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Abstract

This thesis concerns stable repetition rate, Q-switched fiber lasers using semiconductor
saturable absorber mirrors (SESAMs) as elements triggering pulse operation. The nonlinear
reflectivity responses of the SESAMs have been extensively studied to optimize their
performance for different temporal regimes. The results reveal that the effective saturation
fluence depends strongly on the pulse width providing that the saturation fluence for Q-
switched operation is set individually since it differs significantly from the value observed for
other regimes, e.g. for mode-locking. A simple method for determining the absorption
recovery time of a SESAM has been proposed, based on the measurements of the nonlinear
response using a source with variable pulse width.

The recovery time of the SESAM was controlled by Ni-ion irradiation followed by
appropriate thermal annealing. The combination of these processes allows an optimal
balance between fast and slow components in absorption recovery to be achieved.
Furthermore, thermal annealing reduces the undesirable nonsaturable loss caused by ion
irradiation, and improves the SESAM’s long-term stability by removing short-lived defects.

A resonant SESAM with high modulation depth was used to achieve pulse width reduction.
Such a saturable absorber mirror used in a short laser cavity resulted in demonstration of 8
ns pulses, which are the shortest pulses reported for passively Q-switched fiber lasers. The
timing jitter of passively Q-switched fiber lasers is typically high and could reach tens of
microseconds. An optically driven surface-normal modulator was used to ensure both
passive Q-switching and stabilization of the pulse train, and resulted in substantial reduction
of the timing jitter by a factor of 1.66x10°,

To summarize the main aims of this thesis, this study is focused on the efficient approaches
towards a simple, fiber based pulse source emitting short, energetic pulses forming a stable
pulse train. Such a pulse source lends itself to various applications in material processing,
medical instruments and scientific research.
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1. Introduction

"The light and heat of the sun; these are composed of minute atoms which, when they are
shoved off, lose no time in shooting right across the interspace of air in the direction
imparted by the shove." — Lucretius 55 BC On the nature of the Universe.

Light as a phenomenon has attracted mankind from the very early days. Fire in the form of
light has provided comfort, safety and a means of signaling. Even the modern theory of
wave-particle duality is already 100 years old (1). One particular emission source of light has
been an active branch of study of physics in recent decades. Lasers (Light Amplification by
Stimulated Emission of Radiation) have found their place in numerous applications in e.g.
science, industry, medicine, and consumer electronics. Photonics as a branch of industry
including lasers and fiber technology has developed since the 1980s, employing tens of
thousands of people all over the world.

1.1 Abrief history of laser development

Theoretical foundations of the laser were presented by Einstein in 1917 (2). The coefficients
for absorption, spontaneous emission, and stimulated emission of electromagnetic radiation
were derived. These coefficients are nowadays entitled Einstein coefficients, and present
the probability of each process. The very first laser was built at the Hughes Aircraft Company
by T.H. Maiman in May 15, 1960 (3), (4). The gain medium was a 2 cm long ruby (chromium
in corundum) cylinder with 1 cm diameter. The ends were ground and polished flat and
parallel and coated with silver. The laser was optically pumped by a spring-shaped xenon
flashlight that surrounded the ruby cylinder. The output of the laser, at a wavelength of
694.3 nm, was taken through a 1 mm opening in the silver coating at one end of the
cylinder. The first diode laser was developed by R. N. Hall et al. in 1962 at General Electric
(5). It was a gallium-arsenide p-n junction emitting at the wavelength of 842 nm. The
development of powerful and efficient diode lasers has been essential for fiber laser
development due to their use as pump sources.

