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Abstract

In this thesis, the development of a femtosecond Cr**:forsterite solid-state laser is
described where the mode-locking procedure was initiated using two novel saturable
absorbers. One was a GalnNAs quantum-well device and the other a quantum-dot-
based saturable absorber. These devices had not previously been exploited for the
generation of femtosecond pulses from a solid-state laser but in the course of this
project, successful mode-locked laser operation in the femtosecond domain was
demonstrated for both devices.

When the GalnNAs device was incorporated in the Cr*":forsterite laser,
transform-limited pulses with durations as short as 62fs were obtained. The
performance of this femtosecond laser was significantly superior to that for previous
guantum-wel| based saturable absorbers in the 1300nm spectral region. The dynamics
of the device were investigated with the aim of refining subsequent devices and to
explore the potential to grow future devices for use at longer wavelengths.

At the outset of my research work quantum-dot based saturable absorbers had
not be used for the mode locking of solid-state lasers in the femtosecond regime. The
work presented in this thesis showed that quantum-dot structures could be exploited
very effectively for this purpose. This was initially achieved with the quantum-dot
element being inclined at an off-normal incidence within the cavity but experimental
assessment  together with further development of the device alowed for
implementation at normal incidence. Reliable operation of the femtosecond laser was
demonstrated very convincingly where transform-limited pulses of 160fs duration
were generated.

Having developed practical femtosecond Cr**:forsterite lasers, the final part of
the project research was directed towards exemplar applications for a laser operating
in the 1300nm spectra region. These were biophotonics experiments in which
assessments of both deep tissue penetration and two-photon chromosome cutting were
undertaken. This work confirmed the suitability of the 1300nm laser radiation for
propagation through substantial thicknesses of biological tissue (~15cm). The
demonstration of highly localised two-photon cutting of Muntjac deer chromosomes
also represented a novel result because single-photon absorption could be avoided
effectively and the tempora broadening of the femtosecond pulses in the delivery

optics arising from group velocity dispersion around 1300nm was minimal.
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Chapter 1 — Introduction and Background

Chapter 1 —Introduction and Backqground

1.1  Introduction

“The solution looking for a problem”, that was how the first laser built in 1960 was
described [1]. Over the course of the following 45 years the range of available laser
sources, from high average powered lasers [2, 3] to ultrashort-pulse lasers [4, 5], has
grown tremendously and with them the number of applications for which lasers are
now used. These applications encroach upon on many aspects of our lives from
scanning barcodes, to CD and DV D players, through to the fields of communications,
data storage, entertainment, medicine and surgery, materials processing, military
technology and meteorol ogy to name but afew.

Lasers are now usually designed and built with specific purposesin mind. The
work described in this thesis was funded within a £12 million interdisciplinary
research programme called the Ultrafast Photonics Collaboration (UPC). This
collaboration combined the resources of seven leading UK universities and five
industrial companies with the goal of delivering the enabling science and related
technologies for future data communications based on femtosecond networks. As part
of this programme, suitable sources for transmitting data were required. One feasible
solution was an ultrafast laser that produces femtosecond pulses in the 1300nm
spectral region and this forms the basis for this thesis.

Over the course of this chapter, | shall define femtosecond laser pulses,
describe how they are produced and their various uses. However, first of al it is
necessary to establish the length of a femtosecond. Ever since the first femtosecond
pulses were produced, analogies have been used to try to impart an impression of just

how short they are in comparison to asecond. Itisall very well saying that
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1fs = 0.000000000000001s
but for most people thisis just a number and difficult to appreciate. However, it can
be said that the ratio of a femtosecond to a second is the same as one second to thirty-
two million years. Alternatively, if you were to imagine a femtosecond to be the
thickness of an average page of writing paper then a second’ s worth of pages piled on
top of each other would be able to make the earth-moon trip five times!

There are four major characteristics of a femtosecond pulsed laser that can be
exploited. These are the pulse duration, the broad spectrum, the pulse repetition
frequency and the high peak power of the pulse [6]. The femtosecond pulse duration
can provide exceptiona tempora resolution. This allows for the observation of
extremely fast processes such as the motion of electrons around the atom [7] or
photosynthesis [8], which take place on picosecond time scales. Associated with this
short pulse duration is the broad bandwidth of the pulse, which is desirable for use in
the non-invasive imaging technique of optical coherence tomography (OCT) [9], and
in the field of datacommunications with dense wavelength divison multiplexing
(DWDM) [10]. If this latter technique is used in conjunction with optical time
division multiplexing (OTDM), which exploits the high pulse repetition frequency,
then huge amounts of data, up to 1.36Thits/s, can propagate down optical fibres [11].
Finally, femtosecond pulses have a high peak power that allows for the ablation of
many materials. This ablation effect, turning a solid material directly into a gas,
allows for holes or cuts to be made in materials, even tissue [12, 13], with virtualy no

heat damage to the surrounding area.
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1.2 Applications of ultrashort lasersin the 1300nm spectral region

When considering femtosecond pulses at 1300nm there are two fields for which this
wavelength regime is particularly suited;, these are telecommunications and
biophotonics. In the field of telecommunications the wavelengths are chosen based

on how well they propagate in optical fibres[14].
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Fig. 1.1 Attenuation and dispersion properties of optical fibre.

Fig. 1.1 [15] shows the attenuation and dispersion for a typical optical fibre.
This graph shows that a minimum of attenuation exists around 1550nm. Thus thisis
the wavelength regime that current long range (transoceanic) networks use and where
the well-developed optical amplifiers are found. However, if pulses are to be used
successfully then the dispersion characteristics of the fibre have to be considered. In
the spectral region around 1300nm there is negligible dispersion; therefore these
pulses will not broaden significantly as they propagate in an optical fibre. Thisis of
particular importance in systems where DWDM s to be used [16], since as the pulse

travels down an optical fibre it will broaden in time. If thisis not counteracted then
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the pulses will begin to overlap with their neighbouring pulses, causing the
information on the individua pulses to become lost. Therefore for a data
communications network based on femtosecond pulses, a wavelength that propagates
with low dispersion in optical fibresis required.

A second area in which pulses around 1300nm are desirable is in the field of

biophotonics [17]. Fig. 1.2 [18] shows that human skin has a transmission window

centred around 1300nm [19].

10000 -
f Melanin
1000 ——HbO,
—— Water
"c 100+
) ]
8 i
g 103
= ]
= _
L 1
0.1+
0.01

T T T T T T T T T T T I T I T
200 400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

Fig. 1.2 The attenuation of various constituents of biological tissue.

The magor constituents in biological tissue that absorb radiation include water,
melanin and oxyhaemoglobin (HbO,) for which the attenuation characteristics are

shown. The graph shows that in the 1300nm region there is a minimum of absorption
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between these three components and therefore this spectral region is ideal for
therapeutic or diagnostic applications in medicine [20].

The topic of photodynamic therapy is of particular interest [21]. Thisiswhere
a photo-sensitising agent is introduced into the tissue and illuminated by optical
radiation, specificaly laser radiation. This agent can be designed to fluoresce to aid
in the diagnosis of disease, or to undergo a chemical change for therapeutic purposes.
This technique is desirable for the diagnosis or treatment of a number of aliments,
many of which require penetration through a thickness of tissue. As Fig. 1.2 shows,
radiation around 1300nm can provide this required penetration depth.

The high peak powers generated from an ultrashort-pulse laser alow for the
additional possibility of 2-photon absorption techniques to be utilised [22]. Dueto the
lack of absorption of radiation at 1300nm, minimal damage will be caused by the
passage of this light through tissue. A chemical or dye that absorbs at half this
wavelength could be introduced into the desired area of tissue. Then light from a
femtosecond Cr**:forsterite laser, which operates in the 1300nm spectral regime,
would be absorbed where it is needed without causing any damage to the surrounding

tissue.

1.3 Pulse behaviour in dielectric materials

The way in which an optical pulse interacts with the various components within a
laser resonator has advantages and disadvantages in the generation of ultrashort
pulses. The nature of this interaction depends on the intensity of the pulse, with
higher powers giving rise to a variety of nonlinear effects that can be exploited in the
process of mode locking. The effects explained in this section have to be carefully

controlled if the femtosecond regime is to be exploited.



Chapter 1 — Introduction and Background

By definition, a dielectric material under the influence of an electromagnetic

field will produce an intensity-dependent polarisation response of the form,
P(E)=¢,(xyE+ )((Z)EZ + X E®+...) (1.1

where &, is the permittivity of free space, E is the applied electric field and y is the
n™ order susceptibility. If the electric field incident on the dielectric material is of low
power then only the first-order term plays arole. y ) is the linear susceptibility of the
first order and is used to describe the effects of refraction, reflection and dispersion.
With the associated high peak power of a circulating pulse then higher-order
susceptibilities become relevant in the media within the laser cavity. These are
weaker nonlinear effects and depend strongly on the underlying symmetry of the
dielectric laser gain material. y () effects include second harmonic generation (SHG)
and sum-frequency mixing (SFG), but these effects are only experienced in non-
centrosymmetric materials [23]. The y(s) term describes third order nonlinear effects
such as third harmonic generation (THG) and the optical Kerr effect. The y termis
experienced in centrosymmetric materials such as the gain media exploited in this
project and these effects will be considered in Section 1.3.3.

It should also be noted that because of the peak power of an ultrashort pulse
higher-order nonlinear effects would also be present. | shal look at the ideal case
where only linear effects are considered prior to dealing with these nonlinear effects

in Section 1.3.3.

1.3.1 Pulse propagation in alinear regime
Before | describe the effects that a pulse experiences as it propagates through a

dielectric medium | shall introduce the mathematical description of this incident
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pulse. An optical pulse has an associated time-dependent electric field E(t) that can
be expressed as,

E(t) = g(t)e’Ve (1.2)
where g(t) is the time varying electric field envelope, ¢(t) is the temporal phase
variation across the pulse and o, is the optical carrier frequency [24]. Along with this
time-dependent electric field, the shape of the pulse needs to expressed. Due to the
pulse shaping that takes place inside the laser systems described in this thesis, the

pulse amplitude has atemporal envelope represented by a sech function of the form,

1.763t] 13

et)= sosech( .

p
Here Az, is the full width half maximum of the pulse and &, is the real electric field

amplitude. The intensity of the pulse takes a sech? pulse form and can be described

as,

1.763tJ 10

I(t)z|8(t)| =¢.sech ( .

p

It is essentia to know the pulse shape when measuring the pulse duration, and this
will become evident in Section 1.5.

If a pulse of the form described above propagates through a linear dielectric
materia it will undergo a frequency-dependent phase change. For a dielectric
materia of length L this phase changeis defined as,

2 oln (o)

¢(0) = Lno(l)T—T=ﬂ(a>)L (15

where 1 is the wavelength, o is the angular frequency, c is the speed of light, S(w) is
the propagation constant and nq(1) is the wavelength-dependent refractive index of

the material [25]. The wavelength-dependent refractive index can be expressed as,



Chapter 1 — Introduction and Background

n (1) = 1+% Re[ 7 (1) ] (1.6)

and shows the relationship between the first-order susceptibility and the wavelength
of the optical pulse. It is this relationship between the wavelength and refractive
index that leads to the dispersive effects experienced by an optical pulse. If equation
1.5 is expanded as a Taylor series centred around @, then the expanded terms can

each be related to one of the various dispersive effects.
' l " 2 l m 3
ﬂ(a)):ﬁ(a)o)-i_ﬁ(w_a)o)-i_aﬁ (a)_a)o) +§ﬂ (CO—COO) +.... (17)

B(w,) isrelated to the phase velocity,

@,

Blw,)=—> (1.8)
Ve

The phase velocity is the velocity at which the central carrier frequency propagates.

The second term in equation 1.7, ' (o—w,), describes the group velocity,

ﬂ'_d_ﬂzl(nm ﬂj:i (L.9)

“do c °dw v,

and is the first derivative of the phase velocity. The group velocity is the velocity at
which the pulse envelope propagates inside the dielectric material. The third term in
equation 1.7 is the group velocity dispersion (GVD) and it is this term that describes

the most significant pulse broadening effect. GVD isexpressed as,

dg’ 1(.,dn d®n
OGP _ 20 1.10
p do C( do wodwzj (110

This equation describes how the distribution of wavel engths across the bandwidth of a
pulse will experience different group velocities as the pulse travels through a
dielectric material. For the majority of dielectric materials the value for GVD is

positive. As such the longer wavelengths components (red) of the pulse will travel
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faster through a material than the shorter wavelength (blue) components. Thisis one
of the pulse broadening effects that must be compensated for if ultrashort pulses are to
be produced, along with self-phase modul ation described in Section 1.3.3.2.

For completeness the fourth term in equation 1.7, B", describes the third-

order dispersion (TOD) in the system. TOD is not as dominant as the role of GVD

and can usually be ignored unless dealing with pulses of ~20fs or shorter [26].

1.3.2 Dispersion compensation

To generate femtosecond pulses the dispersive effects described above have to be
counteracted. This compensation, ideally, has to precisely counteract the positive
dispersion that the pulse experiences as it passes through the dielectric gain material
and other elements in the laser cavity, to allow for the creation of dispersion free
pulses. As was explained above, in materials with positive GVD the longer
wavelength (red) components of a pulse travel faster than the shorter wavelength
(blue) components. Thus the pulses broaden in time. For ultrashort pulses to be
realised, a net negative GVD has to be introduced into the cavity. Dispersion
compensation in solid-state lasers is most smply provided by the insertion of a set of

low-loss prisms into the cavity, asillustrated in Fig. 1.3.

Fig. 1.3. A two prism pair arrangement which can be used to generate negative GVD



Chapter 1 — Introduction and Background

The presence of the low-loss prism material introduces additional positive
GVD into the system. As can be seen in Fig. 1.3, due to the wavelength dependent
exit angle from the prisms, the longer (red) wavelength component travels a shorter
path through the air than the shorter (blue) wavelength components. However the
longer wavelength (red) component travels a longer path within the prism. By
choosing the correct separation between the prisms an overall negative GVD can be
introduced to the cavity where the shorter wavelength (blue) components will
experience a shorter physical path length through the prism system.

Looking back at Fig. 1.3 it can be seen that the sequence of prisms is
symmetric. By placing a mirror at the central position a single pair of prisms can
provide the same value of negative GVD as a sequence of 4 prisms [27]. Thissingle
prism pair method is commonly used when dispersion compensation is implemented
inside a standing wave laser cavity. This aso highlights an advantage of using a
standing wave resonator over a ring resonator. Since the intracavity beam inside a
ring resonator travels in a ring a four-prism sequence will always be required and
cannot be simplified to a single prism pair as in a standing wave resonator. Using a
single pair of prisms will reduce the intracavity losses as well as simplifying the
cavity.

Another widely used method of dispersion compensation uses chirped mirrors
[28]. These reflect longer wavelengths from deeper inside the mirror compared to the
shorter wavelengths on the surface of the mirror introducing negative GVD. Other
approaches have utilised diffraction gratings [29], and Gires-Tournois interferometers

[30], both of which provided the necessary negative GVD.

10
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1.3.3 Pulse propagation in a nonlinear regime

Due to the centrosymmetric nature of the gain material and the high peak powers of
the propagating pulse y;3) nonlinear effects take place. With a view towards
ultrashort pulse generation, the third-order nonlinear effects of the optical Kerr effect,
self-phase modulation and self focusing, are of most importance and shall be

discussed in this section.

1.3.3.1 Optical Kerr effect
A sufficiently strong electromagnetic field, E(t), incident on a dielectric material will
experience a y3) induced change of refractive index, An, in the material. This change
in refractive index will depend upon the incoming intensity profile of the pulse and
will reach amaximum at the peak of the pulse.

The refractive index of a material is the combination of the linear, n,, and

nonlinear, nyg, index coefficients and can be expressed as,

n=n, +n, [EQ)] (1.11)
Ne is given by,
3x
e = o (1.12)

(0]

For an ultrashort pulse the electromagnetic field is associated with the intensity of an
optical pulse by,
| (t) ~ en|E(t)[* (1.13)
Thisalows equation 1.11 and 1.12 to be rewritten in terms of intensity,
n=n,+n,I(t) (1.14)

where,

11
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2N,
n, =
£.,cn,

(1.15)
ny is the related nonlinear refractive index coefficient and for most materials is
positive. From the above equations it can be seen that for increasing pulse intensities

the refractive index of the material will increase. It isthis effect that gives rise to self

focusing and the spectral broadening mechanism of self-phase modulation.

