energy over area cm%) is small, the
amplification factor is expected to be independent of the seed pulse fluence; for larger
seed pulse fluences, by contrast, the amplification factor is expected to decrease with
increasing seed pulse fluence. The transition between these two regimes is know as
saturation and is characterised by the saturation fluence [40]. The aim of this section
is not to quantify the saturation energy of the diamond amplifier, but to present the
behaviour of the amplification factor versus seed laser fluence.

The saturation fluence of an amplifier I'y corresponds to the seed laser energy that
is needed to decrease the amplification by 2[4()]. The output fluence I' of the amplifier

of a length [, where the seed fluence I';;, << I's can be expressed with the Equation

127



Chapter 5. Diamond Raman amplifier

5.1[40]
r'(l) = Golin (5.1)

where Gy = €% is the unsaturated gain of the amplifier with the gain coefficient g.
The output fluence increases linearly in this regime. In the case of I';,, >> I, the
amplification reaches saturation and the amplifier output fluence follows the Equation

5.2, where the gain is expected to drop to a Go = 1 level [40].

(1) = Dy + gITs (5.2)

Figure 5.8 presents the measured averaged amplified seed pulse area (with Nd:YAP
on) versus averaged non amplified pulse area (with Nd:YAP off) both after transmission
through the diamond Raman cavity and the monochromator. Pulse energy and hence
fluence was not measured directly in this case due to a large amount of the spontaneous
Raman scattering at second Stokes wavelength and the pulse area represents an indirect
measure of the seed laser energy. The red solid curve is a linear fit to the equation 5.1
resulting in I' = 1.07 +0.01T";,, and there is no sign of the saturation. The length of the
amplifier was fixed at 4mm of the diamond length and in this case the gain coefficient
was g = 0.17 + 0.1cm~'. This gain is in the case of seed and pump pulse duration
mismatch. Assuming the amplification window lasting 50ns as seen on a red curve in
Figure 5.7 and the amplification of 1.4x, by shortening the seed pulse duration from
100ns to 50ns, the amplification factor should increase by 18%. To see the saturation
characteristic and calculate the saturation energy of the amplifier, the spontaneous
emission should be minimized and the energy of the seed laser should be increased

above the saturation value.

5.7 Summary

The aim of this Chapter was to present a solid-state diamond based amplifier for

the eye-safe wavelength amplification. This is to the knowledge of the author the first
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Figure 5.8: Gain estimation from an area of non amplified versus amplified seed laser
pulses.

bulk solid state second Stokes Raman amplifier based on a first Stokes resonator.

The advantage of using an amplifier is that there is a greater control over the out-
put wavelength and linewidth advantageous to Doppler LIDAR systems. Measurements
included in this Chapter showed that the diamond based Raman amplifier is able to
amplify wavelengths of about 1.5um with the maximum measured instantaneous am-
plification factor of 1.4x and 8% of averaged amplification factor (based on pulse areas)
both when pumping with a Nd:YAP laser.

The challenges existing in this proof of concept system were also described: mis-
match between the seed and pump lasers pulse duration and pump laser jitter; non-ideal
wavelength of operation of the seed laser and significant noise in a form of parasitic

second Stokes field in the Raman cavity.

5.7.1 Jitter and pulse duration

Using an adequate current source for the ELD with a possibility to decrease the
pulse duration to the duration of the amplification window of ~ 50ns will increase the
ratio of the amplified to the not amplified seed laser pulse area from 1.4x in case of half

of the seed laser pulse not being amplified to 1.65x when the seed laser matches the
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amplification window assuming the maximum amplification factor of 1.4x (ref. Section
5.5). The jitter also decreases the averaged amplification factor over many measured
pulses and utilizing a source with a low jitter like a MOPA system described in Chapter

4 would solve this issue.

5.7.2 Wavelength variations

To mitigate possible Raman gain variation with the seed laser wavelength, the laser
diode should be kept at a constant current and an acousto-optic modulator (AOM)
would be used to curve out the pulses. This can be done by putting an in-line fiber

coupled AOM in front of the EDFA pre-amplifier.