1.1.1 Fiber lasers

Lasers are commonly divided in different categories according to their gain media, which
appear in all three forms of matter: gas, liquid, and solid. Gas lasers are typically pumped by
electric discharges. Different gas lasers include e.g. CO, lasers, He-Ne lasers, and several
excimer (e.g. KrF, ArF) lasers. Dye lasers usually have their gain medium in the form of liquid
solution, e.g. rhodamine 6G. The common property of dye lasers is a broad gain bandwidth,
which allows for wavelength tunability and/or short pulse generation. Solid-state lasers in
principal cover all remaining lasers, but in practice e.g. semiconductor lasers, despite being
solid, are considered a separate group from solid-state lasers. In solid-state lasers the gain
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medium consists of the host and dopant. The host media include glass, crystal, and fiber,
which are doped with e.g. rare-earth or transition metal ions. The combination of the host
and the dopant creates another convenient way of categorizing lasers, e.g. Nd:YAG
(neodymium dopant, yttrium-aluminum-garnet host), Ti:Sapphire, and Yb-fiber lasers.

As mentioned, fiber lasers are one branch of solid-state lasers. As explained above, the host
medium is optical fiber, which has been doped by rare-earth ions. The most common
dopants are ytterbium, erbium and neodymium, but e.g. bismuth, praseodymium,
dysprosium, thulium and holmium have been introduced as gain fiber dopants to open up
new wavelength regions. Fiber lasers have several appealing features: fiber is flexible, and
can be coiled and packaged into small spaces. Moreover, the light is already in the fiber, so
the output of the laser can be flexibly delivered to optical elements or the target. Active
fibers have a broad gain bandwidth, which makes it possible to tune the output wavelength,
and permits ultrashort pulse generation. An additional flexibility in the wavelength tuning
can be realized with aid of Raman gain, a property often present in fiber-based systems
(RP1). Moreover, also the absorption band is broad, so the exact pump wavelength is non-
critical and the pump diode laser does not need accurate wavelength stabilization. The
beam quality is great: lasers based on single-mode fiber are usually diffraction-limited, and
those based on larger fibers and higher power, e.g. fiber with a 20 micron core, can also be
operated with single transverse mode by bending the fiber to suppress the higher-order
modes (6). Rare-earth doped fibers typically have very high gain efficiency, which enables
the fiber lasers to be operated with small pump power. High gain efficiency also makes it
possible to achieve high output power.

The first fiber laser, a flashlight pumped Nd-doped glass fiber laser, was realized as early as
1961 by E. Snitzer (7) in the American Optical Company. The rod-like fibers were tested in
different sizes, having diameters of 32 and 305 microns. The cladding was soda-lime-silicate
with an index of refraction of 1.52. The same group also developed the first fiber amplifier in
1964 (8). The fiber, having a length of 1 m, a core diameter of 10 um and a 1.5 mm cladding,
was coiled in a helical shape around the flashtube used for pumping. In 1976, J. Stone et al.
at Bell Labs published details of a LED-pumped neodymium fiber laser (9). It was the first
laser to be operated cw (continuous wave) at room temperature with a single LED pump.
The advantages of the fiber geometry, the large surface to volume ratio, was noted: the
laser was also the first Nd:YAG laser operating cw without a heat sink.

1.2 Pulsed lasers

Rather than continuous wave emission, many applications require the emission be
modulated or pulsed. These lasers are commonly referred to as pulsed lasers. Applications
of pulsed lasers are numerous in areas of optical communication, range finding, pulsed laser
deposition, spectroscopy, micromachining, etc.
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Pulsed operation of a laser can be realized by many different physical mechanisms
depending on pulse duration, energy and repetition rate. Direct modulation is the simplest
way of pulsing the laser. One can easily imagine placing a fast modulator inside the laser
cavity, which allows light to escape from the cavity only for short periods of time. However,
this method would result in loss of the light produced during the period when the
modulator is closed. Also the modulation speed (bandwidth) of the modulator would set a
lower limit for the pulse duration. There are also more sophisticated techniques for pulsing
lasers, as gain switching, cavity dumping, Q-switching and mode-locking. The two latter are
the most common techniques for pulsing the fiber lasers. Q-switching typically produces
energetic pulses in the nanosecond range and repetition rates of a few hertz to kilohertz. In
contrast, mode-locking produces shorter pulses with higher repetition rates, typically with
femtosecond to picosecond duration and tens of megahertz repetition rate. Q-switching has
been found a useful technique in many industrial applications, e.g. marking and other
applications where high pulse energy is needed. Mode-locking is best suited to applications
where extremely accurate material cutting or removal is required. For example in eye-
surgery the cornea can be cut open with femtosecond pulses extremely accurately, which
makes the curing more rapid and improves the quality of the cut, making the end result free
of refractive errors. Both of the techniques can be further divided into active and passive
techniques, depending on whether external modulation signals are used. In this thesis | have
concentrated on passive Q-switching of fiber lasers by Semiconductor Saturable Absorber
Mirrors (SESAMS).