1.3.3.2 Self-phase modulation

The optical Kerr effect can be said to be essentialy instantaneous in materials. As
was discussed above, the refractive index change, An, reaches a maximum at the peak
of the pulse profile. In materials having a positive nonlinear refractive index, ny,
there is also an associated phase shift, A¢(t), and with it a change in frequency, Av,

given by,

d d(2r

Here L is the propagation length and I(t) is the pulse intensity. Equation 1.16 shows
that as the leading edge of the pulse rises in intensity, the refractive index of the
dielectric material increases and therefore the velocity of the pulse decreases. The
frequency components in the leading edge of the pulse undergo a red-shift.
Conversely, the frequency components in the trailing edge of the pulse undergo a
blue-shift, Fig. 1.4, as the refractive index change of the material decreases with
decreasing incident intensity.

This effect is often approximated as another form of linear dispersion and is
compensated for using the techniques described earlier. Self-phase modulation
(SPM) plays a hugely vital role in the generation of ultrashort pulses, allowing for the

broadening of the spectral bandwidth by distributing the intracavity power over more

12
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oscillating modes. SPM also plays a vital role in the formation of solitonic pulses.

These effects will be discussed in more detail in Section 1.4.

Direction of Pulse
-

— A¢(t)
Av(t)

Trailing Edgd

Leading Edge

Ad(D), Av(t) (au.)

T T T T T T T
-200 -100 0 100 200
Time (fs)

Fig. 1.4 Phase (A¢) and frequency (Av) shift of the pulse undergoing self-phase modulation.

1.3.3.3 Sdf focusing effect

Consider a dielectric material that has a positive optica Kerr coefficient, through
which a pulse having a Gaussian intensity profileis propagating. Due to the Gaussian
intensity profile there is a higher intensity in the centre of the pulse than at the wings.
Referring back to Equation 1.14 this will lead to a non-uniform change of the
refractive index across the pulse profile.

Fig. 1.5 shows the phase fronts passing through such a material. The higher
refractive index experienced at the centre of the pulse resultsin alower phase velocity
than in thewings. Therefore, the centre of the beam becomes retarded with respect to
the wings, resulting in the beam undergoing an actua focusing. Thisis similar to the

pulse passing through a weak positive lens. Since this effect is brought about by the

13
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optical Kerr effect this is known as the Kerr-lens effect and is exploited in Kerr-lens

mode locking[31].

Ia

X,y XY
Fig. 1.5. Self focusing of a pulse passing through a dielectric medium

1.4 Ultrashort pulse generation

The effects described in the previous section can be exploited to produce ultrashort
pulses in a process known as mode locking. Other techniques for producing short
pulses include Q-switching, gain switching and cavity dumping, but to generate
femtosecond pulses mode locking remains the sole path.

There are severa techniques for mode locking. Two will be described: Kerr-
lens mode locking (KLM) and mode locking where semiconductor saturable
absorbers are employed to create intensity-dependent loss mechanisms. Both of these
are classed as passive mode locking techniques and rely on phase locking through
amplitude modulation. Certain similarities exist between all mode-locking techniques
in that al require a broadband gain material with a spectral bandwidth capable of
supporting a large number of longitudinal modes. The longitudina modes that a
cavity can support will each have a dightly different wavelength separated by an
integral number of half wavelengths given by Equation 1.17, which depends upon the
cavity length. However, not all modes defined by this formula can exist within the

cavity because they need to experience gain, therefore these modes have to fall under

14
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the spectral bandwidth of the gain material. As such, Equation 1.17 and the spectral
bandwidth of the gain material define the longitudinal modes that can exist in a given
laser resonator.

c
AL=—— 1.17
2nl ( )

where 2nl is the round trip length of the cavity and c is the speed of light. The output
from the laser as a function of time depends on the phase, frequencies and amplitudes
of these individual longitudinal modes relative to each other. The phase, frequencies
and amplitude of the modes vary independently and the total irradiance of the system
is ssimply the sum of each individual mode's irradiance. If we can force al these
modes to maintain a fixed phase relationship, oscillate in phase, then the laser is said
to be mode locked. In such a system the individual modes add together constructively
and destructively to produce a stream of ultrashort pulses, each separated by the

cavity round trip time, 2nl/c, as shownin Fig. 1.6.

Electrich

SV
AVWWWWL

AVLVAVAY RERVRVAVAVAVATASRY VAVAVATA

IrradianceA

Time

Fig. 1.6 Illustration of mode locking, where a number of oscillating modes are locked
together in phase (blue lines) to generate a stream of ultrashort pulses.

15
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It is the way in which the modes are forced into this fixed phase relationship
that defines the various mode-locking techniques. Modulation has to be applied to the
radiation within the laser cavity to force the modes into this fixed phase relationship.
This can be done actively, by way of an acousto-optic modulator for instance, or, asis
the case here, passively by introducing a nonlinear element into the cavity to provide
an intensity dependent loss or gain mechanism. The gain or loss modulation can be
thought of as a “shutter” which when closed provides loss in the cavity with no laser
output. If opened every 2nl/c seconds for a very brief period of time then a net-gain
window will be open where the oscillating modes become fixed and a pulsed output
will be generated. The laser can only sustain lasing while this net-gain window is
open. This can be provided in one of three ways as described in the next section.

In passive mode locking this “shutter” is provided by an intracavity element
with a non-linear intensity-dependent characteristic. It is these passive mode-locking
techniques that have proved more successful than active techniques and allowed the

shortest pulses to be produced.

1.4.1 Passive mode locking [32-36]

Passive mode locking utilises nonlinear effects to provide the necessary modulation to
initiate the mode-locking process. This can be obtained with the use of a saturable
absorber, here a loss or gain modulation is achieved through self-amplitude
modulation (SAM), where a pulse saturates the absorber. This has desirable effects
such as providing the opportunity for small-scale noise spikes to initiate the saturation
process for mode locking. The parameters of the saturable absorber can be chosen to

make this self-starting operation more favourable and in combination with the

16
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recovery time of the gain, will create the “shutter” or short net-gain window required

for mode locked operation. Three possibilities for thisare shownin Fig. 1.7.
(a)Los (b)Loss (C)Los
Gain \
Gain Gain /

Fig. 1.7 Passive mode locking mechanism (a) Slow Saturable Absorption (SSA) (b) Fast Saturable
Absorption (FSA) (c) Solitonic mode locking. The blue coloured area represents the net gain window.

If we first consider a saturable absorber with a recovery time that is long
compared to the duration of the pulse then we have a slow saturable absorber (SSA)
mechanism. This causes the front of the pulse to be suppressed while the tail of the
pulse will pass through without attenuation. Since the recovery time is slow, this
method relies on a fast recovery of the gain saturation between pulses to create this
“shutter” effect. The combination of the long recovery time of the absorber and the
gain saturation provides a short net gain window for mode locking, Fig. 1.7(a). For
solid-state lasers the upper state lifetime is generaly much longer than the pulse
repetition frequency so there is insufficient gain saturation for this process to take
place. Thus, we have to look to other techniques for mode locking in solid-state
lasers. These are fast saturable absorber (FSA) mode locking, Fig. 1.7(b), and

solitonic mode locking, Fig. 1.7(c).

17
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Fast saturable absorber (FSA) mode locking requires a fast recovery time of
the saturable absorber to create a suitably short net-gain window. Kerr lens mode
locking has proved to be the most successful FSA technique so far, where the laser

crystal itself acts effectively as the fast saturable absorber.

1.4.2 Kerr-lens mode locking

As the name suggests, this technique utilises the optical Kerr effect which will cause
the intense pulse in the cavity to undergo self-focusing. The cavity is designed in
such away that a continuous wave, unmode-locked operation is discouraged. Thisis
achieved either by means of hard aperture KLM where an intracavity dlit is introduced
to severely attenuate the continuous wave (CW) beam or by soft aperture KLM where
the pump beam geometry is chosen to favour mode locked operation. The self-
focusing effect of the mode locked pulses brings the intracavity beam into a more
favourable environment for lasing, either focusing through the aperture or increasing
the mode matching between the pump and intracavity beams. This acts as the
intensity dependent gain mechanism to provide the modulation needed for mode
locking.

The major advantage of KLM is its inherently broadband nature. The process
of SPM causes the spectral components to broaden, allowing access to larger
oscillating bandwidths and, as such, shorter pulses to be formed. Indeed, the shortest
pulses have been realised from a KLM laser [37]. However KLM is not usually self-
starting and requires an initial noise perturbation to grow into the pulse train. Tapping
amirror can provide this noise spike. Also the laser requires critical cavity alignment
and is susceptible to environmental perturbations. When dealing with low gain

materials such as Cr*":forsterite, the intracavity power instabilities can make the
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starting and stabilisation rather difficult. For these reasons, and others, Kerr lens

mode locking was not used in this research.

1.4.3 Solitonic mode locking [38-41]

Fig. 1.7 illustrates the three possible mechanisms that can give rise to femtosecond
pulses. The third technique is known as solitonic mode locking. For solitonic mode
locking the pulse shaping mechanism that leads to mode locked operation relies on
the formation and propagation of soliton-like pulses. This is achieved by the careful
balancing of the group velocity dispersion in the system with self-phase modulation.
The mode locked pulse train builds up from background noise spikes. An additional
loss mechanism, at the cavity round trip frequency, is required to initialise the mode
locking and to stabilise the soliton. This loss mechanism can be active or passive but
will typically take the form of a saturable absorber.

The short net-gain window for mode locking provided by SSA and FSA is not
necessary in this case, as the soliton formation itself is the dominant mechanism for
pulse shaping. This means that solitonic mode locking can have a much longer gain
window as shown in Fig. 1.7(c). This allows saturable absorbers with much longer
recovery times to be used with recovery times of up to 10 times the pulse duration
being acceptable.

There is some active debate over the primary mechanism involved in solitonic
mode locking and whether this is completely independent from the KLM process.
The use of a saturable absorber to initiate and stabilise solitonic mode locking as
described here results in ultrashort pulses which will inevitably lead to the presence of
Kerr non-linearity within the cavity. Whether this plays a role in solitonic mode

locking or isjust a secondary effect is amatter of opinion.
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1.4.4 Semiconductor saturable absor ber s [42-46]

For passive mode locking using saturable absorbers two possible devices are typically
used: a semiconductor saturable absorber mirror (SESAM) or a saturable Bragg
reflector (SBR). Both provide an intensity-dependent reflectivity to administer the
necessary loss/gain modulation and therefore the intense pulses in mode locked
operation are favoured over the continuous wave, unmode-locked operation of the
laser. Both devices exhibit similar characteristics, with layers of high and low index
semiconductor materials to act as a Bragg reflector with a saturable absorber layer
near the top of the device. The saturable absorber provides the modulation for mode
locking to take place, initially noise spikes in the laser act to bleach the saturable
absorber before building up into the mode locked pulse train, with the intense pulses
acting to saturate the absorption. These devices are designed to provide broad flat
reflectivity for the broadband circulating intracavity radiation.

Any difference between the two devices can be found in the semiconductor
layer structure and also the growth technique and post processing of the device.
Generdly, the absorber layer for a SESAM has been grown at a lower temperature
than that of a SBR; this affects the spectral and temporal responses of the device with
SESAMs displaying a much broader profile than SBRs where the spectra and
temporal characteristics tend to be sharply peaked. With advancesin epitaxia growth
techniques such as molecular beam epitaxy (MBE), these devices can be grown with
greater precision and with specific characteristics in mind, making for highly
desirable mode locking elements. The range of research [47-51] in which SESAMs or
SBRs are used for mode locking shows the versatility of these devices and the range
of wavelengths and pulse durations, from picosecond to sub-10 femtoseconds, over

which self-starting mode locking can be initiated and maintai ned.
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There are five important macroscopic properties of semiconductor saturable
absorbers that determine the operation of a passively mode-locked laser. These are
impulse recovery time, 4, modulation depth, AR, non-saturable loss, ARys, saturation
fluence, F«, and the spectral bandwidth, AA.

The impulse recovery time, z,, is the time the device takes to recover after an
intense incident pulse has saturated the device [42]. A suitable recovery time is
essential for the appropriate mode locking mechanism. For fast saturable absorption
mode locking this must be of the order of the pulse duration. For solitonic mode
locking the impulse recovery time can be up to ten times the duration of the pulse.

The modulation depth, AR, is the maximum change in reflectivity of the
device between alow intensity incident pulse and a high intensity pulse that bleaches
the absorber. To become bleached the incident pulse needs a fluence (defined as
energy density per unit area) much larger than the saturation fluence of the absorber.
The larger the modulation depth, the shorter the duration of the pulse that can be
supported and the greater the likelyhood of self-starting operation. The drawback of
having a larger modulation depth is the increased chance of Q-switching instabilities,
so abalance must be found. To alter the modulation depth the reflectivity of the front
surface can be altered, or the thickness of the absorber. Typicaly AR s 1-2%.

Non-saturable losses, ARys, are any losses that are present after an intense
pulse has bleached the absorber. These losses include aless than 100% reflectivity of
the Bragg stack, scattering losses and residual absorption. The design and growth of
the device influences the amount of non-saturable losses present. Absorbers grown at
low temperatures tend to display a significantly higher non-saturable loss than a high
temperature growth device such as atypical SBR. For use in low gain systems, such

as the laser described in this thesis, the non-saturable losses were kept as low as
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possible and indeed the GalnNAs device discussed in Chapter 3 displayed negligible
non-saturable |osses [48].

Saturation fluence, F«, is defined as the energy density per unit area, and is a
measure of the minimum energy density per unit area upon the saturable absorber
required to fully saturate it. This property should ideally be kept as small as possible
so that the device can be operated while fully saturated minimising any residual 1osses
and allowing access to the available modulation depth. Also, with high saturation
fluence, Q-switched mode locking is more likely to take place, and the possibility of
damaging the structure is increasing likely with higher fluence. The saturation
fluence of the device can be controlled in a number of different ways, during growth
of the device structure the reflectivity of the top layer can be altered. Alternatively
the position of the absorber in the device could be varied.

Another property of a saturable absorber is its spectral bandwidth. Thisis the
range of wavelengths that are reflected from the Bragg stack and as such this places
certain constraints on the minimum pulse duration that can be produced. The spectral
bandwidth of the device can be determined from the index contrast between the layers
of the Bragg stack and from the thickness of these layers. This property of the system
aong with the gain bandwidth of the gain crystal will determine the range of
wavelengths over which lasing can be sustain. From this the minimum pulse duration
can be determined.

Throughout this project, saturable absorber devices were used to initiate mode
locking. These have included a GalnNAs device (Chapter 3) and a quantum-dot
based saturable absorber (Chapter 4). The particular properties of these devices and
the advantages their use has over the previously tried saturable absorber devicesin the

1300nm spectral region will be discussed in greater detail in these later chapters.
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1.5 Pulse measurement [23, 52-54]
The measurement of the duration of ultrashort pulsesis not atrivial problem. Ideally,
to measure the time duration of any given event you have to compare it to another
event with a known shorter duration. Ultrashort pulses are the fastest man-made
events, which raises the problem of how the duration of these pulses can be measured.
The answer is to compare the pulses against themselves through a technique called
autocorrel ation.

As mentioned earlier, it isimportant that we know the shape of the pulse. This
is vital because the shape of the pulse will determine the constants and conversion

factors required to correctly calcul ate the pulse duration.
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Fig. 1.8 Comparison of the Gaussian and sech? pul se shapes.

Fig. 1.8 illustrates the difference between the most commonly assumed pulse
shapes of Gaussian and sech?’. These two pulse shapes may seem very similar but
both will giveriseto very different mathematical descriptions for a pulse.