5.7.3 Parasitic second Stokes emission

As mentioned before, the spontaneous and possibly stimulated Raman scattering
at a second Stokes wavelength contributed to the noise in the seed laser pulse area
measurement. Temporarily this was tackled by attenuating this noise by an ND filter
although this relies on a sufficiently strong seed laser signal that can still be detected
despite attenuation. Possible solutions include putting a prism in order to spatially
diffract the second Stokes intracavity second Stokes field and seeding the cavity at a
small angle. Another option would be to introduce a quarter waveplate at a second
Stokes wavelength and a polarizing beam splitter which could outcouple the second
Stokes field out of the cavity. The seed laser passing through would only have its
polarization changed from linear to elliptical. This could happen after passing through

the diamond and the beam splitter and would not affect the amplification.

5.7.4 First Stokes wavelength

As mentioned, in order to have a sufficient signal to noise ratio, the seed laser
power should be maximized. The ELD was operating at a non ideal wavelength for the
EDFA amplification dictated by the second Stokes wavelength of the diamond Raman
amplifier. By pushing the amplification wavelength towards the center of the EDFA

amplification band at 1522 —1523nm, the power of the seed laser is expected to increase
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significantly. Pumping with a longer wavelength of about 1083nm would result in a
second Stokes Raman wavelength of 1522nm. The 1083nm wavelength can be achieved
by utilizing a MOPA system presented in Chapter 4 or by using a laser with a b-cut
Nd:YAP crystal [179].
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Discussion and conclusions

This section concludes the thesis with the main take-away points on the subject
of eye-safe wavelength generation using a diamond Raman laser. The goal of this
thesis was to present a high average power pulsed diamond Raman laser working at
an eye-safe wavelength above 1.5um. This was done by firstly introducing a proof of
concept second Stokes diamond Raman laser pumped by a custom built Q-switched
Nd:YAP laser. This Raman laser was used to find optimum operating conditions for
the Raman conversion, such as output coupling and laser mode sizes. The findings
were then applied to a Raman laser pumped by a high average power and repetition
rate fiber based MOPA system. Utilizing the fiber pump laser allowed for generation
of second Stokes laser emission in the range of 13W of average power. Additionally,
the first report is made of a diamond Raman second Stokes amplifier. The potential
of this approach for the amplification of narrow linewidth eye-safe laser emission has
been tested.

The following sections summarize the findings in each chapter, outline how the

performance could be further enhanced, and present possible directions for future work.

6.1 External cavity Raman laser model

Chapter 2 presented a used model for predicting the output energy and conversion

efficiency from the DRL using parameters such as Raman gain coefficient, laser mode
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sizes, diamond crystal length and absorption. The modeling allowed one to find an op-
timum output coupling for the Raman laser as well as the optimum pumping spot size
(sufficiently large to avoid damage to the AR coating) and the mode sizes allowing for
maximum conversion efficiency. It was seen that for the maximum pumping fluence,
under the AR coatings damage threshold, the optimal output coupling was between
30% and 50%.

The future development of the model should include adding an external second
Stokes field simulating the seed laser in the amplifier configuration (Chapter 5). This
would allow for better understanding of the saturation energy point of the amplifier.
Another factor unexplored in the modelling is a transfer of the Stokes fields energy to
higher order spatial modes.

As mentioned, the model allowed the Raman laser efficiency to be optimised for the
diamond crystal used in the experiments. The next section explores the possibility of
optimization of the diamond length and absorption. This was not possible experimen-
tally, given the limited range of samples available, but it is a valuable information for

the diamond growers.

6.2 Diamond considerations

This section is based on the model presented in Chapter 2. Using the parame-
ters such such as the Raman gain coefficients and mode sizes obtained in experiments
presented in Chapters 3 and 4, a rough boundary can be drawn of the acceptable spec-
ifications of the diamond crystals for the material growers that will allow the DRL
efficiency to be maximized and at the same time keep the diamond production cost to
a minimum.