1.3 Scope of this study

The goal of this thesis was to study how the parameters of SESAMs can be characterized and
further refined to produce the best possible components for each purpose, be it passive
mode-locking or Q-switching. The first two papers concentrate on studying and adjusting
the temporal response of the SESAM structure. We developed a relatively easy technique
for defining all five main parameters of a SESAM, including absorption recovery time, and
studied tuning of the absorption recovery time by post-epitaxial ion irradiation and thermal
annealing. In paper 3 we studied pulse width reduction of a Q-switched fiber laser to
approach the physical limits using a resonant SESAM structure, and in paper 4 we studied a
technique for controlling and stabilizing the pulse train of a passively Q-switched fiber laser.
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2. Q-switching

Q-switching is an effective and common method for producing energetic and short (but not
ultrashort) pulses. The first experimental realizations were already reported in 1961 in
Hughes Research laboratories (3). In this chapter a general overview of Q-switching is given
in order to understand the results presented in latter chapters.

2.1 Pulse formation in Q-switched lasers

In Q-switching pulses are produced by modulating the losses of the laser cavity. The
parameter that describes how well a laser cavity can preserve its energy is the Q-factor, in
which Q stands for the quality of the resonator. Initially, the Q-factor is kept at a low level
(i.e. high losses). Constant pumping of the gain medium accumulates the spontaneous
emission in the cavity. At the moment when the Q-factor is suddenly switched to a high
level, spontaneous emission evolves into lasing and a laser pulse starts quickly growing in
the laser cavity, which begins to deplete the gain stored in the cavity. The pulse grows
stronger until the gain is equal to the losses. At that time the pulse peak power has been
reached. The pulse depletes the gain wholly, the Q-switch is opened again (low Q), and the
process starts from the beginning. It is beneficial for the gain material of Q-switched lasers
to have a long upper-state lifetime so that the stored gain does not disappear as
fluorescence emission before the Q-switch is opened (10).

As mentioned earlier, Q-switching can be realized with passive (no external modulation) or
active means. Typical components for active Q-switching are acousto-optic and electro-optic
modulators (AOMs and EOMs). Figure 2.1 illustrates the pulse evolution in the cavity in the
case of active Q-switching. In active Q-switching the pulse appears a few round-trips after
the switch is opened. In passive Q-switching the losses are self-modulated by a saturable
absorber, and a pulse is formed when the gain has increased to a high enough level. In this
scheme the loss modulation is not as abrupt as in active Q-switching, but the main principle
is similar.
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Figure 2.1: Pulse formation in active Q-switching. Pumping increases the gain while the losses are kept at a
high level. When the Q-switch is opened (low-loss state) the excess gain starts building the pulse. The pulse
reaches its peak when the gain is equal to the losses, after which the pulse decays.