The mathematical description of the propagating pulse shape was described in
Section 1.3.1 and from these equations a further fundamental property of the pulse

can be introduced. The temporal and spectra characteristics of a pulse are related
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through the Fourier transform. The Fourier transform of the tempora pulse, I(t), in
real space gives the spectral pulse, |(w), in reciproca space [32]. This means that the
temporal and spectral bandwidths of an ultrashort pulse cannot vary independently
and leads us to the bandwidth theorem where,

AvAt,>TBP (1.18)

Here, Av isthe full width half-maximum spectral bandwidth of a pulse, Az, is the full
width half-maximum of the pulse duration and TBP is the time-bandwidth product.
For a Gaussian pulse the TBP is 0.44 and for a sech® pulseis 0.32. For an ideal pulse,
then, the TBP will be equal to these values. When this happens the pulse is said to be
transform limited, or bandwidth limited, and the pulse will have the shortest possible
pulse duration for a given spectral bandwidth. If a chirp was present on the pulse then
the value for the TBP would be larger. This value gives an indication of whether the
dispersion compensation of a cavity is sufficient. Chirp can be understood as the time
dependence of the pulse's instantaneous frequency. More specifically, an up chirp
describes a pulse in which the instantaneous frequency increases with time and is
brought about by dispersion in propagating through a dielectric medium as described
above. The shortest pulse durations are obtained for a pulse without any chirp, hence

the requirement to introduce dispersion compensation into the laser cavity.
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1.5.1 Two-photon absor ption autocorrelation
The two-photon absorption autocorrelation technique is perhaps the simplest of a

wide variety of different autocorrelation methods.

Photodiode

Incoming Pulse

Beamsplitter

<>
Oscillating Mirror

Mirror

Fig. 1.9 A two-photon absorption autocorrel ator

Fig. 1.9 is a representative schematic of a two-photon absorption autocorrelator. The
incident incoming pulse is split into two equal intensity components, both of which
are directed down paths of equal optical lengths and are recombined on the detector.
One pulseisreflected from a static mirror and the other from an oscillating mirror that
introduces a delay causing the pulses to be scanned across each other and monitored
at the detector. For this autocorrelator set-up to work the detector must have a
guadratic response to the incident intensity. This was first achieved by using second
harmonic crystals but these are expensive, difficult to align and consideration needs to
be made about their phasematching bandwidth. The same quadratic response can be
achieved by the use of semiconductor materials such as LEDs or simple photodiodes
[55, 56]. These provide a much simpler and cheaper aternative as the two-photon
absorption in a semiconductor exhibits this necessary quadratic response. An incident

photon of greater energy than the semiconductor bandgap energy, Eg, will be absorbed
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linearly with respect to incident power. However, if the incident intensity of photons
is high enough, as in the high peak intensity of an ultrashort pulse, then photons of
energy 1/2E4,<E<Ey can undergo arelatively efficient two-photon absorption process.
The photocurrent produced from this has the desired quadratic response to the
incident intensity. For the Cr**:forsterite laser described in this thesis, a cheap and
widely available silicon diode was used to measure pulse durations.

If the two-photon detector is calibrated for a relatively slow frequency
response then a time-averaged intensity autocorrelation is recorded. This is defined
as,

G.(c) =1+29(r) (1.19)

where g(r) is the background free autocorrelation function and is expressed as,

['e]

jl(t)l(t—r)dt
o(r) ==— (1.20)
j | (t)2dt

—0o0

It can be seen from the previous two equations that no functions of phase are
included. Therefore, no information about the chirp on the pulse is included in the
autocorrelation trace. Also, for the autocorrelation to provide valid information then
the correct contrast ratio must be achieved. For values of t=0, +o then respective
valuesof 1 and 3 for G; (1) are found. So for the two-photon intensity autocorrelation
to provide accurate information then a contrast ratio of 3:1 must be achieved, Fig.

1.10 (a).
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Fig. 1.10 Representative two-photon autocorrelation traces. (a) intensity (b) interferometric

The FWHM of the autocorrelation trace does not directly provide the pulse duration
of the ultrashort pulse. To calculate the pulse duration a conversion factor has to be
used. This factor depends on the assumed pulse shape and this relation takes the

form,
At =— (1.21)

Here k is the conversion factor, which for a sech® pulse shape is 1.542 or for Gaussian
pulse shapesis 1.414.

By adapting the response time of the detector, an interferometric
autocorrelator can be built. The oscillation of the speaker aso has to be increased.
The main difference between the intensity autocorrelator and the interferometric
autocorrelator is that the individual fringes that are created on the beamsplitter can be
resolved. Each fringe is separated by a delay of At=n/w and information about the
amount of chirp presented on the pulse is supplied using this method. A

representative interferometric autocorrelation trace is shown in Fig. 1.10 (b).
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1.6 Conclusion

In this chapter an outline of ultrashort pulse generation, characterisation and potential
applications has been given. The effects of the propagation of an ultrashort pulse
through a dielectric material were described and ways of exploiting these effects in
various mode-locking techniques were discussed. The technique of autocorrelation,
which provides a method for measuring the duration of these pulses, was also
discussed. This chapter represents a foundation upon which the work undertaken in
this project was built. In the subsequent chapters the design of a Cr**:forsterite laser
system incorporating saturable absorbers to initiate mode locking will be described
together with new saturable absorber devices that were evaluated. Some potential

applications of this laser system will aso be discussed in Chapter five.
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Chapter 2 —Initial characterisation of a Cr*":forsterite laser

2.1 Introduction

In this chapter a brief summary of reported research undertaken on Cr*":forsterite
lasers will be presented. This will outline the background upon which the work
described in this thesis has been built. The properties of the gain materid,
Cr**:forsterite, will then be described to show its suitability for mode locking and the
production of ultrashort, and particularly femtosecond, pulses. To set the scene, the
design and construction of a continuous wave Cr**:forsterite cavity is detailed and the
characterisation of the laser is outlined. It isthis laser that was used as a test bed for
the saturable absorber devices used to initiate mode locking (Chapters 3 and 4) and

for the biophotonics experiments described later in Chapter 5.

2.2 Cr*:forsterite: a history

Chromium is a transition metal that can be used as a dopant in a host lattice to
produce a practical laser gain medium. There are severa possible gain materials that
chromium plays a role in including Cr:YAG, Cr:forsterite, Cr:LiSaf, Cr:ZnSe and
Cr:sapphire. For these to be considered as suitable laser gain media certain criteria
must be satisfied, such as chemical and mechanical stability, good heat conductivity
and a long upper state lifetime. The lasing action and the relationship between the
energy levels of the lasing ion depends on the host medium. Host materials can
include garnets [1], fluorides [2], phosphate/silicate glasses [3] and sapphire [4]. In
Cr*" doped forsterite (Mg,SiO4) the lasing transition takes place between the
electronic energy levels of the 3d electrons. The active laser ions are not shielded

from the surrounding host lattice and, as such, strong electron-phonon coupling will
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take place and give rise to a broadly tunable output [5]. In genera, gain bandwidths
in excess of 30nm and upper state lifetimes greater than 3us are typically found in
such materials.

Forsterite was discovered by and named after the German naturalist Johann
Forster. It belongs to a crysta class called olivines [6] that make up a large
proportion of the earth’s mantle. The name refers to the greenish colour of the family
members and, indeed, mankind has known the apple green member of the forsterite

family, peridot, for centuries, Fig. 2.1.

Fig. 2.1. The apple green peridot, the most commonly known member of the forsterite family.

The forsterite crystal has the chemical composition M@,SIO,. It was this
crystal that played the role of the host lattice for the chromium ions to create the gain
material for these experiments. Lasing action in the Cr**:forsterite gain material was
first reported in 1988 [7, 8]. At this time uncertainty existed over the nature of the
lasing ion and trivalent chromium (Cr®*) was conjectured to be responsible for the
lasing action. However, through spectroscopic analysis [9, 10] it was found that both
Cr¥ and Cr*" were taken into the host materia with the Cr** taking the place of the
octahedrally coordinated Mg®* sites and Cr*" substituting into tedrahedrally
coordinated Si** sites. This spectroscopic analysis supported the theory that Cr** was

the lasing ion and showed that the presence of Cr** in the host lattice actually
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decreased the efficiency of the laser due to two-photon absorption of the pump
wavelength [11].

Mode-locked operation of Cr*":forsterite in the picosecond domain (31ps
pulses) was first achieved in 1991 using an intracavity loss modulator in the form of
an acousto-optic device [12]. To achieve shorter pulses, passive techniques must be
used, and in 1992 150fs pulses from a Cr**:forsterite laser were realised using additive
pulse mode locking [13]. This technique was not pursued further due to the
development of Kerr-lens mode locking and semiconductor saturable absorbers. Both
of these provide a more versatile and simpler path into the femtosecond domain.

The technique of Kerr-lens mode locking initiated by a acousto-optic
modulator was used to mode lock a Cr**:forsterite laser producing pulses initially of
60fs [14] before careful management of the dispersion compensation allowed 36fs
[15] pulses to be redlised. This mode locked operation was sustained even after the
acousto-optic modulator was turned off indicating that the laser was self-mode locked.
Kerr-lens mode locking has aso provided the shortest pulses from a Cr**:forsterite
laser, with the crystal cooled to -10°C and, using a combination of chirped mirrors
and prisms to compensate for higher-order dispersion, pulses of 14fsin duration could
be produced [16].

More relevant to this thesis is the previous work undertaken with
Cr**:forsterite lasers that were mode locked using semiconductor saturable absorbers.
These provide self-starting operation and have been used extensively to mode lock
Cr*:forsterite lasers over the past ten years. The first report of the exploitation of a
saturable absorber was published in 1996. The saturable absorber used consisted of
25 periods of GaAg/AlAs quarter wave layers followed by two InGaAs quantum wells

and allowed the generation of 110fs pulses [17]. Alternatively, saturable absorbers
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grown on an InP substrate with InGaAsP quantum wells have been used [18]. In
subsequent studies pulses as short as 40fs have been produced but these relied on
cooling the crystal to ~0°C [18, 19]. Both of these saturable absorbers have
drawbacks and their presence has a detrimenta effect to the laser performance. Their
disadvantages and the identification of new GalnNAs saturable absorbers that

improve on these results will be described in the following chapter.

2.3 Cr*:forsteriteasalaser gain material
The emission and absorption spectra of a Cr**:forsterite crystal is included as Fig. 2.2,
this is for a crystal cut along the a-axis as the Cr**:forsterite crystal used in these

experiments was.
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Fig. 2.2. The emission and absorption spectrafor Cr**:forsterite

It can be seen that the absorption spectrum has two broad peaks, one at 780nm and

one ranging from 900-1150nm (3A,—>T; and *A,—>T, respectively on the energy
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level diagram, Fig. 2.3). This alows the crystal to be excited optically by a wide
selection of commercially avalable lasers a 1064nm: Nd:YAG, Nd:YVO, or
ytterbium fibre lasers, or high power InGaAs laser diodes at 980nm. Alternatively,
Cr*":forsterite has also been pumped by a master-oscillator-power-amplifier (MOPA)
at 980nm [20] and by AlGalnP laser diodes at 680nm [21].

As mentioned above, the lasing ion, Cr*", is not shielded from the surrounding
lattice and so it is subjected to strong electron-phonon coupling. This acts to broaden
the energy levels thereby creating what are known as vibronic energy levels, Fig. 2.3.
It is this feature that facilitates the broadly tunable emission spectra between 1130nm
and 1367nm (as shown in Fig. 2.2) and alows for the production of ultrashort pulses.

The energy level scheme for Cr**:forsterite when pumped at 1064nm is shown

inFig. 2.3[22].
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Fig. 2.3 A simplified energy level diagram of Cr* in forsterite, energy vs. population density per
unit volume
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When pumped at 1064nm Cr** ions are excited from the ground state of A to the

upper laser state of *T,. Due to excited state absorption of the pump radiation, Cr*
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ions can also be excited into the 'E level from *T,. These then relax into the upper
excited state of *T; and return through nonradiative relaxation to the lasing state, *To.
The 'E state overlaps the *T; state as shown in Fig. 2.3 causing an electronic
bottleneck trap. Effectively this delays the nonradiative decay of the upper excited
electron level for ~10ps. Normally the lifetime of the °T; state is a few hundred
nanoseconds before decaying again through nonradiative decay into the upper lasing
level *T,. Lasing occurs between *T,—>A, states of the 3d electrons and provides the
output spectrum for the laser centred near 1250nm. At room temperature
Cr*:forsterite has a upper state lifetime of 2.7us. This upper-state lifetime is
sensitive to temperature and by cooling to liquid nitrogen temperatures (77K) the
upper-state lifetime can be increased to ~20us. The thermal load from the pump
beam inside the crystal can have a detrimental effect on this duration, through a local
increase of the crystal temperature decreasing the upper-state lifetime. This
necessitates a heat remova mechanism to keep the crystal at a constant temperature.

In these experiments the heat was removed from the crystal by water-cooling.

2.4 The Cr*:forsteritelaser cavity

In designing a laser cavity there are many aspects that must be considered prior to its
construction. These include the stability of the cavity, the pump source and geometry,
the mirrors that are to be used and the gain medium itself. The Cr**:forsterite crystal
has already been discussed together with its suitability for the generation of
femtosecond pulses around the 1300nm spectral region, this section will describe the

design of the continuous wave cavity around this crystal and the details this entails.
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2.4.1 Cavity design

A major consideration in building a Cr**:forsterite laser is the low gain nature of the
crystal. This dictates that there must be extremely good mode matching of the pump
and laser beams. Also, due to the short upper-state lifetime of Cr*":forsterite
(~2.7um), a high intensity pump beam is required to provide and sustain a sufficient
population inversion for lasing. To achieve this intensity a tightly focused pump
beam size is essential, which can be achieved with appropriate focusing of a near-
diffraction-limited pump beam (M2~1). There are a number of possible laser cavities
that can be constructed, but for the future use as a test bed for potential saturable
absorber devices a four-mirror cavity was adopted as the most suitable option. The
large stability regions of this laser cavity design allowed for the ssimple insertion of
intracavity elements such as prisms or saturable absorbers. A schematic of a four-
element cavity is shown in Fig. 2.4. Other cavity designs such as a two-mirror
resonator or a three-mirror resonator are not asymmetric, therefore it is difficult to
incorporate the saturable absorber device inside the cavity with the required spot size
incident upon it and still maintain the appropriate spot size within the laser crystal.
By contrast, the asymmetric nature of the four-mirror cavity allows the spot size upon

the saturable absorber and inside the crystal to be chosen.
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High Reflector Folding Mirror
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Output Coupler

Gain Crystal M4

Folding Mirror
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Fig. 2.4 A representative schematic of atypical four-mirror, astigmatically compensated
cavity showing the beam mode size.

The added advantage of using this form of asymmetric laser cavity isthat atight focus
exists a mirror M1. This enables saturable absorber devices placed at M1 to become
optically bleached, allowing mode locking to be initiated. The spot size can be
dightly atered on the saturable absorber by trandating the device, changing the
distance between M1 and M2, allowing for arange of incident fluences. For the laser
cavity used in this project to investigate saturable absorber devices this is shown in
Fig. 2.5. Itiscommon for the ends of gain crystals to be cut at Brewster’s angle, and
this is the case with the Cr**:forsterite crystal used here. Although this acts to
minimise the Fresnel losses at the surface of the crystal, the presence of a Brewster-
cut introduces an associated astigmatism. This can be compensated for by carefully
choosing the angles of the two folding mirrors M2 and M3 that are placed at either
side of the crystal. These also keep the intracavity beam focused inside the crystal for
mode matching. A well-collimated beam is formed between M3 to M4. This is
where intracavity prisms for dispersion compensation can be inserted. Finally, mirror

M4 is an output coupler, a partially reflecting mirror which allows a small percentage
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of intracavity power to escape the cavity. Thisis dictated by the coupling efficiency

of the output coupler.
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Fig. 2.5 The variation of the spot size on M1 with increasing distance M1-M2

Throughout this project the laser cavities described were designed using a
laser cavity design package called LCAV. This used ABCD matrix multiplication to
calculate the mirror and crystal positions and orientations [23]. The associated
stability and mode size information for each cavity were supplied by the programme,
allowing for an appropriate spot size within the crystal, and upon the saturable

absorber device at M1 to be chosen.

2.4.2 Mirrorsand the Cr*":forsterite crystal
As mentioned in the previous section, the Cr**:forsterite crystal was cut along the a
axis and Brewster-cut to minimise the Fresnel losses. It had a small-signal pump

absorption coefficient of 1.3cm™ and the dimensions 3x3x11.6mm. The crystal was
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wrapped in indium foil and clamped into a copper mount that alowed for water-
cooling to 15°C and also provided the mechanism for heat removal when pumped at
high powers.