Parameters used in the following simulations are the same as in Table 3.3 used
to simulate the performance of the DRL in chapter 3: the diamond length was vari-
able, the input coupler was highly reflective (R = 0.99) at the first and the second
Stokes wavelengths and highly transmissive at the pump wavelength and the output
coupler was highly reflective at the first and pump wavelengths and partially reflective

(PR = 0.3) at the second Stokes wavelength, which was a consistent with the exper-
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iments described in Chapters 3 and 4. The focused pump diameter was d, = 144um
and the Stokes mode diameters (taken from the ABCD matrix simulation described
in more detail in Chapter 3) were dfirst Stokes = 187um, dsecond Stokes = 202pum. The
1 and g1 = 6.82. The first coefficient determines

GW GW
the transfer of energy between the pump and the first Stokes and the latter coefficient

gain coefficients were gg = 15.3

from the first Stokes to second Stokes field. The parameters were the same as the ones
found from the experiments presented in Chapter 3. One parameter that the diamond

growers might be asked to obtain is a length of the crystal.
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Figure 6.1: Simulation of the DRL performance versus the diamond’s length L. Mea-
sured data also shown for 4mm and 7mm diamonds (squares).
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Figure 6.2: Simulation of the slope efficiency and maximum conversion efficiency of the
DRL at 1.5um at pumping energy of 400u.J versus absorption coefficient.

Figure 6.1 shows the energy transfers and conversion efficiencies depending on the
diamond length. Also shown are experimental measurements for available 7mm and
4mm diamonds described in detail in Chapter 3. It can be seen that the model ac-
curately reflect the obtained experimental data. Increasing the length of the diamond
from 2mm to Tmm increases the conversion efficiency by about 15% and for the lengths
of 8 — 10mm the conversion efficiencies change by less than 2%. As shown in Equa-
tion 1.8, the Raman gain increases with diamond length and follows an arctan function.
This function has an asymptote at a certain crystal length. Therefore, for the described
DRL in Chapter 3, a crystal length of 8mm would be a reasonable engineering com-
promise on the crystal length. Further increasing the length of the crystal would not
make a dramatic difference in the laser performance. At the same time, longer crystals
are more expensive to grow as well as it being more difficult to control the material
properties [180]. Therefore going beyond said length of 8mm would not be advised.
Additionally, changing the crystal length changes its ratio to the pump confocal pa-
rameter which following work presented in [27], has an optimum value. By changing

this ratio, pump focusing conditions might need to be adjusted. The 7 — 8mm should
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be then taken as a reasonable length for a diamond length for the DRL presented in
this thesis in Chapter 3.

Another parameter that can be controlled in the growth process indirectly is dia-
mond’s absorption coefficient. The latter is mainly influenced by the amount of incor-
porated nitrogen in the diamond growth [181, 182]. On the other hand, the growth of
the single crystal diamond was shown to be 3.5 times faster when nitrogen was incorpo-
rated in the growth process [183]. Therefore it could be useful to find a middle ground
between reducing the absorption coefficient by reducing the nitrogen content but at
the same time maximizing the growth rate. Figure 6.2 shows simulated DRL slope
efficiency and maximum conversion efficiency when pumped with 400uJ of Nd:YAP
laser pulses with a varying diamond’s absorption from O.IE to IOE as a parameter.
The length of the diamond was chosen to be 4mm as this was the length of most of the
samples supplied. It can be seen that the maximum conversion efficiency with a crystal
with the absorption coefficient of abs = 0.1m~' and abs = 1m~' drops only about
4%. This order of magnitude increase of absorption could be important to simplify the
growth process of the single crystal diamond for the applications in Raman lasers.