The advantages of active Q-switching over passive are the controllable repetition rate and
low timing jitter. Fundamentally, timing jitter in a Q-switched laser is inevitable because the
first photon of the oscillation mode comes from spontaneous emission of the gain medium.
Usually in actively Q-switched lasers the pulse width decreases and pulse energy increases
with increasing pump power. The pulse width in actively Q-switched lasers has the following
dependence on the gain and cavity round-trip time: 7, = 8.1 X t+/gr, Where & is the cavity
round-trip time and gr = InG,+ is the round-trip gain coefficient when the pulse begins to
form (11), (12). From this expression one can easily see that shortening the cavity length
shortens the pulses and heavier pumping (higher gain) also reduces the pulse width. In
active Q-switching the pulse energy can be increased to certain limit by reducing the
repetition rate. This divides the gain to fewer pulses, so individual pulses receive higher
gain. When the pulse cycle time exceeds the gain material upper-state lifetime, the
amplified spontaneous emission starts to limit the pulse energy.

Conversely, passively Q-switched lasers are simpler, more cost-effective, and more compact.
Q-switched microchip lasers in particular are very compact pulse sources. Usually the pulse
width and pulse energy are quite independent of the pump power, but the repetition rate of
a passively Q-switched laser is linearly proportional to the pump power. One weak point of
the passively Q-switched lasers compared to active counter parts is the amount of timing
jitter. It means the fluctuation in the timing of the pulses in the pulse train. The jitter of a
passively Q-switched laser is typically in the microseconds scale and is caused by
fluctuations in pump, loss, temperature etc. It is especially pronounced in fiber lasers, where
there is a relatively large amount of intracavity spontaneous emission present. However, the
timing jitter can be reduced by modulating or triggering the saturable absorber (P4), (13),
(14) and will be discussed in Chapter 6.



2.2 Theoretical overview into Q-switching 7

2.2 Theoretical overview into Q-switching
Extensive theoretical models describing Q-switched operation have been published as early
as 1963 by W. G. Wagner et al. from Hughes Research Laboratories (15). The topic is also
broadly covered in various text books, e.g. (10) and (16).

In the paper by G. J. Spuhler et al. (17) the authors have derived useful and fairly simple
expressions for key parameters of a microchip laser passively Q-switched by saturable
absorber. These results are well applicable for fiber lasers, too. Next I'm going to briefly
review the expressions for pulse energy, pulse width and the repetition rate of a passively
Q-switched laser.

2.2.1 Pulse energy
The expression for pulse energy is as follows:
E Lout

p=ELAgT—

<E,g; 2.1)
loue +1p

where Ej is the saturation energy of the laser gain medium, Ag = g; — g5 is the gain
reduction by Q-switched pulse (g;  are the intensity gain coefficients just before and just
after the pulse). [, is the output coupling coefficient and [,, is the parasitic loss coefficient
(which is usually dominated by the nonsaturable loss of the SESAM).

The pulse cycle can be divided into four phases, as shown in Figure 2.2 (17). In the beginning
the absorber is in its nonsaturated state. The pulse starts to evolve when the gain has
reached the level of the unsaturated value of the losses

gi = L+ qo, (2.2)

where | = 1, + L, and q, is the nonsaturated loss coefficient, i.e. the absorber in its initial
state. q, is proportional to the modulation depth AR of the saturable absorber. The
modulation depth is defined as the difference of the high and low intensity state
reflectivities, see section 3.2. The intracavity power P starts to grow until the intensity is
sufficient to saturate the absorber. The saturation energy of the SESAM is typically chosen
to be at least 1 order of magnitude less than the pulse energy, so the absorber is saturated
well before P reaches its maximum. Moreover, the absorber recovery time 7,,. = 7, , SO
the absorber has only a minor influence on pulse development at latter phases.

In phase 2, the absorber is fully saturated, and net gainis g = g; —l — q = q, since the
saturable loss coefficient g = 0 when the absorption is completely saturated. The pulse
maximum is reached when the net gain is zero, i.e. g = L. In phase 3 the net gain is negative
and the intracavity power decreases. In phase 4 the absorber has already recovered from
the saturation and the pumping of the gain to the threshold level takes place. The absorber
recovery time is much shorter than the gain recovery, so the absorber is fully recovered
when phase 1 starts a new cycle.
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Figure 2.2: Evolution of power, loss, and gain on the time scale of the pulse width. The peak of the Q-switched
pulse is reached when the gain equals the total losses (17).