The mirrors used in this project were designed specifically for use around
1300nm and were coated for broadband high reflection with R>99.96% between
1250nm and 1550nm and with high transmission at 1064nm (the wavelength of the
pump light). A selection of mirrors was purchased from Laser Optik GmbH, enabling
a number of cavity options to be configured. The choice of cavity depended on the
laser mode size required, inside the crystal and upon the saturable absorber, and the
output coupling required for stable operation of the laser. The set of mirrors consisted
of four folding mirrors, of which two were -100mm radii of curvature and two were
-75mm radii of curvature, plus two plane-wedged high reflectors. The set was
completed with three broadband plane-wedged output couplers with nomina
transmissions of 0.5%, 1% and 2%. Representative transmission curves are included
as Fig. 2.6. It should be noted that the mirror characteristic in Fig. 2.6(b) implies a

2% transmission.
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Fig. 2.6 Transmission curvesfor (a) a high reflector and (b) a 2% output coupler .
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2.4.3 Pump sour ce and geometry

The final aspects of the design of the laser cavity that need to be considered are the
pump source and the geometry of the optics needed to couple the pump beam most
effectively into the gain crystal to create the population inversion. The pump source
used was aNd:YVO, laser from Spectra Physics Inc. This produced up to ten Watts
of linearly polarised, near-diffraction-limited light at 1064nm. A schematic of the
pump geometry isincluded as Fig. 2.7.

As can be seen, the pump beam first passes through a half-wave plate. This
allowed the linearly polarised light to be rotated to minimise the pump reflection at
the Brewster-angled face of the Cr*":forsterite crystal, enabling the maximum
absorption of the pump light. The telescope system and focusing lens allowed control
over the pump spot size within the crystal to provide the maximum mode matching of
the pump and intracavity beams. An assortment of lenses for the telescope system
and focusing lens were investigated before the final version (Fig. 2.7) was selected. A
computerised beam profiler was used to measure the spot size and investigate
different combinations of lenses to provide atight focus of the pump beam inside the
crysta. (More details will be provided about the choice of these lenses in the

following section).

Half-Wave Focussing
plate Telescope System lens

Laser Cavity

Fig. 2.7 The pump geometry for the laser cavity showing the focal lengths of the lens used throughout
thisthesis.
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2.5 Continuous wave operation of the Cr**:forsterite laser

Originaly the Cr*":forsterite laser was designed and built with a different pump
geometry to that shown in Fig. 2.7. Lenses were used to provide a spot size of ~80um
in diameter inside the crystal. The corresponding cavity was designed so that the
laser mode was of comparable size inside the crystal for mode matching purposes.
With this arrangement, continuous wave (CW) operation was realised but with a
lasing threshold of 3.7W. This value was higher than expected for the laser system
and raised concern over the quality of the optical components, the mirrors and the
Cr*:forsterite crystal. Based on Equation 2.1 we can see that the pump power at

threshold isrelated to the pump beam mode size inside the crystal[ 24].

Rh:(é—lnRj Ahv, 2.1)
2 nor,

In Equation 2.1 §is the resonator 1osses, R the reflectivity of the output coupler, A the
cross sectional area of the gain, h Planck’s constant, v the wavelength of the laser, o
the stimulated emission cross section, 7 the fluorescence lifetime and n combines the
various efficiency terms for the laser. These include the absorption efficiency,
guantum efficiency and the temperature dependence.

From Equation 2.1, for a small cross-sectional area of gain, A, alower lasing
threshold should be accessible. This can be achieved by decreasing the pump mode
size within the crystal. However, in decreasing the pump mode size the efficiency, n,
will be changed due to the extra thermal load in the crystal. An optimum spot size
therefore exists for a given laser configuration that will provide alow threshold before
thermal lens effects begins to effect detrimentally the operation of the laser.

It was decided to decrease the spot size within the crysta by varying the

telescope system and focusing lens until an optimum spot size was found (Fig. 2.7).
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The pump spot size was decreased from ~80um to ~45um in diameter. This was
observed to provide sufficient population inversion and a dramatically improved cw
laser performance. The laser cavity dimensions that were required to provide a laser
mode size of ~45um in diameter inside the crystal for mode matching are shown in
Fig. 2.8.

High Reflector Folding Mirror
M1 =

Output Coupler
M4

A 4

Qy
Folding Mirror
M3 R=-100mm

Fig. 2.8 Cr*":forsterite laser cavity for continuous wave operation.

This laser provided a continuous wave output in the 1300nm spectral region with a
minimum lasing threshold of 1.4W, which is comparable to other reported
Cr**":forsterite lasers [25].

The continuous wave performance of the laser was then characterised. Firstly,
the performance of the laser with the three available output couplers was evaluated, as
shown in Fig. 2.9. From Fig. 2.9 the slope efficiency of the laser with the available
output couplers was calculated. For the 0.5%, 1% and 2% output couplers the slope
efficiencies were calculated to be 2.6%, 3.3% and 4.4%, respectively. From Fig. 2.9

it can be seen that a threshold of 1.4W was realised with the 0.5% output coupler.
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With the 2% output coupler, an output power of 351mW was realised with a pump

power of 6W.
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Fig. 2.9 Continuous wave performance characteristics
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Fig. 2.10 The tunability of the Cr*":forsterite laser.
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Due to the small pump spot size inside the Cr*":forsterite crystal at high pump
powers, the high intensity would heat the gain medium and leading to a thermal lens
being created above 6W of incident pump power. This caused the laser performance
to become unstable and introduced a significant decrease in output power.

The second feature of the laser to be characterised was its frequency tunability.
This was achieved by placing a single prism in the long arm of the cavity. This acted
to disperse the intracavity modes enabling discrete wavelengths to be selected by
changing the angle of the output coupler. The tunability of the laser with the 0.5%
output coupler in placeis shown in Fig. 2.10. It can be seen that the laser was tunable
between 1230nm and 1350nm. The lower cut off point was due to the reflectivity of
the mirrors (Fig. 2.6) and the upper cut off at 1350nm was attributable to the crystal
itself (Fig. 2.2). For these measurements the spectrum was monitored with a REES

spectrometer with measurements taken every 5nm.
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2.6 Conclusion

In this chapter the properties of the Cr**:forsterite crystal as a suitable gain materia
for a solid-state laser have been described. Its potential to be pumped by widely
available commercial laser sources and the broad emission spectrum that makes it
suitable for mode locked operation have been highlighted. A brief history of
Cr**:forsterite lasers was given to put the research presented in this thesis into context
with previously reported work. The components of the laser cavity and the reasoning
behind the use of a four-element cavity were put forward, before details of the cavity
design itself and the continuous wave performance characteristics were described.

It isthis basic laser configuration that was used in the project to test saturable
absorber devices (see Chapters 3 and 4). These include a novel GalnNAs device
(Chapter 3) and a new quantum-dot saturable absorber (Chapter 4). Finally, this laser
was used for biophotonics experiments relating to assessments of tissue penetration

and chromosome cutting with coherent radiation in the 1300nm region (Chapter 5).
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Chapter 3—The GalnNASs satur able absor ber

3.1 Introduction

The quantum-well devices that had previously been grown for the 1300nm spectral
region were discussed in Chapter 2. Specifically, these devices were based on GaAs-
based Bragg mirrors with InGaAs quantum wells [1, 2] or InP-based Bragg mirrors
with InGaAsP quantum wells [3]. Both of these device types when grown for
operation at 1300nm have acknowledged shortcomings. Firstly, the indium
concentration required for operation around 1300nm results in a lattice constant
differential that exceeds the acceptable level of strain in the InGaAs.AIASGaAs
mirror structure. Strain relaxations then arise leading inevitably to strain-induced
high non-saturable losses together with a low damage threshold. Secondly, the
scheme involving InGaAsP quantum-wells on an InP Bragg mirror structure resultsin
a narrow reflectivity bandwidth for the Bragg mirror. This arises from the small
refractive index contrast achievable from the materials that can be lattice matched to
the InP substrate for reflectivity at 1300nm. This small reflective bandwidth imposes
a limit on the minimum pulse duration produced from the laser, as explained in
Chapter 1.

The poor performance of saturable absorbers at 1300nm provided the
incentive for the design and development of new quantum-well-based saturable
absorbers for this spectral region, such as the GalnNAs-based device discussed in this
chapter. It is important to state at the outset that the inclusion of nitrogen in the
guantum well serves to reduce the strain (Fig. 3.1[4]) and acts to shift the absorption
edge into the 1200-1400nm region, thereby reducing the non-saturated losses in the

device[5].
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Fig. 3.1 The bandgap energy versus the lattice constant for various semiconductors. Note that
the lattice constants for GaAs and GalnNAs can be matched.

The laser cavity described in Chapter 2 was used to evaluate a novel GalnNAs
saturabe Bragg reflector (SBR) and the suitability of this material for the generation
of femtosecond pulses from a solid-state laser was assessed [6]. The structure of the
GalnNAs devices will be discussed here, together with areview of its advantages over
previous devices grown for this spectral region. The most salient properties of the
GalnNAs SBR will be discussed and then the mode locked performance of alaser that

incorporates this device will be described.
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3.2TheGalnNAs SBR

GalnNAs as a materiad system was first proposed theoretically and then
experimentally verified by the growth of laser diodes in the 1300-1500nm region by
Kondow et a. in 1995/6 [7]. More recently high quality vertical-cavity-surface-
emitting lasers (VCSELs) have been grown and some are now on the road to
commercialisation [8, 9]. Lately, progress has been made in the use of this materia
for diode-pumped high-power VECSELs [10], vertica external-cavity surface-
emitting lasers (VECSELS) [11], diode-pumped vertical-cavity semiconductor optical
amplifiers (VCSOAS) [12] and semiconductor saturable absorber mirrors (SESAMS)
for use in laser mode locking. It is this latter application that is most relevant to the
research outlined here.

The device used in these investigations was based on material grown at the
Optoelectonics Research Centre in Tampere, Finland and subsequently processed in
suitable device configurations by collaborating researchers at the Institute of
Photonics in Strathclyde. The basic device design is shown in Fig. 3.2 where the
materia structure was grown by solid source molecular beam epitaxy with a nitrogen
plasma source. The structure consisted of a GaAs substrate upon which was grown a
21-layer-pair AlAs (115nm)/GaAs (97nm) Bragg stack designed for high reflectivity
around 1300nm. The final quarter-wave layer of this Bragg stack contained a single
7nm thick Gag gslNo.asNoo10AS0.gs1 quantum-well, which was grown at 430°C midway
within the layer. No annealing, either in situ or ex situ was performed on the sample

used in thisinvestigation.
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Fig. 3.2 A schematic of the GalnNAs SBR

The reflectivity and photoluminescence characteristics for this device (Fig.
3.3) show that the stop band of the Bragg stack was >110nm in width, centred on

1320nm, and that the quantum-well luminescence peaked at 1340nm at room

temper ature.
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Fig. 3.3 (a) Thereflectivity spectrum of the Bragg stack and (b) the photoluminescence intensity of
the GalnNAs SBR.
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The excitonic luminescence decay was studied by time-gated frequency up-
conversion a the University of lowa and was found to be mono-exponential with a
time constant of 69ps, as indicated in Fig. 3.4. (The technique used to obtain this

result is described in references [13, 14]).
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Fig. 3.4 The excitonic luminescence decay of the GalnNAs SBR sample.

The GalnNAs saturable Bragg reflector used in these experiments was tested initialy
in a low-loss high-power picosecond neodymium laser [5, 15]. This showed for the
first time that a GalnNAs based saturable absorber could be used to passively mode
lock a solid-state laser in the 1300nm spectral region. By comparing the reflectivity
of the SBR with that of a high-reflecting dielectric mirror (with 99.9% reflectivity),
the SBR was found to be superior with a residual loss of less than 0.1%. To date, it
has not been possible to measure this loss more accurately but it is clear that the
GalnNAs device had significantly less loss than the previous devices that had been

produced for operation at 1300nm. To test the damage threshold of the device the

56



Chapter 3 — The GalnNAs saturable absorber

laser was allowed to Q-switch, thereby causing higher power levels (estimated to be
~50W) to be incident upon the SBR. Under these conditions no observable damage
was suffered by the device, confirming the existence of a high damage threshold. The
GalnNAs SBR enabled pulse durations of 22ps to be produced at an average output
power of 20W during the 200us of on-time that the eight bar diode stack was
pumping the neodymium laser. During this on-time the eight bar stack produced
360W of average output power at 804nm. A mode locked tuning range of 46nm
(1305-1351nm) was found, showing the potential for this material to cover a wide
selection of wavelengths in the 1300nm spectral region. It should be noted that
femtosecond pulses had not, prior to the work reported here, yet been produced from a

solid-state laser incorporating a GalnNAs based saturable absorber.

3.3 Laser cavity
Initially the GalnNAs SBR was incorporated into the experimental laser cavity
described in Chapter 2 (Fig. 3.4).

Folding Mirror
GalnNAs SBR M2 R=-75mm

Output Coupler
M4

2

\Folding Mirror
M3 R=-100mm

Fig. 3.4 Theinitial cavity design for testing the GalnNAs SBR providing a spot size of 80um on the
device.
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In this configuration the spot size on the SBR was ~80um in diameter. Before the
prism pair was placed into the long arm of the cavity, picosecond operation was
observed as the output from this laser. This demonstrated that the device could
support mode locked operation in this particular cavity configuration. Fig. 3.5 shows
the autocorrelation profile for the picosecond pul se sequences produced by the laser in

this configuration.
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Fig. 3.5 The autocorrelation trace for the laser operating in the picosecond regime.

Fig. 3.5 shows that pulses of 7ps were produced from the laser, assuming a sech’
pulse shape. Lasing occurred at 1277nm, with an average output power of 48mw
measured at a pulse repetition frequency of 184MHz for a pump power of 6W.

Two fused silica prisms were then inserted into the long arm of the cavity
(Fig. 3.4) to provide the necessary compensation for the positive group dispersion in
the cavity. The separation needed between the prism pair to provide the appropriate

amount of negative dispersion was cal culated using the following formula[16]:
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d’P d’n dn\" | . dn )’
TR =4 {|:dl (2 —n—j(ﬁj} nﬂ—Z(ﬁj cosﬂ} (3.2

Here P isthe optical path length, | the prism separation in millimetres, n the refractive

index and S is the angle between the red and blue incoming rays to the prism. The
derivatives, dn/dA and d°n/dA?, are the first and second derivatives of the Sellmeier

equation and are included below.
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Finally, to relate d®P/dA? to d¢/dA? the more commonly quoted parameter with units

dﬂ,z

fs’/mmis given by Equation 3.5:

d’p A d?P
di? 2712 dA?

(3.5)

Using published results for dispersion in Cr*:forsterite crystals [17] the positive
group dispersion from the 11.6mm long crystal can be readily deduced from the
eguations above. The required separation of the fused silica prism pair to introduce
an equa amount of negative group dispersion to the cavity was calculated to be
350mm.

When the prism pair as included with a separation as described above, mode
locking into the femtosecond regime was redlised. A tuning range of 15nm from
1269nm to 1284nm was found with the 0.5% transmission output coupler in place.

Transform limited pulses of 170fs were produced in the central region of the range
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centred around 1274nm. Output powers of 40mW were found for these pulses, at a

pul se repetition frequency of 180MHz.

With a 1% output coupling the tuning range decreased to 10nm, but the

available mode locked output powers in the centre of this range (1274nm) increased

to 70mW. Transform-limited pulses with a time-bandwidth product of 0.32 were

produced with typical durations of 120fs (seefig. 3.6 (a) for a autocorrelation trace of

123fs pulses for which a sech? pulse shape was assumed). The associated spectral

trace with a FWHM of 14nm isincluded as Fig. 3.6 (b).
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Fig. 3.6 (a) The measured intensity autocorrelation (b) the optical output spectrum from the
Cr*":forsterite laser in the initial configuration.

The observation of these mode-locked pulses demonstrated, for the first time, the

ability for a GaAs-based saturable absorber with GalnNAs quantum-well to

successfully enable the production of femtosecond pulses [18].

The substantid

reduction in output power from over 200mW when used with the 1% output coupler

and the high reflector in place for continuous wave operation, to 70mW while mode

locked did, however, imply that the cavity had not yet been optimised for use with

this SBR. It was hypothesised that the 80um diameter spot size was insufficient to

fully saturate the saturable absorber and therefore the output power from the mode-
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locked laser suffered as a consequence. The mode locking in this configuration was
also somewhat unstable because thermal lensing effects became serious at pump
powers above 6 Watts. For these reasons a redesign of the cavity was undertaken,
again using LCAV, to provide a smaller spot size incident upon the SBR and thereby

producing a higher incident fluence that would fully saturate the device.