The supplied samples specifications indicate the absorption coefficient of about
0.5% at 1pum which is close to that quoted in [3]. Therefore the available material
is sufficiently good for the Raman laser efficiency. This absorption coefficient is a rea-
sonable value for the second Stokes laser at 1.5um wavelength. The nitrogen absorption,

1
according to the model, might be even relaxed to 1—.
m

6.3 Diamond Raman laser proof of concept

Chapter 3 showed a procedure for designing the proof of concept low average power
DRL together with the pump. This laser was a stepping stone in the engineering of
the high average power fiber pumped diamond Raman laser presented in Chapter 4.
Firstly, the requirements for the pump pulse energy were set out followed by the design
and build of a Q-switched Nd:YAP solid state laser pumped with the fiber coupled laser
diodes. This laser was then used to pump the diamond Raman laser for wavelength

conversion from 1lum to 1.5um wavelength.
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The chapter described the design process of such a laser as well as the obtained
energy transfers, pulse traces of the cascade of Stokes shifted wavelengths and basic
spectral analysis. The main takeaway point from this chapter was establishing parame-
ters of operation of the pump (energy, focus spot size, pulse duration) and DRL (mode
size, output coupling). It could be seen also that the diamond was able to shift the
pump wavelength of 1.08um to an eye-safe wavelength of 1.5um. With about 330u.J of
pump energy at 1.079um, the maximum output energy of the DRL at this wavelength
was 130uJ with 20H z repetition rate and about 16ns pulse duration for a DRL built
around a 7mm diamond. This compares to e.g. results in [38], where 6.9mm diamond
was used and a pump at 1.064pm and about 600uJ of maximum pulse energy produced
a second Stokes emission at 1.48um of 326u.J. At the pump pulse energy of 330u.J, the

output second Stokes emission was about 150u.J.

6.3.1 Future work

One aspect of the required future work on the Nd:YAP laser is to better optimise
it for amplifier pumping work described in Chapter 5. The crystal used in this work
allowed for the emission at 1079nm making the second Stokes emission fixed at about
1514nm. As was discussed in Chapter 5, that the optimum working conditions of the
diamond Raman amplifier is when the seed laser and the second Stokes shift of the
pump laser wavelengths are the same. The output power of the seed laser in Chapter
5 at the 1514nm was very low, limited by the gain bandwidth of the EDFA used as a
pre-amplifier. Shifting the Nd:YAP emission to a longer wavelength of 1083nm would
result in the Raman laser second Stokes wavelength of 1522nm. This is better matched
to the gain bandwidth of the EDFA increasing the overall output power of the seed
laser. Having more seed laser power would allow for a better SNR and potentially for

observing the saturation behaviour of the Raman amplifier.
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6.4 Diamond Raman laser pumped by a high average power

fiber MOPA

The DRL developed in Chapter 3 was then pumped by a high repetition rate and
average power fiber based MOPA system working at 1.083um wavelength developed
by the team at Southampton University. The ultimate goal for the high power DRL is
to reach 150W at 1.5M H z repetition rate with the very good beam quality of M? ~ 1
and ns regime pulse duration. Work in this thesis presents a step towards this goal.
Chapter 4 showed the best obtained result where the unpolarized emission of 1.083um
from the Yb MOPA fiber pump of M? = 5.6 operating at 150kH z and about 90W of
average power with 20ns pulse duration was converted to the eye safe 1.52um with an
average power of 13W and a pulse duration of about 8ns.

In the experiment, two pump schemes were used - polarized single mode and un-
polarized multimode pumping. The first used a research-grade single-mode fibre in the
final amplification stage of the pump laser system. This fibre had a strong polarisation
extinction ratio, leading to a strongly linearly polarised output; however it also lim-
ited the average power to about 50W due to its comparatively low damage threshold.
Changing the fiber to a multimode and non polarization maintaining fiber increased the
damage threshold and allowed pumping with about 90W of maximum average power.
The threshold was shown to be higher by 3x in the unpolarized pumping case, but
the maximum output power of the second Stokes emission increased from 9W (polar-
ized pump) to 13W (unpolarized pump). This is despite a five fold reduction in pump
beam quality in moving to the multimode fibre. This relative insensitivity to pump
beam quality may prove to be in important advantage of the diamond Raman laser
approach. The M? of the DRL output when pumped by the M? = 5.6 beam and 63
of average power was measured by Dr G. Demetriou to be about M? = 1.2 for 3.8W

of average output power.
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6.4.1 Future work