The gain reduction Ag depends on g, and L. In most practical cases the laser is operated in
the regime where q, =~ [, at which point the pulse energy is optimized and the pulse shape
is nearly symmetrical. Ifl > q,, the assumption Ag = 2q, is valid. Inserting Ag into
Equation (2.1), we obtain the expression for pulse energy:

l out _ hVL lout

E, = ELZQOI

—_ = ,where g, < . 2.3
e+l 20, T F L o 2.3)

In the latter expression the saturation energy E; is expanded. In the latter form hv, is the
photon energy, a; is the emission cross section of the laser material, and A is the mode area.
We can increase the pulse energy by increasing the nonsaturated loss g, and [ up to the
limit set by the available gain g; = [ + q,. Moreover, we have to take into account the
parasitic loss 1,. When realizing pulsing with SESAMs, increasing the modulation depth
(modulation depth AR « q,) usually increases the nonsaturable loss «,, too (see section
3.2 for definition). When discussing SESAM parameters instead of the quantities defined in
this section, we can treat modulation depth and nonsaturated loss as synonyms. The same
applies with nonsaturable loss and parasitic loss (i.e. AR ~ q, and ays ~ [,). It has been
shown in (17) that when there is some parasitic loss present, the pulse energy is optimized
when the combined loss [ is close to the unsaturated value of loss g, i.e. [ = q,.

2.2.2 Pulse width

The expression for pulse width can be formulated as follows: We can assume that the
saturation energy of the absorber is small compared to the pulse energy, and thus phase 1
in Figure 2.2 has only little influence on the FWHM (full width at half maximum) of the
pulse. We can further assume that in the beginning of phase 2 the gain is undepleted
(g(t) = g;), but the absorber is fully saturated (q(t) = 0). The net gain is thus g; — [ —
q = qo. In the phase 3, the net gain is g —l —q = —-Ag + g; — | — q = —q,, since the
absorber is still fully saturated (q = 0). This results in the growth rate and the decay rate of
the Q-switched pulse both being q,/t,:, where t,, is the cavity round-trip time. This leads to
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an estimated FWHM pulse width of 7, ~ 2In2t,./q,. Taking into account the decrease in

growth and decay of the pulse during saturation of the gain widens the pulse by another
factor of ~2, and results the expression to be the following (11), (17):
352t,,

T, ~ . 2.4
P 9o 2.4)

It should be noted that this expression gives the lower limit for pulse length achievable using
a passively Q-switched laser. The pulse width of a practical laser setup might be somewhat
longer due to non-ideal components etc. However, the formula indicates clearly that to
shorten the pulse we need to shorten the cavity round-trip time and increase the
nonsaturated loss, which in practical terms means increasing modulation depth of the
saturable absorber being used.

2.2.3 Repetition rate
We can calculate the repetition rate by dividing the average output power by the pulse
energy. According to (17), the average power is

Pay = 15(Pp — Ppn), (2.5)

where 7, is the slope efficiency and Pp and Pp,are pump power and threshold pump
power, respectively. The repetition rate is thus

Pp—P
frep :775( PE p.th) or—1 (2.6)
P

Here r = PP/PP this the pump parameter. We can further connect the pump powers to the

small-signal gain coefficient g, and the loss the coefficients by expressing them as (17)

_ hvpA b hvpA
P 20,mp g0 P 20, Tmp

(L +q0) 27

In these expressions hv, is the pump photon energy, np is the pumping efficiency and t;, is
the upper-state lifetime of the gain medium. Inserting Eq. (2.1) and Equations (2.7) into
Equation (2.6) gives us the expression for repetition rate as follows:

go— (L +4q0) go—(+q0)
4gr, 2qot,

frep (2.8)

We can simplify the expression even further when operating far above the threshold by
neglecting the term [ + q,:

Jdo
2qo7,’

frep = (2.9)

because g, > [ + g, when operating well above threshold.
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The formulas derived in this section show the basic relations between the laser output
characteristics and operation parameters.