Folding Mirror
InNAs SBR
GalnNAs S M2 Re75

2,
Folding Mirror %Q)

M3 R=-100mm Output Coupler
M4

Fig. 3.7 The schematic of the cavity used with the GalnNAs SBR - note the difference in the short
arm of the cavity in comparison to Fig. 3.3

This cavity has been altered from that shown in Fig. 3.4 by increasing the total
distance in the short arm and decreasing the angle of the second folding mirror. This
acted to decrease the spot diameter on the SBR from 80um to 30um. It was with this
spot size and short arm configuration that the following results were obtained.

With the new cavity configuration the continuous wave performance was
similar to that described in Chapter 2. The output powers from the laser were slightly

lower, with a maximum of 240mW achievable with the 2% output coupler compared
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to the 350mW power level obtained previously. This configuration acted to minimise
the thermal lens effect in the cavity and pump powers of 7-8 Waitts could readily be
used. It was also found that the smaller spot size on the GalnNAs SBR fully saturated
the device allowing for stable mode-locked operation with dramatically reduced pulse

durations as described |ater.

3.4 Improved mode-locked operation with the GalnNAs SBR

There are two aspects to the results presented in this section. These relate to the laser
output (pulse durations, output powers, tuning ranges) and the device characteristics
of the SBR (saturation fluence, the non-saturable losses and modulation depth). The

output characteristics of the laser are presented first.

3.4.1 Laser output

Again, a pair of fused silica prisms was inserted into the long arm of the cavity (Fig.
3.7) to compensate for the positive group velocity dispersion. The tip-to-tip
separation was 350mm. This alowed the production of femtosecond pulses from the
laser cavity and, with the 0.5% output coupler in place, the shortest pulses from the

|aser were observed.
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Fig. 3.8 (@) The measured intensity autocorrelation (b), the optical output spectrum from the
Cr*":forsterite laser for the shortest, 63fs, pulses.
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Fig. 3.8 (a) shows the two-photon absorption autocorrelation trace for these pulses
and implies a pulse duration of 63fs for an assumed sech® pulse shape. Fig. 3.8 (b) is
the output spectrum of the laser and has a FWHM of 29nm that, when combined with
the pulse duration, gave a time-bandwidth of 0.33 indicating that these pulses were
close to the transform limit. The pulse repetition frequency was 178MHz, and with
the 0.5% output coupler mode locked output powers of 85mW were reached.

With the alternative 1% and 2% output couplers, respective mode-locked laser
output powers of 130mW and 215mW were obtained respectively. The transform-
limited pulse durations with these output couplers were 77fs for the 1% output
coupler and 98fs with the 2%. The autocorrelation trace and spectrum for the system

with the 2% output coupler in place are included as Fig. 3.9.

w
o
i
o

(b) AL=18.5nm

N
&l

N
o
L

I
[9)]
1

[y
o
N

Intensity (a.u.)
Intensity (a.u.)
o
»

1

o
3

...... lovssrscsiiriiiinieililninli,

-300 -200 -100 (I) 100 200 300 400 1250 1260 1270 1280 1290 1300 1310 1320
Time (fs) Wavelength (nm)

o

O
5
o
S

Fig. 3.9 (@) The measured intensity autocorrelation (b), the optical output spectrum from the
Cr**:forsterite laser with the 2% output coupler in place.

When the available mode-locked output powers from the second cavity are
compared with those from the previous cavity configuration, the improvement is
obvious. This enhancement is due to the GalnNAs device being fully saturated. To
highlight the effect of this the output powers from the laser with and without the SBR

in place can be contrasted. With the initial cavity and a 2% output coupler in place
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continuous wave output powers of 350mW were achievable, but when mode locked
with the GalnNAs SBR only ~70mW was obtained. In the new configuration, with a
spot size of 30um in the short arm, the continuous wave power with the 2% output
coupler had been reduced to 240mW but the mode locked output power was now
215mW.

A further novelty of the Bragg stack in the GalnNAs SBR was that it had been
grown with a 15nm variation in thickness across the wafer. Therefore, just by
trandating the SBR across the intracavity beam, different mode locked centre-
wavelengths were accessible. Using this method the mode locked tuning range shown
in Fig. 3.10 wasfound. The 15nm variation isin the total thickness of the Bragg stack

across the wafer and is directly attributable to the growth process of the device.
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Fig. 3.10 The tuning range of the mode locked output from the laser solely by trandating the SBR
across the laser cavity.
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This shows that mode locking was achievable across a 16nm range from
1270nm to 1286nm. With the additional inclusion of an intracavity dlit between the
second prism and the output coupler, this tuning range was increased to range over

25nm from 1268nm to 1293nm asindicated in Fig. 3.11.
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Fig. 3.11. The tuning range of the mode locked laser with the inclusion of adlit.

These measurements for the tuning range of the mode-locked laser were taken
with a 0.5% output coupler and at a pump power at 7W. Transform-limited pulses
having durations of approximately 100fs were monitored in the centre of the tuning
ranges, with the pulse durations increasing to 300-400fs at either edge of the range.

With the 1% and 2% output couplers in place, similar tuning ranges were
obtained but with the dlightly smaller ranges of 19nm with the 1% and 18nm with the
2% output coupler. With higher value output couplers the intracavity power was
reduced and therefore the fluence incident upon the device was decreased. When

mode locking occurred at the edges of these tuning ranges, the losses in the cavity
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increased to the point that mode locking was no longer sustainable. As expected, the
0.5% output coupler with the highest intracavity powers allowed access to the widest

range of mode locked centre wavel engths.

3.4.2 The GalnNAs device char acteristics

The performance of the GalnNAs SBR was investigated in detail. Mode locking of
the Cr**:forsterite laser was self-starting for output powers above 25mW with the
0.5% output coupler. This allowed the intracavity power to be calculated as 5W,
which, aong with pulse repetition frequency, alowed the circulating intracavity
energy incident upon the SBR per pulse to be estimated as 27nJ. From this, and using
Equation 3.6, the estimate of the saturation fluence on the SBR was calculated to be

980pJ/cm?.

E ulse
g=—" (3.6)
r

Epuse iSthe energy of apulse incident upon the SBR and r is the radius of the spot size
on the SBR. This value of 980pJcm? compares well with other saturation fluences
for saturable absorbers.

An important feature to ascertain for the SBR was a measure of the non-
saturable losses. This would show if a GalInNAs SBR was compatible for mode
locking a low-gain material and if it is superior to the devices grown previousy for
this spectra region. To determine this, the power transfer curves from the laser were
investigated and compared with either a high reflectivity mirror or the SBR in place.
The power transfer curve is the amount of output power emitted from the laser

compared to the amount of pump power incident upon the laser crystal. The SBR was
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first placed in the cavity, and as the pump power was increased, the laser would begin
its self-starting mode locked operation whenever the intracavity power was sufficient
to saturate the SBR absorption. The exact orientation of the SBR and distance from
the folding mirror was noted so that the HR-mirror could be placed in that position

and the experiment repeated. Theresults are shownin Fig. 3.12.
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Fig. 3.12 The power transfer characteristics of the laser with a 0.5% output coupler with and without
the SBRin place.

As can be seen in Fig. 3.12, the output power from the laser with the SBR in
place above the threshold for mode locked operation is comparable to that with the
mirror in place. This shows that there are negligible non-saturable losses present in
the GalInNAs SBR making this an ideal device for use with low-gain media. Similar

results were also obtained for the cavities with the 1% and 2% output couplers.
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Finally, an estimate of the modulation depth of the SBR device was deduced
by performing a Findlay-Clay analysis [19]. This is a method of calculating the
internal losses from alaser cavity while the laser is operating. The lasing threshold of
the laser had to be investigated for a number of output couplers, and in this case the
0.5%, 1% and 2% options were used. This investigation was undertaken with either

the HR-mirror or the SBR in place and the relevant thresholds are shown in Fig. 3.13.
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Fig. 3.13 The thresholds for lasing with and without the SBR and for the various output
couplers available.

For a four-level system the power from a laser can be described by the following

eguation,

F{M:A(l_RjIS( 29 —1) (3.7)
1+R) °\6-InR
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Here A is the cross-sectional area of the gain, R is the reflectivity of the output
coupler, | is the length of the laser rod, o is the resonator losses. |s is a materia

property of the gain material and can be expressed as,
|, =— (3.8)

where v is the wavelength of operation, ois the emission cross-section, h Plancks
constant and ris the upperstate lifetime. Also from equation 3.7, g, is the small
signal gain and is expressed as,

omP

— n 39
%=1y (3.9

with 7 the efficiency of the laser, Pi, the input pump power and V the gain volume.
Equation 3.8 can then be substituted into 3.9 to become,

P
=i 3.10
%=1 (3.10)

At lasing threshold the output power from the laser is zero and so Equation 3.7 can be

rearranged to become,

29|
0-InR

~1=0 (3.11)

or,
29,/ =6-InR (3.12)
Substituting equation 3.10 into equation 3.12 and rearranging, the following

EXPression emerges.

—InR:i—nP s (3.13)

n
IS

It can be seen that this equation takes the generic form of y = mx + ¢, where mis the
gradient of the line and c the y-axis intercept. By plotting a graph of 4inR vs. P, (the

pump power at threshold), a line with gradient 2n/Als will be found and a y-axis
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intercept of o, the losses in the resonator. As was shown in Fig. 3.12, the GalnNAs
SBR had negliable non-saturable losses, therefore any increase in the resonator |osses
on insertion of the SBR were due to the presence of the quantum-well in the device
alone. As such the difference in the y-intercept between the two lines gives a direct
measurement of the modulation depth of the device. This graph is included as Fig.

3.14 using the values plotted in Fig. 3.13.
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By extrapolating the parallel lines to intercept the x-axis the difference between the

laser cavity with and without the SBR can be found. This alows the modulation

depth of the GalnNAs device to be found to be ~1%
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3.5 Conclusion

The research outlined in this chapter shows for the first time that a GalnNAs based
saturable Bragg reflector can be used to mode lock a solid-state laser in the
femtosecond regime at 1300nm [6, 20]. The main benefit of a GalnNAs SBR over
previously investigated devices is the negligible non-saturable losses inherent in the
device. This arises from the ability to pseudomorphically match the GalnNAs
guantum-well with the AIAS/GaAs Bragg mirror structure. The SBR used in this
project enabled transform-limited mode locked pulses of 63fs to be produced at a
pulse repetition frequency of 180MHz and with an output power of 85mwW. With a
2% output coupler, the pulse duration increased to 98fs but the mode-locked output
power increased to 215mW. This level of mode locked output power allows the laser
to be considered for a wide variety of applications, including those described in
Chapter 5.

The continued development of this type of saturable absorber device could and
should be pursued on a number of fronts. In the context of the Ultrafast Photonics
Collaboration and using this laser as a suitable ultrafast source for a femtosecond
network, the cavity size has to be decreased to increase the pulse repetition frequency.
This could be accomplished by replacing the prisms with chirped mirrors, such that a
pulse repetition frequency of 1GHz is probably practicable. The laser could aso be
used with frequency doubling crystals to provide a femtosecond source around 650nm
or, as has already been shown, with the technique of sum frequency mixing with a
Nd:YVO, laser to produce a tunable source of yellow light [21]. To date, this has
only been attempted in continuous wave operation but a mode-locked source would
be possible. A yellow light source is particularly attractive for applications in

dermatology.
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In terms of the GalnNAs device itself, a greater understanding has been gained
in how it performed and how future devices could be adapted for longer wavelengths.
This has aready been shown in an erbium fibre laser where a GalnNAs SBR was
used to generate pulses of 1.2ps at 1.55um [22]. Recently a GalnNAs device
designed for low-loss operation at 1500nm (the second tel ecommunications window)
has been demonstrated with a Cr:YAG laser cavity to produce femtosecond pulses

[23].
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4.1 Introduction
Quantum-dot (QD) based saturable absorbers are attractive devices for mode locking
solid-state lasers because the inhomogeneous broadening associated with the
distribution of dot sizes enhances the spectral bandwidth and thus provides broadband
absorption and emission spectra [1]. This makes these devices particularly attractive
in the context of the generation and amplification of ultrashort pulses. In the previous
chapter | discussed some of the drawbacks of the currently available saturable
absorbers based on quantum-wells [2-4] as well as one material, GalnNAs, that could
possibly circumnavigate these problems [5] for the 1300nm spectra region. The
incorporation of a QD saturable absorber into a laser resonator could provide a
valuable alternative pathway for the generation of pulses in the femtosecond regime
for the 1300nm spectral region, and indeed for any wavelength.

Recent progress in molecular beam epitaxy (MBE) has led to a wide range of
QD structures becoming available [1]. In fact, the ongoing development of
semiconductor saturable absorbers has fuelled some significant recent progress in new
areas of ultrafast science and technology. Existing devices are based predominantly
on quantum-well designs, such as the GalnNAs device described in Chapter 3.
Within this context, the potential of quantum-dot based semiconductors, when
incorporated into ultrashort-pulse lasers, has yet to be fully exploited. For instance
femtosecond pulses have not been produced from a solid-state laser mode locked

using a QD saturable absorber.
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Fig 4.1 Schematic diagram comparing the density of states of a bulk material, a quantum-well and
guantum-dots.

Fig 4.1 shows a comparison of the density of states between different
morphologies. Note how the different sizes of quantum-dots each contribute a
discrete energy level. These discrete energy levels arise from the 3-dimensiona
nature of the confinement of the individual QDs. The dispersion of the QDs size
arises from their self-organised growth within the device and causes the
inhomogeneous broadening in the lineshape. It is this property of the QDs that
provides the broadband emission and absorption spectra that is so desirable for the
mode locking of lasers.

In this chapter, | will describe the performance of a Cr**:forsterite laser that
incorporates a quantum-dot-based saturable absorber. To put this work into a suitable
context, an overview of QD based saturable absorbers used in solid-state lasers for
mode locking into the picosecond regime isincluded. Until now, QD based saturable
absorbers have been unsuccessful in mode locking solid-state lasers in the

femtosecond regime. However, using a novel cavity design incorporating the QD
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sample at an angle, a Cr*":forsterite solid-state laser achieved precisely this.
Interestingly, this aso provided a method for tuning the output pulse duration that
could be produced from the laser. After an investigation into this pulse tuning effect a
second QD device was grown and tested for the production of femtosecond pulsesin
the more conventional normal-incidence arrangement, as described in the previous

chapter for the GalnNAs saturable Bragg reflector.

4.2 Quantum-dot based saturable absor bers

Mode locking of solid-state lasers with QD saturable absorbers has produced pulses as
short as 4ps [6]. These were generated by a Yb:KYW laser that was mode locked
using an InGaAs QD saturable absorber. A similar device that incorporated a p-n
junction was aso investigated [7]. By altering the reverse bias across this device
more stable mode locked operation was found without affecting the output power
from the laser. The difference between unbiased and biased pulse durations ranged
from 10.5psto 6ps. Lasing occurred at 1040nm with output powers of 90mW and the
time-bandwidth product was 0.78. These experiments indicated some potentia for
QD devices as saturable absorber elements in the mode locking of solid-state lasers.
Recently, the shortest pulses from a laser system mode locked with a QD saturable
absorber were produced by a ytterbium-doped fibre laser. This produced 2.8ps pulse
durations with an average output power of 5mW generated at 1042nm [8].

Work undertaken in the spectra region around 1300nm, where the
Cr**:forsterite laser operates, has also shown performance improvements in the last
few years[9]. Most notably, picosecond operation from aNd:YV O, laser using a QD
saturable absorber has been realised. The saturable absorber consisted of 3 InAs QD

layers and also served as the output coupler. The spot size of the incident focussed
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laser beam on the QD saturable absorber was 42um in diameter. The duration of the
mode locked pulses from this laser was 26ps at 1342nm. With a spectral bandwidth
of 0.101nm a time-bandwidth product of 0.44 was calculated and average output
powers of 0.85W were attained for input pump powers of 12.6W. These were the
shortest pulses produced in the 1300nm spectral region from a solid-state laser mode
locked with a QD based saturable absorber before the work reported here was
undertaken.

It is worth pointing out here that the generation of femtosecond pulses from a
two-section QD semiconductor device had been reported [10]. Pulses of 400fs at
1260nm were generated with output powers of 45mW at a pulse repetition frequency
of 21GHz. Thistwo-section device was grown on a GaAs substrate and had an active
region of five InGaAs QD layers. By altering the drive current conditions to the
device, the pulses from the laser could be tuned directly from 2ps to 400fs.