Increasing the repetition rate of the pump will increase the average output power
and this is the route that is recommended for the future work of this project. The
150k H z is a high repetition rate in comparison to the sources at above 1.5um sources
presented in section 1.4 where ~ 10W lasers were in &~ 10kHz range - pushing the
repetition rate further would increase the competitiveness of the diamond based Raman
sources for scanning LIDAR applications. Assuming that increasing the repetition rate
up to 1.5M H z would result in a linear increase of the DRL output power, up to 130W
with a close to M? = 1 beam quality could be obtained. In addition, the conversion
efficiency could potentially be further improved by the pump focused even tighter down
to =~ 50um radius although care should be taken not to damage the bulk of the crystal
or the AR coatings. Focusing tighter, especially for longer crystals also relaxes the
possibility of damage to the diamond coatings as the beam size on the optical surfaces
of the crystal increases. Especially for the M? = 5.6 pump this is most relevant, since
its Rayleigh range is about 3mm and the surfaces of the 7mm crystal are outside of it.
This advantage of reducing the possibility of damaging the AR coatings would depend
on a specific laser design and is worth paying attention to.

The limitations to the Raman laser itself, that would emerge from using a higher
power pump include damage to the diamond (especially graphitisation at the pump
beam focus spot), damage to the AR coatings and thermal lensing. The latter depends
on the open question if the diamond is able to dissipate the heat due to its high thermal

conductivity faster than the time in between pump laser pulses.

6.5 Diamond Raman amplifier

Chapter 5 presented the first diamond second Stokes Raman based amplifier op-
erating at eye-safe wavelengths above 1.5um. The amplifier configuration gives an
advantage of being able to use a narrow linewidth seed to achieve narrow linewidth
amplifier emission, useful for e.g. Doppler based LIDAR. The maximum achievable

output energy depends on the amplifier saturation energy and the area of the laser
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mode. In this case, the area is limited by the pumping spot diameter and increasing it
would also increase the threshold of the Stokes field generation. Increasing of the mode
size on the other hand which would increase the saturation would require a higher pump
power which could become a limiting factor. The amplifier therefore does not directly
present an alternative to a high power eye-safe wavelength generation but is attractive
for obtaining higher power narrow linewidth output. The work presented in Chapter 5
presents only a proof of concept of a diamond Raman amplifier which confirmed that
the diamond Raman amplifier does amplify the seed laser tuned to its wavelength of
operation. At the Nd:YAP laser emission with 150u.J energy, 20ns pulse duration,
focused to a 72um radius spot in a 4mm diamond, the instantaneous amplification of

the seed laser at 1.5um was 1.4x.

6.5.1 Future work

The biggest challenge that limited the amplification factor was parasitic second
Stokes emission either caused by self lasing or spontaneous scattering in the Raman
amplifier oscillator. The future work, already in progress, aims to increase the thresh-
old for the parasitic emission. This could be achieved by inserting a prism inside the
Raman cavity to spatially separate the first and second Stokes intracavity fields. By
doing so, the threshold for the second Stokes self-lasing is expected to increase and
potentially the parasitic second Stokes emission should decrease. Another option, not
explored so far, is a use of polarization components inside of the Raman cavity which
could introduce polarization dependent losses at a second Stokes wavelength and no
losses at first Stokes. This could be done by inserting a dual wavelength waveplate and
a polarizer (or a Brewster cut diamond) in the DRL cavity. The waveplate turns the
polarization of the first Stokes by 180 deg per roundtrip (since the photons would pass
through the waveplate twice) and maintaining its polarization throughout the cavity.
In this case, the polarizer would transmit this field with minimum losses. On the other
hand, the second Stokes polarization would be turned by 90 deg per roundtrip which
would make this field to be reflected by the polarizer out of the cavity. Similar method

was presented in a cavity dumping scheme in [184, 185] to produce pulsed laser oper-
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tion. For reference, Figure 6.3 shows a schematic of such a cavity. The WP indicates
a half waveplate at first Stokes wavelength and quarter waveplate at second Stokes.
Then the vertical polarization of the second Stokes wavelength would be outcoupled of

the cavity by a polarization beam splitter (PBS).
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Figure 6.3: Scheme of the diamond Raman amplifier with a waveplate (WP) and a
polarization beam splitter (PBS) outcoupling 1.5um second Stokes noise out of the
amplifier cavity.

Chapter 5 described also challenges imposed by the jitter of the pump and wave-
length mismatch between the Raman amplifier peak of the gain bandwidth and EDFA
peak wavelength of emission. The jitter comes from the Q-switching nature of the gen-
eration of the pump pulses and the most reasonable fix would be to use a fiber MOPA
system (ref. Chapter 4) as a pump. The jitter in the MOPA pump source is in the
order of couple ns, compared to =~ 100ns in the Q-switching case, since the pulses are
triggered electronically. The wavelength mismatch can be solved by shifting the pump
wavelength by a couple nm. This can be achieved by using the MOPA fiber source as a
pump as well as building an another Nd:YAP laser with the peak wavelength emission
at 1.083nm.

Another priority is a linewidth measurement of the seed laser (amplified narrow
linewidth laser diode) to compare it to the gain bandwidth of the Raman amplifier.
The linewidth of the diode by itself, operating in CW mode was measured (not pre-
sented in this thesis) to be in the range of 70M Hz which is three orders of magnitude
smaller than the diamond Raman gain bandwidth of 60GHz at 1.5um which means

that the wavelength stabilization of the ELD other than temperature and low noise
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current source might not be needed. The ELD linewidth has to be then compared to
the one after amplification in the diamond to indicate if there is any broadening ef-
fect which would in turn decrease the resolution of the speed measurement in Doppler

LIDAR system.

6.6 Context of the eye-safe high power DRL

This work presented a laser operating at 1.52um, M? = 1.2 and 13W of average
power and 86u.J pulse energy with a repetition rate of 150k H z. This is a novel demon-
stration of the first solid state second Stokes Raman amplifier in diamond. Compared
to the pulsed eye-safe sources presented in Chapter 1 most of which are Er based fiber
lasers with a kH z regime, W level average powers and M? > 5, this work is competetive
in terms of the mentioned qualities. The high repetition rate source [89] reviewed in
Chapter 1 had a pulse energy of =~ pJ and therefore is not directly comparable. Other
Er Yb:glass lasers achieve high output energy of 3mJ and 12W of average power but
are limited in repetition rate to single kHz. The OPO sources also reach high mJ level
output pulse energies and a very good M? ~ 1 beam quality but also are limited to a
W level average powers at very low H z repetition rate levels.

The limitations of the DRL are a combination of the pumping technology and avail-
ability of the high quality optical grade diamond material. The limitations of the pump
laser can be somewhat avoided by relaxing its requirements in terms of polarization and
beam quality. By using multimode, polarization non-maintaining fibers, laser operates
further away from the damage threshold allowing for scaling of the output average
power. The availability of the diamond is another issue since the DRL technology is
not a popular one and the assessment of the market for such is another field to be
explored.

The presented amplification of the eye-safe wavelengths in the second Stokes dia-
mond Raman amplifier is a very young technology and comparing it to mature EDFA
amplifiers should be done with care. Measurements of linewidth broadening of the
seed laser in the diamond Raman amplifier and its saturation energy will give more

information on the context of this work and how it compares with its competitors.
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