The potentia for reaching the femtosecond regime with QD saturable
absorbers will be discussed further in this chapter. Two devices were used in this
work, one with 20 layers of QDs and a second with 35 layers. The results obtained
from the first device then led to the redesign of the sample and the use of the second

35-layer QD-device.
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Fig. 4.2 A schematic of the QD saturable absorber used in theinitial QD assessments

The QD saturable absorber was grown in the loffe Institute in St Petersburg by
molecular beam epitaxy, in a Riber 32P machine equipped with In, Al and two Ga
sources and an As valved-cracker cell. The structure, included as Fig. 4.2 [11], was
grown on a GaAs substrate. A distributed Bragg reflector with 22-period quarter-
wave AlposGagosASGaAs layers provided high reflectivity between 1250nm to
1400nm with 20 layers of InAs QDs grown on top to provide the saturable absorption.
The second device used in the later assessments had the same structure and growth
process as described here but had 35 layers of InAs QDs instead of the 20 layers

shown in Fig. 4.2.
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4.3 Mode locking with the quantum-dot satur able absor ber
At the outset of this part of the research project, the QD saturable absorber with 20
layers of InAs QDs was placed into the cavity used previously to test the GalnNAs

saturable Bragg reflector (Fig. 4.3).

Quantum-dot Folding Mirror
saturable absorber M2 R=-75mm

I,
Folding Mirror 002%
M3 R=-100mm Output Coupler
M4

Fig. 4.3 Thelaser cavity used to test the quantum-dot-based saturable absorber.

In this configuration the pump geometry and optical components were as described in
Chapter 2. The fused silica prisms had a tip-to-tip separation of 350mm in the long
arm of the cavity to compensate for positive group dispersion. During these
experiments a 0.5% output coupler was used and pulses of 58ps were produced (Fig.
4.4). These pulses had a bandwidth of 0.5nm at 1278nm with output powers of
85mW and a pulse repetition rate of 180MHz during mode locked operation. Fig. 4.4
shows the real time trace from a fast oscilloscope with the pulse duration measured

directly. (This oscilloscope has atemporal resolution of 20ps).
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Fig. 4.4 Picosecond pulses from the Cr**:forsterite laser with the first QD saturable absorber
sample in a perpendicular orientation.

Previous work indicated that the expected pulses should be shorter than the 58ps that
were generated. This led to a redesign of the cavity configuration to incorporate the
QD sample a an angle. This required an additional mirror to terminate the short arm
of the cavity as depicted in Fig. 4.5. A second 75mm radius of curvature mirror was
chosen to terminate the short arm of the cavity so that the spot size upon the QD
saturable absorber could be kept at ~30um in diameter. This spot size was kept
constant throughout the range of angles used. The longer arm of the cavity, the
prisms, the pump geometry and therefore the spot size within the Cr**:forsterite
crystal were unaltered in the cavity. The 0.5% output coupler was in place for al of

these assessments.
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Fig. 4.5 The cavity configuration for incorporating the QD saturable absorber at an angle inside the
laser cavity.

The angle 6 shown in Fig. 4.5 was varied over the range 30°<0<60° with the shortest

pulses being measured at an angle of 45° (see Fig. 4.6).
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Fig .4.6 (a) Measured intensity autocorrelation and (b) spectral trace of the pulses from the Cr**:forsterite
laser with the QD saturable absorber at 45°
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Fig. 4.6 (a) shows the intensity autocorrelation of the pulses, which, for an assumed
sech? pulse profile, implied a duration of 158fs. By combining this with the spectrum
shown in Fig. 4.6 (b) for the mode-locked pulses (FWHM of 10.5nm), we inferred
that the pulses, with a time-bandwidth product of 0.32, were transform limited. With
the saturable absorber at this angle, the output power from the laser was 64mW with a
pulse repetition frequency of 194MHz. Significantly, this was the first time that
femtosecond pulses were obtained from a solid-state laser mode locked with a QD
saturable absorber![11].

By way of representative performance features it is interesting to consider
some of the results obtained under the different operating conditions. For instance, by
increasing the angle of the absorber element from 45° to 60° and decreasing the angle
from 45° to 30° longer pulse durations were generated. Fig. 4.7 shows the

autocorrelation and spectral trace for 30°, whilst Fig. 4.8 shows the autocorrelation

and spectral trace for an angle of 60°.
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Fig. 4.7. (a) Measured intensity autocorrelation and (b) the spectral trace for the pulses from the
Cr*":forsterite laser with the QD saturable absorber oriented at 30°
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At 30°, transform limited pulses of 242fs in duration were produced where the

average output power was 70mW (as shown in Fig. 4.7).
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Fig. 4.8 (a) Measured intensity autocorrelation and (b) the spectral trace of the pulses from the
Cr**:forsterite laser with the QD saturable absorber oriented at 60°

At 60°, which was the other extreme of the range of angles, the pulses increased to
439fs with a spectral bandwidth of 4.5nm, indicating transform limited pulses. At this
angle the output power from the laser was 46mW. A summary of the results obtained
for the various angles investigated across this range is included as Fig. 4.9. It can be
seen that asthe angle is increased the output power falls off steadily and that the pulse
duration reaches a minimum for a 45° angle of orientation of the absorber. The results
in Fig. 4.9 are summarised in Table 4.1, which also shows the near transform-limited
nature of the pulses produced. During these evaluations the maximum intracavity

fluence incident upon the device was estimated to be 2.3mJ/cm?.
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Fig. 4.9 Pulse duration and output power from the Cr**:forsterite laser versus angle at which the QD
saturable absorber was incorporated into the cavity, 6

Angle (°) Pulse Duration (fs) AULAT Power (mW)
30 240 0.33 70
40 200 0.33 65
45 158 0.32 61
50 295 0.35 56
55 383 0.32 49
60 439 0.32 46

Table4.1 A summary of the results obtained with the QD saturable absorber at the various angles of
orientation.

The lack of results between 0° and 30° is due to positional constraints on the
mirror mounts used. At small angles the position of the second folding mirror
required to maintain stability began to overlap with the position of first folding mirror.

This positional constraint meant that small angles could not be accessed with this
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laser cavity. Also, due to the lack of results in this range it cannot be said if the
transition from 58ps when at normal incidence to 240fs when at 30° is a smooth
transition or whether there is a certain angle at which the pulse duration jumps into
the femtosecond domain. If this pulse tuning behaviour is to be further investigated
and exploited then results in this range will be needed, necessitating a redesign of the
laser cavity.

At angles in excess of 60° mode locking was no longer possible due to the
increased losses in the cavity. For anglesin excess of 70° continuous wave operation
could no longer be achieved. At 60° the losses from the QD device were 13%
increasing to 18% for an angle of 70° (see Fig.4.12). For alow gain material such as
Cr*:forsterite this was sufficient to inhibit lasing. These losses were expected as the
Bragg stack in the device was designed for operation at normal incidence and not
when included into the cavity at an angle.

These experimental assessments were also repeated using 1% and 2% output
coupling. Similar results to those presented above were obtained but the range of
useful orientation angles was reduced. For the higher percentage output couplers the
intracavity power was significantly reduced and insufficient to fully saturate the QD-
based absorber to initiate mode locking.

For the 1% output coupler the angles over which lasing was achieved ranged
from 0° to 55° with the shortest pulses still found at 45°. These had a pulse duration

of 200fs, as shown in Fig. 4.10.
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Fig, 4.10 (a) Measured intensity autocorrelation and (b) the spectral trace for the pulses from the
Cr**:forsterite laser with the QD saturable absorber oriented at 45° and the 1% output coupler.

Nearly transform limited pulses of 200fs were measured from the laser when a
1% output coupler was used, as shown in Fig. 4.10. This had an average output
power of 75mW when mode locked at a pulse repetition frequency of 194MHz. Pulse
durations across the range available with the 1% output coupler increased to nearly
300fs at 30° and 400fs for 55°.

Similarly, for the 2% output coupler the shortest pulse durations were found at
45° and were measured to be 308fs (Fig. 4.11). The output power of the laser while
mode locked in this configuration was measured to be 54mW. However, as the angle
was increased towards 50°, the output power rapidly fell and mode locking was no

longer possible for angles of 50°.
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Fig, 4.11 (a) Measured intensity autocorrelation and (b) the spectral trace for the pulses from the
Cr**:forsterite laser with the QD saturable absorber oriented at 45° and the 2% output coupler.

4.4 Improved QD structuresfor increased performance of the laser

An explanation for the behavioural features of the QD saturable absorber was required
so that an optimised QD device could be designed and produced to provide mode
locking in the more normal (6=0°) orientation. For this purpose an investigation into
the reflectivity characteristics of the QD device was undertaken for the different

angles used, Fig. 4.12. These measurements were taken at the loffe institute.
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Fig. 4.12 Reflectivity spectra of the quantum-dot saturable absorber for various angles of
incidence.
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The information contained in Fig. 4.12 can be used to explain the phenomena
represented by Fig. 4.9. Firstly, as the angle of incidence is increased the reflected
intensity decreases, so the output power from the laser will decrease as observed.
This was confirmed by measuring the transmitted power through the QD sample
while in the cavity. As the angle was increased the power transmitted also increased,

asindicated in Fig. 4.13.
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Fig. 4.13 Thetransmission of intracavity power through the QD device for various angles.

To explain the change in pulse duration the absorption peak of the QDs has to be
studied. As can be seen from Fig. 4.12, the peak of absorption for the QD device at
normal incidence lies at 1332nm but at the preferred lasing wavelength of the laser
(~1278nm) the available modulation depth is negligible. As a consequence, only
operation in the picosecond regime was possible. By contrast, as the angle is

increased the peak of absorption moves towards and then through the lasing
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wavelength region, thereby allowing larger modulation depths to become accessible.
The shortest pulses were obtained for an angle of 45° where a modulation depth of
0.5% was estimated. It should be noted that the greatest overlap between the peak of
absorption and the lasing wavelength occurred at 60°, where the device had a
modulation depth of ~2%. In this configuration the output power of the laser was
relatively low and the intracavity fluence was insufficient to fully saturate the QD
device, hence the longer pulses shown in Fig. 4.8. It can also be seen in Fig. 4.11 that
at norma incidence the FWHM of the peak of absorption is approximately 30nm
wide. It follows, therefore, that if this device was redesigned so that this peak of
absorption coincided with the lasing wavelength, the generation of shorter pulses
should become feasible.

Redesigned QD devices were grown on the basis of this information, so that
the peak of absorption would be coincident with the operating spectral range of the
laser, allowing operation to occur with the absorber at normal incidence. These
devices had 35 layers of InAs quantum-dots. The absorption spectrum is included as
Fig. 4.14.

The dlightly altered design of the device with the additional layers of quantum-
dots arose from an effort to increase the modulation depth of the device. In order for
a pulse to be able to propagate inside the laser cavity it has to have a peak power
sufficient to saturate the device and be reflected from the Bragg stack. Therefore the
greater the number of saturable elements grown into the device the higher the peak
power of the pulse needed to satisfy this criterion. There are two possible solutions
for this, either a higher average output power from the laser or a shorter pulse
duration. In this case the output power is dictated by the available pump powers and

the gain characteristics of the Cr*":forsterite crystal and cannot be increased
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sufficiently. Thereforeit was believed that the inclusion of more layers of QDs would

necessitate the need for a shorter pulse duration from the laser.
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Fig. 4.14 Absorption spectrum for the 35 layer QD device at normal incidence.

As Fig. 4.14 shows, the peak of absorption for the new QD device lay at
1271nm which is much closer to the lasing wavelength of the laser at 1278nm than
that of the previous QD device. This device was placed into the short arm of the
cavity in normal incidence as indicated in Fig. 4.3 and an output coupler of 0.5% was
again used. With this redesigned saturable absorber, femtosecond pulses were
produced directly from the laser for an orientation of 0°. The shortest measured pulse
durations were 160fs as shown in Fig. 4.15. Combining this with the spectral trace of
the mode locked laser which has a FWHM of 11nm (shown in Fig. 4.15 (b)) near-
transform-limited pulses with a time-bandwidth product of 0.33 were deduced. The

output power of the laser while mode locked under these conditions was 66mW for a
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pulse repetition rate of 180MHz. Interestingly, these results were comparable to the

shortest pulses generated with the original QD absorber when it was oriented at 45°.
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Fig. 4.15 (a) Measured Intensity autocorrelation (b) spectral trace of the pulses from the Cr**:forsterite
laser with the new QD saturable absorber at normal incidence.

Due to the presence of the addition layers of QDs in the redesigned device it
was hoped that shorter pulses durations would be achieved. Shorter pulse durations
are indeed possible in this cavity configuration, as was demonstrated in Chapter 3.
Further investigations with these devices should and will be continued in an effort to
further understand and improve their performance. These are the first results in which
a QD based saturable absorber has mode locked a solid-state laser into the
femtosecond regime, therefore more research is necessary to discover how to fully
optimise these devices.

The mode-locking threshold of the laser with this sample in place was self-
starting at an output power level of 7mW from the laser. This alowed an estimation
of the saturation fluence upon the device to be calculated to be 280pJcm?®. Thisvalue
is ~3 times smaller than the saturation fluence calculated in the previous chapter for

the GalnNAs saturable Bragg reflector (980pJ/cm?), highlighting one of the potential
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advantages of quantum-doted based devices over their quantum well counterparts
[12]. The recovery time of these devices was not measured, but similar devices
grown at the loffe Institute displayed recovery times between 1-50ps. It is therefore
believed that the recovery time of these experimental devices was less than 50ps,
which is shorter than the 69ps measured for the GalnNAs device.

The tuning range of the sample was also investigated by placing an intracavity
dlit between the second intracavity prism and the output coupler. By tranglating this
dlit across the intracavity beam, a tuning range of 10nm (from 1269nm to 1279nm)
was measured, as shown in Fig. 4.16. It should be noted that this tuning range
matches well with the position of the absorption peak of the QD absorber (see Fig.
4.14). The corresponding mode locked output powers across this range are shown in

Fig. 4.17.
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Fig. 4.16 The tuning range of the QD sample with an intracavity dlit.
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Fig. 4.17 The output power from the laser across the tuning range of the QD saturable absorber.
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4.5 Conclusions

The work described in this chapter has shown for the first time that quantum-dot
based saturable absorbers can be used to mode lock solid-state lasers into the
femtosecond regime. This provides a further practical route into this highly desirable
ultrashort pulse region.

This was demonstrated with a broadband Cr**:forsterite laser. Initially a QD
device with 20 layers of QDs was incorporated inside the laser cavity at an angle to
achieve femtosecond mode locking. Changing the angle at which the QD absorber
element was placed gave access to a range of pulse durations, from picosecond when
at normal incidence to 158fs when at 45°. In this latter case, a mode locked output
power of 65mW was attained. This observation opened up the possibility of
redesigning the QD based saturable absorber device to have an absorption peak that
was better matched to the lasing wavelength of the laser.

Whether this is a product of a Fabry etalon effect inside the quantum-dot
structure or possibly a manifestation of strong coupling remainsto be investigated and
promises to provide some interesting results from these devices in the future.

Easy access to a range of pulse durations is desirable for applications such as
imaging, where shorter pulse durations broaden the bandwidth, creating a greater
resolution. Therefore, with atunable pulse duration, the resolution of the image could
be selected. In addition, the shorter the pulse duration the greater the peak power of
the pulse and therefore nonlinear effects in materials could be controlled. A quantum-
dot saturable absorber has shown the potential to provide access to such a range of
pulse durations.

The lower saturation fluence for quantum-dot saturable absorbers in

comparison to the GalnNAs saturable Bragg reflector is a significant advantage for
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the QD devices. Also, the enhanced spectral bandwidth due to the size distribution of
the quantum dots together with the fast recovery time of these devices mean that QD
based saturable absorbers have the potential to compete against the more commonly
used quantum-well devices. | believe that the research presented in this chapter
represents the first step for quantum-dot devices mode-locking solid-state lasers. The
benefits of quantum-dot devices highlighted above will ensure that they are here to
stay, and with appropriate research and development, have the capabilities to compete

against and in some aspects to outperform quantum-well devices.
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Chapter 5— Some applications in biophotonics

5.1 Introduction

Given that there is a relatively low absorption in biological tissue in the 1300nm
spectral region, the output characteristics of the Cr*":forsterite laser, described in the
previous chapters, are quite well suited to applications in biophotonics. Two such
applications will be described in this chapter. By way of preliminary work, a
comparison of the propagation of light through biological tissue in four laser
wavelength regions (including ~1300nm) was undertaken to show that the penetration
depth was the greatest around 1300nm. Several tissue samples, including poultry and
mammalian, were tested with both Gaussian and Bessel beam geometries. These
results were then compared with the results from a 3-D Monte Carlo simulation that
modelled the path of light through such turbid media. It follows that using 1300nm
laser light in photodynamic therapy it is possible to access deeper tissue without the
need for invasive techniques. Also, because of the low dispersion in optical fibres
around 1300nm, femtosecond pulses at this wavelength can be sent down optica
fibres without significant temporal broadening. Thus ultrashort pulses could be
delivered to the inside of the body through an optical fibre and with the available peak
powers from femtosecond lasers this would alow two-photon processes to be
exploited.

Within this chapter a two-photon technique is described as an exemplar
application where the laser was used for an assessment of the two-photon cutting of
chromosomes.  This work illustrated the suitability of the Cr**:forsterite laser to
provide features of low single-photon absorption and negligible group velocity

dispersion that would not readily be made available by alternative light sources, while

100



Chapter 5 - Some applications in biophotonics

successfully exploiting a two-photon cutting procedure. These initial demonstrations
with this laser source represent just afew examples of many possible applications of a

femtosecond Cr*":forsterite laser .

5.2 Deep tissue penetration

Deep penetration of radiation into biological tissue is important for a number of
applications in biophotonics such as optical biopsy [1] and photodynamic therapy [2].
To maximise the penetration depth, the correct choice of wavelength range has to
made with due consideration of the absorption characteristics of the main constituents
in the tissue involved. In Fig. 5.1 the absorption is shown for water, melanin and
oxygenated haemoglobin (HbO,). It can be seen that a minimum in absorption for all
three of these components lies around 1300nm. Thus, the greatest penetration depth

coincided with the spectral region over which the Cr**:forsterite laser operates.
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Fig. 5.1 Absorption features of biological tissue constituents as a function of wavelength.

101



Chapter 5 - Some applications in biophotonics

5.2.1 Experimental set-up

To make a quantitative comparison of penetration depths, four distinctive spectral
regions were chosen for the optical sources. The lasers used were all available in the
St. Andrews laboratory. These were (i) a frequency-doubled Nd:YVO, laser at
532nm, (ii) a Ti:sapphire laser at 800nm, (iii) a Nd:YV O, laser operating at 1064nm
and (iv) a Cr**:forsterite laser with an output tuned to 1278nm. All were operated in a
continuous wave regime. For each of these wavelength bands the transmission
through tissue was assessed for both Gaussian and Bessel beams. The set-up for the
assessments is as shown in Fig. 5.2. The decision to deploy a Bessel beam geometry
in this work was taken because previously observed self-reconstructing properties
offered the possibility of enhancing the depth of focus through an extended central

maximum [3, 4].

532nm 1 ; Axicon Lens
800nm B —
y I ) /
1064nm . 0 ' —
12780mJ  Telescope Tissue Power meter

Fig. 5.2 The experimental set-up for the deep tissue penetration assessments.

A telescope system was used to produce similarly sized Gaussian and Bessel
beams for each source used. These beam geometries were then incident upon the
sample of tissue, the thickness of which was easily varied by the addition of further
thinly dliced strips. The radiation propagating through the tissue was strongly
scattered and so a short focal length (25mm) lens was used to collect this light and

focusit into the power meter for measurement.
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An axicon (or conica lens) was used to create the Bessel beam that can be
regarded simply as an interference pattern due to a conical wavefront. There exist
solutions to the Helmholtz wave equations that describe beams that do not diffract as
they propagate. One such solution is a Bessel beam that can be represented
mathematically as a Bessel function, J, [5]. In redity, such beams cannot be
generated as they would require infinite energy, but approximations do exist that do
not diffract over modest propagation distances (typically a few mm). These are
sometimes referred to as pseudo-Bessel beams. These Bessdl beams consist of a
central maximum spot surrounded by concentric rings. A representative picture of

such a beam with its associated characteristic intensity profileisincluded as Fig. 5.3.

Fig. 5.3. A Bessel beam with its associated intensity profile.

As mentioned above, an attractive feature of the Bessel beam is its self-
reconstructing nature. This property is not present with a Gaussian beam, and within
the context of this part of my work it was felt that it might allow penetration through
greater thicknesses of tissue. A Bessel beam can be thought of as light waves
arranged in a cone. Thus the bright central spot seen in Fig. 5.3 that lies along the
axis of the cone is created from light that arrives from the cone at an angle. Any

small obstruction in the path of the beam would be expected to destroy the beam
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geometry at that particular point along the propagation direction. By travelling
further along the path of the beam, the light that makes up the beam pattern (Fig. 5.3)
will have arisen from outside the obstruction and as such the beam geometry will be
restored. The beam has thus reformed or self-healed after passing such an obstruction
[6,7]. Significantly, this self-hedling is a distinctive and exploitable characteristic of

Bessdl light beams.

5.2.2 Poultry flesh

To make avalid comparison between the propagation features of Gaussian and Bessel
light beams, the telescope system of Fig. 5.2 was used to control the extent of the
beam profiles. The Gaussian beam size was adjusted to match that of the centra
bright region of the Bessel beam. The axia region of the Bessel beam was chosen
rather than the entire ring structure because the peak power of the central spot is much
greater than that of the surrounding rings (Fig. 5.3). Therefore, to reach a similar
intensity with the Gaussian beam, a spot size similar to that of the central ring had to
be created. Optical filters were used to reduce the incident power on the tissue to the
same level for both beam geometries to validate this comparison. In Table 5.1 the
details of the beam size of the Gaussian and the central spot size of the Bessel beam
are presented together with the power levels used. Finaly, the choice of tissue had to
be made carefully. Initial assessments were carried out on bacon that had been
purchased from the local supermarket. However, due to the process of reforming,
(where the product is has been chopped, processed and formed to take a certain
appearance sometimes with the addition of other non-biological ingredients), any

results that were returned proved to be invalid. Related experimentation involving
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chicken dlices also proved inconclusive and confirmed the necessity to use fresh,
uncooked, and unprocessed mezat.

Chicken breast was chosen for a subsequent set of evaluations. The chicken
breast was carved into thin slices (3-4mm) to alow for a variation in thickness by
layering multiple slices. Assessments were then undertaken with the four laser

sources, the results of which are displayed in Fig. 5.4.

A 532nm 800nm 1064nm 1278nm
Type Gaussian | Bessel | Gaussian | Bessel | Gaussian | Bessel | Gaussian | Bessel
Waist 12 12 1 1 14 14 11 11
(mm)

Power 15.9 16.1 16.2 16 15.7 15.8 15.7 154
(mW)

Table5.1. Comparison of the beam sizes and powers for the four source wavelengths.
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Fig. 5.4 Transmission of the four spectral bands through a range of tissue thicknesses.
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It can be seen that the data reproduced in figure 5.4 indicate that the output beam at
1278nm from the Cr**:forsterite laser penetrates best through the tissue sample. This
was the expected result and, significantly, radiation was till detectable after 15mm of
tissue and the transmission at this wavelength region was approximately 2-3 times
higher than that measured with the other sources. Fig. 5.4 aso shows that there is no
discernible difference between propagation depths for the Gaussian and Bessel beams.
These experiments thus showed that there was no added benefit of using a Bessel
beam over a Gaussian beam with respect to the total amount of power transmitted
through biological tissue. Fig. 5.5 illustrates the experimental set-up with the 532nm

(green) source.

Chicken breas

.

R o

Fig. 5.5 The experimental set-up with the 532nm laser source. The axicon (seen on the right)
produced the Bessel beam incident on the chicken breast, which was then collected by the lens and
focused into the power meter.
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Additionally, a brief experiment was undertaken with the Cr*":forsterite laser
when mode locked. This ultrashort-pulse regime was achieved through the use of a
GalnNAs saturable Bragg reflector [8] as described in Chapter 3. The output power
from the laser while mode locked was 44mW. The associated spectrum of the mode
locked laser output was monitored before and after the beam propagated through a
4mm slice of chicken breast and the data are reproduced in figure 5.6. Without any
tissue in place, 136fs pulses were measured (Fig. 5.6, blue trace). These had a
spectral width of 12nm centred on 1278.5nm. This corresponded to transform-limited
pulses having a time-bandwidth product of 0.32. The pulse was then passed through
4mm of chicken breast tissue and the spectrum was measured again (Fig. 5.6, red
trace). Unfortunately the scattered radiation could not be sufficiently collimated for

an autocorrelation to be taken so the pulse duration could not be measured.
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Fig. 5.6 The mode locked traces before and after a4mm dlice of chicken breast.
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However, by comparing the FWHM of both spectral traces, an estimate of
how much the pulse had been affected by propagation through the tissue could be
deduced. The FWHM has decreased from 12nm before the tissue, to 8nm after 4mm
of tissue. This implies that the pulse duration has increased (see Chapter 1).
Assuming the pulses were to stay transform limited, this would correspond to a pulse
of 220fs, but this assumption cannot be made on the basis of the data presented here.
What this does show is that a femtosecond pulse could be delivered through a
significant tissue thickness and that there is the potential to possibly exploit two-

photon processes within tissue.

5.2.3 Modelling

The propagation of the radiation through chicken breast was modelled using a 3-D
Monte Carlo radiation transfer code [9-11] that treats accurately the multiple,
anisotropic scattering of light through a medium. This modelling was undertaken
using a similar programme to that used to model the passage of starlight through
interstellar dust clouds [12]. Fig. 5.7 below shows the experimentally measured
scattered radiation from the chicken breast tissue (a) compared to the modelled
radiation. Two modelled pictures are shown: (b) applies to a smooth model where a
uniform density is assumed for the chicken breast, and (¢) a clumpy model where a
fractal structureisassumed. To capture this photographic result, a camera sensitive to
1300nm radiation was substituted for the power meter in the experimental set-up

detailed in Fig. 5.2.
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Fig. 5.7 The measured scattered radiation taken (a) experimentally, and modelled using either (b)
auniform density for the chicken breast or (¢) aclumpy density.

It was hoped that by modelling the total intensity received and its scattered light
pattern, the scattering properties of chicken breast (or general tissue) could be
determined for these test wavelength regions. By comparing the experimental result
(Fig. 5.7(a)) with the fractal model (Fig. 5.7(c)) it can be seen that the transmission
patterns match fairly well. Further work on the modelling is underway to improve
this match. Additional efforts to model the light transmitted from the tissue at an
angle from the normal and reflected from the front of the tissue, as well as the light

passing directly along the beam path, have also begun.

5.2.4 Mammalian tissues

Some propagation studies were also carried out with mammalian tissues: rat brain and
pork. The rat brain samples were mounted between two cover-slides that compressed
the tissue, forming 1mm thick dlices. Again, transmission assessments were
performed with both Gaussian and Bessel beam geometries. In this case, the light
sources were the Cr**:forsterite laser at 1278nm, a He-Ne laser at 632.8nm and the
frequency-doubled Nd:YV O, laser at 532nm. As before, the Gaussian beams were

atered to be the same size as the Bessel beam central spot for comparison purposes
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(~1.2mm in diameter) and the transmission through 1mm of rat brain was calculated
(Fig. 5.8). In agreement with the earlier observations, this graph shows the superior
penetration characteristics of the Cr*:forsterite laser radiation over the other test
sources. Again, these data did not imply any appreciable difference between the

transmission of beams that had been configured to have Gaussian or Bessel profiles.

Transmission through Rat Brain

14 %

9% | - f

Transmission [%]
o

3.7 %

532 nm 632.8 nm 1278 nm

Fig. 5.8 Transmission through 1mm of rat brain tissue for three different wavelengths.

Additional experiments were undertaken with pork tissue, because it is
understood that pork tissue closely resembles human tissue. This work was done
primarily to provide images for comparison with the modelling. Thus different laser
sources were not compared for thistissue. The propagation of the Cr**:forsterite laser
through the pork tissue was measured for both Gaussian and Bessel beam geometries.
Through a 3mm dlice of pork, the Gaussian geometry transmitted 30.4% of the

incident power, while the Bessel beam counterpart had a transmission of 30.7%. With
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a6mm thickness of pork the transmissions were 14.7% and 15.9% respectively. Once
again this confirms the previous results, showing Gaussian and Bessel beams
propagate with essentially the same transmissivity through tissue.

Fig. 5.9 (a), (b) illustrate the sample preparation of the rat brain and Fig. 5.9
(c) illustrates the experimental set-up with the 532nm source, where the collecting

lens and power meter are located behind the sample.

Fig. 5.9 (a) and (b) the sample preparation of the rat brain, and (c) the experimental set-up undertaken with
the 532nm source.
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5.2.5 Conclusions

In this section some assessments of light penetration into tissue have been
described. The transmission of 1300nm radiation through tissue has been shown to be
~3-4 times greater than at 532nm, 800nm and 1064nm. Gaussian and Bessel beams
geometries were investigated to determine whether the Bessel beams had any
advantageous qualities in respect of penetration depth but none were found. A
preliminary experiment on the propagation of femtosecond pulses was aso
undertaken where the pulse bandwidth was found to increase, but the retention of
significant pulse peak intensity implies that nonlinear processes could still be
exploitable within tissue.

This represents some initial work to show the potential of the Cr*":forsterite
laser for biophotonics applications. The ability to propagate further through tissue
opens the possibility of photodynamic therapies at significant depths through skin
[13]. With the additional uses of a femtosecond pulse, which were shown in this
chapter to be deliverable through a depth of tissue, two-photon techniques afford
further possibilities.

Future work to be undertaken to push towards these goas will include
repeating these experiments with other wavelengths to confirm the benefit of using
optical radiation in the 1300nm spectra region. Also, measurements of the pulse
duration after propagation in tissue could be accomplished by collecting light into an
optical fibre and delivering it to an autocorrelator. Using the femtosecond pulses,
two-photon effects could be shown after passage through a thickness of tissue.

Further work on modelling the passage of light as it travels through the tissue
is needed. In conjunction with this work more accurate methods of capturing the

experimental image of the light as it leaves the tissue are required. Once the model
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works satisfactorily, the passage of various beam geometries through tissue could be
modelled for the greatest penetration depth, or the most accurate delivery to a specific
area of tissue. This can then be experimentally verified with the incident beam being

suitably adapted to provide a chosen “designer” beam geometry.
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5.3 Two-photon chromosome cutting

As was shown in the previous section, the interaction of light with biological material
is highly wavelength dependent [13]. This also applies to intracellular bodies such as
organelles or as is the case here, chromosomes. To precisely target such bodies
ultrashort pulses can be exploited by utilising a two-photon interaction. This alows
the delivery of a dose of optical radiation to a precise 3-D localisation within tissue.
Minimising the absorption outside this area requires that the single-photon absorption
is kept as low as possible. This gives good reason to choose a Cr**:forsterite laser
operating at 1278nm because the single-photon absorption in tissue is low in this
gpectral region (Section 5.2). In genera, multi-photon interactions at longer
wavelengths require more incident photons for ionisation, therefore the absorption
cross-section is lower than that for shorter wavelengths and the localisation of the
two-photon processisincreased [14, 15].

Additionally, to deliver the light to a particular area of tissue it is often
necessary to make use of a complex optical system. Also, in delivering an ultrashort
pulse through these optics, consideration has to be given to the additional wavelength
dependence from the dispersion in these components [16]. This provides the second
reason for using a Cr**:forsterite laser where a low dispersion window for fused silica
exists around 1300nm.

Laser cutting of chromosomes was first demonstrated in 1993 using a
frequency-doubled Nd:YVO, laser that produced nanosecond pulses at a pulse
repetition frequency of 10Hz [17, 18]. Two-photon cutting of chromosomes was then
demonstrated in 2001 using 170fs pulses from a Ti:sapphire laser operating at 800nm.
This had a pulse repetition frequency of 80OMHz and the average powers employed

ranged from 15mW to 100mW [19].
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In this section, the two-photon ablation of Muntjac deer chromosomes using
femtosecond pulses from a Cr**:forsterite laser is described. Initialy an investigation
into the how these pulses broaden during the passage through the relay optics was
undertaken and compared against the more readily available pulses from a mode-

locked Ti:sapphire laser at similar durations.

5.3.1 Ddlivery of the femtosecond pulses

An investigation of the pulse broadening effect of a femtosecond pulse passing
through the delivery optics used to target the chromosome sample was undertaken.
Most of the optical elements that the pulse had to pass through were housed inside the
microscope objective used to focus on to the sample. Therefore, by examining the
broadening effect resulting from pulse propagation through a microscope objective, it
was possible to obtain a reliable estimation of the pulse duration that actualy arrived
at the sample plane. To achieve this, autocorrelations were taken before and after
passage through the microscope objective. However, to provide a collimated beam to
perform an autocorrelation, a second microscope objective lens with the same focal
length was needed to provide a collimated beam (fig. 5.10). Therefore, the pulse
durations were measured following propagation through two objectives rather than

just one, and so Equations 5.1 and 5.2 were employed.
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Microscope objectives

mll e

Input Pulse, 7, T, Output pulse, T,

Fig. 5.10 The experimental set-up used to investigate the pulse broadening effects on femtosecond
pul ses passing through a microscope objective.

The initial pulse duration, t,, and the broadened pulse duration after two microscope
objectives, 1., were measured directly using an autocorrelator. To calculate the pulse
duration after only one objective the following formulae were used. The pulse

duration after the first microscope objective, t1, can be described by [20],

T, =T, \/1+ (M] (5.1
TO

Similarly the pulse duration after the second microscope objective will be,

T, = Tl\/l-i- {Mj (5.2
0O

In these equations ¢ is the group velocity dispersion (GVD) which, because it is the

same for each objective, can be treated as a constant. This allows Equations 5.1 and
5.2 to be combined and solved for 11 (Equation 5.3), the pulse duration at the exit of
one objective, in terms of the initial and final pulse durations that can readily be

measured.

T, = T]r;Z 2r2ts —6r) + 2\/r§'r§ — 2012 +5¢° (5.3

The pulse broadening was measured for the Cr**:forsterite laser at 1280nm and by
way of comparison, for a Ti:sapphire laser a 800nm. Both lasers were operating

with an initial pulse duration, t,, of 100fs. The pulse durations for both these
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wavelengths after X40, X60 and X100 microscope objective lenses are included as

table 5.2.
Cr*:forsterite Ti:Sapphire
M icroscope Objective o (fS) 1, (f9) o (f5) 7, (f9)
X40 2193 117 8004 243
X60 2430 121 9509 282
X100 1664 110 10200 300

Table 5.2 The pulse broadening after one objective lens for a variety of microscope objectives
for an incident pulse of 100fs duration.

In this experimental work, the microscope objective used was a 100X Olympus ACH
with a numerical aperture of 1.25 (last entry in Table 5.2). This focused the beam at
the sample plane to allow for two-photon absorption. As can be seen from Table 5.2,
the pulse durations from the mode-locked Cr*":forsterite laser increased by 10% with
this objective, whereas the pulses around 800nm from the Ti:sapphire laser increased
by 300%. This shows clearly one immediate advantage for the deployment of light
pulses around 1300nm. Furthermore, in this set-up the transmission through the
microscope objective was found to depend on wavelength. With the Cr**:forsterite
laser output, 71% of the incident power was transmitted, whereas the transmission
was just 37% for the output of the Ti:sapphire laser. Thisis attributable directly to the
lower attenuation of 1300nm radiation through the constituent materials of the

objective lens (see Fig. 1.1).

5.3.2 Chromosome cutting

Chromosomes absorb radiation around 260nm [21], and thus to obtain absorption at
half the wavelength of the Cr*:forsterite laser (~650nm), the Muntjac deer
chromosomes were stained with methylene blue. This stain has a strong absorption in

the region around 650nm but has 100% transmission at 1300nm, so the presence of
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the stain did not increase the single-photon absorption in the sample. The relevant

gpectral profilesareincluded as Fig. 5.11 (a) and (b) respectively.

Methylene blue

T {%)

absorbance

|
l|I | | L | —— Mathylenie Bus

200 300 400 500 600 700 800 900 200 400 500 aca oo 1200 1400

wavelength (nm) wavelength {nmy)

Fig. 5.11 The absorption (@) and transmission (b) curves for methylene blue. Note that the
noise around 900nm was due to a change of lamp.

The absorption curve was taken with a spectrometer that included corrections for the
water absorption that was used as the solvent in the dye. The transmission curve was
measured with an ellipsometer.

Lyn Paterson prepared metaphase spreads of Muntjac chromosomes as
follows. (Metaphase is a stage during mitosis where the pairs of chromosomes aign
in the middle of the cell before separating into the two daughter cells.) Muntjac cells
were grown in T125 flasks (in minimal essential medium (MEM) supplemented with
10% foetal calf serum) until approximately 80% confluent (merge, run together to
form a mass). Colcemid (a chemical that inhibits mitotic spindle formation halting
cells at the at the metaphase stage of the cell cycle) was added to the medium at a
final concentration of 0.1ug/ml and cells were |eft for three hours. Mitotic cells were
harvested, treated with hypotonic solution (KCI:H,0O, 1:1) to make them swell and
then washed in a fixative solution (methanol:acetic acid, 3:1). Twenty microlitres of
metaphase cells in fixative solution were dropped onto ice-cold dlides coated in

ethanol and left to dry. Once dry, the slides were stained with methylene blue
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solution (2g methylene blue, 0.5g NaCl, 100ml H,O) for five minutes, then rinsed

with tap water and left to dry. The metaphase chromosomes fixed to these slides were

SBR M
Output Coupler S
Gain Crysal i -
Folding Mirror Mitrors
M3 Tsolator
>
—
N S

Fig. 5.12 A schematic of the experimental set-up used in the chromosome cutting experiments.

exposed to the laser in the configuration shown in Fig. 5.12.

The Cr*":forsterite laser described in Chapter 3 [8] delivered pulses of 100fs
duration, centred on 1278nm, at a pulse repetition frequency of 180MHz. The
autocorrelation and spectral traces of these pulses are displayed in Fig. 5.13. The

typical average power of the laser in this configuration was 150mW.
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Fig. 5.13 The autocorrelation trace (@) and the spectrum (b) of the mode-locked pulses used for cutting
the chromosomes.
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At the sample plane these pulses had durations around 110fs at an average power of
75mW. These pulses were focused to a spot size of 1.9um in diameter using an oil
immersion X100 microscope objective. These parameters for the laser resulted in a
total energy per spot of 28nJ. The peak power was 3.5kW and the peak intensity was
31GW/cm? The samples were held on an XY Z-stage with computer controlled
actuators. The sample was scanned in the x-direction with a scan speed of 5um/s and
changes in the z-direction were made in steps of 200nm. Image capture was achieved
using a long working distance X100 microscope objective with a numerical aperture
of 0.7 and a working distance of 6mm. A camera with sensitivity into the 1300nm
spectral region was used to record the images.

The final step before chromosome cutting could be attempted was to find the
area over which the beam was effective for two-photon interactions. This was
achieved using a crystal of methylene blue, the dye used to stain the chromosomes.
The crystal was placed at the focus of the beam at the sample plane (Fig. 5.12). Due
to the absorption in the crystal at 650nm, a two-photon process took place that
produced a hole in the crystal. This was the area over which the two-photon process
would occur and could be easily measured using a microscope. The profile of this
hole is reproduced as Fig. 5.14 with the corresponding beam profile included for

comparison.
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beam profile
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Fig. 5.14 The beam and hole profiles from the dye crystal.

The hole radius has awaist of 1um whereas the beam radius has awaist of 1.87um. It
should be noted that no hole was produced when the laser was operating in an
unmode-locked regime at the same power level. Therefore the hole formed in the
crystal while the laser was mode locked could be unambiguously attributed to the
two-photon process. Moreover, the interaction of the radiation with the dye crystal
showed that the two-photon absorption process was sensitive to the focal position of
the beam to less than 1um. Thus the incremental steps of 200nm in the z-direction of
the trandlation stage were appropriate.

This was the final piece of information needed to undertake the chromosome
cutting experiments.  The Muntjac deer chromosomes stained with methylene blue
were placed into the experimental set-up (Fig. 5.12) at the sample plane and stepped
through the focus in increments of 200nm to allow for the greatest likelihood of a

two-photon interaction. Fig. 5.15 shows the spread of chromosomes before and after
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the two-photon cutting[22], where the red arrows indicate the sites of successful two-

photon cutting.

Fig. 5.15 Before (@) and after (b) two-photon cutting of the Muntjac deer chromosomes, the red arrows
indicating cuts.

This shows that multiple cuts were achieved across the full spread of the
chromosomes. If the chromosome in the white box is singled out and displayed as a
false colour rendering from a micrograph of the chromosome, then the cut becomes

all the more obvious (Fig. 5.16).

Fig. 5.16 A false colour rendering from a micrograph of a chromosome before and after
two-photon cutting.

It is believed that the observations of Figs. 5.15 and 5.16 show the first example of

successful two-photon cutting of chromosomes using a Cr**:forsterite laser [23].
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5.3.3 Conclusions

The research undertaken in this part of the project confirms for the first time that a
Cr*:forsterite femtosecond laser can be used for the two-photon cutting of
chromosomes. The wavelength at which the laser operates exploits the low dispersion
window for the optical components involved. This bodes well for the delivery of
essentially undispersed ultrashort pulses through even the most complex of relay
optics. Also, because the single-photon absorption is extremely low in biological
tissue in the 1300nm spectral region, this alows the two-photon process to remain
highly localised to a precise 3-D area of the tissue providing accurate cutting. This
initial work thus represents a highlight for the capabilities of a femtosecond
Cr**:forsterite laser when deployed in such biophotonics research. The localisation of
the two-photon cutting to within 1um of the focus of the beam is in fact much greater
than was expected, with the distance expected to be much closer to the Rayleigh range
(~8.6um). This coupled with the low single-photon interaction therefore points to a
much wider range of implementations of this type of laser in biology.

Future experiments with this laser aimed at a more genera exploitation of
1300nm laser light in tissue interactions. By placing a thin layer of tissue, possibly a
monolayer of cells or blood smeared across a glass dlide, in the path of the beam it is
believed that the radiation will pass through these cells without significant change to
the properties of the pulse or the cells. The beam should then be able to continue to
propagate and perform two-photon cutting at the sample plane. It would be
particularly interesting to determine of the depth of tissue that the beam could pass
through while still performing two-photon cutting. This could decide ultimately
whether two-photon absorption could be exploited realistically in the treatment or

diagnosis of disease. Where appropriate, implementations that involve the delivery of
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light by optical fibres can take advantage of the low dispersion of these fibres in the
1300nm region.

A further extremely interesting experiment would be to attempt using two-
photon absorption to cut or destroy intracellular bodies within a living cell. If a
chromosome could be stained inside the cell to absorb at 650nm without harming the
rest of the cell, then this chromosome could be targeted and destroyed by the
Cr*:forsterite laser radiation without subjecting the surrounding material to any
damage from single-photon absorption. Whether or not this cell could then continue
to divide after the removal of a chromosome or with a cut chromosome would be an

enlightening result.
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Chapter 6 —General conclusions

6.1 Summary
The work presented in this thesis was undertaken within the framework of the
Ultrafast Photonics Collaboration, one of the key objectives of which, was the
development of a femtosecond laser that operated around 1300nm. This involved the
use of novel GalnNAs [1] or quantum-dot-based saturable absorbers [2]. Due to the
success of this work, the Cr*:forsterite laser was used subsequently in several
biophotonics applications [3,4]. Both telecommunications and biophotonics
applications exploit the wavelength of operation of the Cr**:forsterite | aser.

A comparison of the results obtained with the GalinNAs and a QD-based

device when used as alternative saturable absorber candidates is included below as

Table 6.1.
GalnNAs Quantum-dots
Saturable Absorption 7nm thick GalnNAs 20/35 layers of InAs
Quantum well Quantum-dots
Bragg Stack Reflectivity 1250nm-1400nm 1250nm-1400nm
Pulse Duration (shortest) 62fs 158fs
Output Power (Highest) 215mwW 85mw
Tuning Range 25nm 10nm
Saturation Fluence 980pJcm? 280pJ/cm?
Modulation Depth 1% 3%
Recovery Time 69ps <50ps

Table6.1 A comparison of the Cr*":forsterite laser performance incorporating the GalnNAs and QD
based saturable absorbers.
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A comparison of the results from the Cr**:forsterite laser incorporating the GalnNAs
and quantum-dot based saturable absorbers raises the obvious question: which
provides the superior performance? In terms of the laser output (pulse durations,
output powers and tuning ranges) the performance of the GalnNAs SBR obviously
surpasses that of the QD-based saturable absorber. Sub-100fs pulse durations with
mode-locked output powers of 215mW with a 25nm tuning range were obtained.
However, the device performance may paint a different picture. Lower saturation
fluences [5] and faster recovery times potentially allow QD-based devices to be more
versatile than their quantum-well counterparts. With the inhomogeneous broadening
of the device permitted through the distribution of dot sizes, an enhanced spectra
bandwidth greater than that available from quantum-well devices becomes accessible
[6]. Thiswill, intheory, alow shorter pulses to be accessible with quantum-dot-based
devices rather than quantum-well devices.

It is noteworthy that both of these devices were previously untested in the
mode locking of solid-state lasers into the femtosecond regime. In fact, thisisthe first
published work of any quantum-dot-based saturable absorber producing femtosecond
pulses from a solid-state laser. Continuing work on these devices will inevitably lead
to an improved laser performance to that reported in this thesis, as others build upon

this foundation.

6.2 Future work

Future work has been discussed on the basis of research reported in each individual
chapter, and so in this section a brief overview is presented of the main highlights of
this work as a whole. A specific area of research needed for successful future

developments of ultrafast lasers that can be suitable for data-communications or
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biophotonics relates to device designs that offer more compact and rugged laser
configurations. This will undoubtedly require the replacement of the prism pair with
dispersion compensating mirrors [7]. A reduced cavity size will naturally result in a
higher pulse repetition frequency from the laser. Thisis desirable for applications in
data-communications but can be detrimental for potential applications in biophotonics
as the peak power (and energy) of each pulse is reduced, making two-photon
interactions more difficult to generate for example.

The Cr**:forsterite laser could be designed to become a femtosecond module,
essentialy a box containing the femtosecond laser. This box would provide stable
mode locked operation at the turn of a key, ideal for use over a number of disciplines
and applications. The work presented in this thesis is the first step towards this god
and highlights some practical advances in components that might be incorporated into
such amodule. Variable pulse durations as described in Chapter 4 could be provided,
aswell as atunable output over a range of wavelengths around 1300nm, as shown by
the results presented in Chapter 3. If both these effects could be provided at the turn
of a dia then this type of laser design would afford exceptional practicality and
versatility.

Given that the zero-dispersion window is located around 1300nm for
conventional optical fibres, a data-communications network based on femtosecond
pulses could perhaps be well suited to this wavelength of operation. However, the
future of this laser as an ultrashort pulse source for a data/tele-communications
network will depend on the development of the associated equipment needed for such
a network to operate. Amplifiers, for example, have been developed for superb
performance at 1550nm, where current long-range networks operate. Such devices

will require further development if anetwork based at 1300nm is to be created.
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In the area of biophotonics, numerous experiments are still to be attempted
with lasers of thistype. Optica tweezing [8,9], photo-poration [10] and activation of
caged compounds [11] represent just a few areas for their implementation. A major
guestion is whether any of these applications can be undertaken satisfactorily after
passing the laser beams through a thickness of tissue. One of the most exciting
experiments to be attempted with the laser will involve the cutting of chromosomes
that are still inside aliving cell. The low single-photon absorption at this wavelength
and the highly localised two-photon process should alow this to be achieved
successfully without killing the cell. How this cell would then continue to divide and
live after the cutting, or indeed the destruction, of a chromosome would be an
extremely interesting areato research.

In the long term, Cr**:forsterite solid-state lasers, because of their wavelengths
of operation, have a huge potential. Thislaser provides a source that can be applied to
severa very different and dynamic areas of research. The versatility of this laser will
alow for its continued development and probable commercialisation. Indeed
commercial companies are already beginning to offer Cr**:forsterite lasers [12].

Whether as an ultrafast source for a future in a femtosecond network meeting
the ever-growing demand on the data/tele-communications industry, or in a hospital
used for diagnostic or therapeutic purposes. | believe that a Cr**:forsterite laser will

lay claim to an important place in our future society.
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