3. Semiconductor Saturable Absorber Mirrors (SESAMS) in
pulse generation

Pulsed operation in both mode-locking and Q-switching is achieved by modulating the losses
of the cavity. To be more precise, the loss mechanism is referred to as saturable absorption.
A saturable absorber is an optical component in which the absorption decreases when the
incoming light intensity is increased. When intensity is increased to a high enough level, the
absorption is fully saturated and no change in the absorption occurs if intensity is further
increased. Various materials can be used as saturable absorbers in lasers: solid, dyes, and
semiconductor materials. Also carbon nanotubes (CNTs) can be used as a film to act as a
saturable absorber (18). This has been demonstrated by the author’s group in (RP2).

Semiconductor saturable absorbers have a great advantage over other saturable absorber
materials in terms of flexibility in tailoring the parameters suitable for each wavelength, gain
medium and pulse form. Semiconductor manufacturing by molecular beam epitaxy (MBE)
allows fine tuning of the absorption parameters.

3.1 The basic concept of SESAM

Saturable absorbers can be used both in transmission and reflection geometry. In this thesis,
we have concentrated purely on the reflection scheme, in which the saturable absorber also
incorporates a reflector. The component is called a semiconductor saturable absorber mirror
(SESAM). The saturable absorber may consist of bulk semiconductor material, quantum
wells (QWSs) or quantum dots (QDs). Saturable absorption is a property of materials where
the absorption of light decreases with increasing light intensity. In semiconductors, when
the energy of a photon is equal to or exceeds the band gap energy of the material, the
photon gets absorbed by the material. The absorption process can also be thought of in
terms of excitation levels: an electron at the valence band gets excited by the incident
photon and is lifted to the conduction band. The amount of absorption can be described by
the absorption coefficient a, which describes the population at the excited and ground
levels. When the excitation process is repeated at a sufficiently high pace, i.e. the intensity
of the incident photons is high enough compared to the relaxation of the excitation, the
valence band gets depleted, and the amount of absorption decreases. In other terms, the
absorption becomes bleached or saturated at high intensities. In a two level system, the
absorption can be described by the equation

(44

TN

(3.1)

where «, is the low intensity absorption coefficient, I the intensity and I; the saturation
intensity (19). It should be noted already at this early stage that the time response of the
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absorbing material has a notable influence on the saturation intensity. The parameter that
describes the temporal response of a SESAM is the absorption recovery time, Trec.

The mirror part of the SESAM is usually realized with a distributed Bragg reflector (DBR)
grown on the semiconductor substrate. A DBR typically consists of 20-30 quarter-lambda
layers of alternating high- and low refractive index materials producing over 99 % reflectivity
over a band spanning more than 100 nm. The reflectivity of a DBR is based on constructive
interference of reflected light at the layer interfaces. Figure 3.1 illustrates the schematics of
a SESAM structure. A GaAs-based SESAM operative at a 1 um wavelength band is used as an
example here. The DBR reflector is grown first on the GaAs substrate by alternating GaAs
and AlAs layers with a thickness d = A0/4n, where Ao is the operation wavelength and rn is
the refractive index of the GaAs or AlAs. The spacer layer is used to place the QWs at the
antinode of the standing wave pattern, which is formed in the Fabry-Pérot microcavity
formed between the bottom DBR and the GaAs-air interface. The semiconductor/air
interface has a Fresnel-reflectivity of ~30 %. The cavity properties can be adapted by
changing the reflectivity of the top surface by growing the top DBR epitaxially or by
depositing a dielectric coating with the desired reflectivity post-epitaxially.

D GoAs cap E

Microcavity + InGaAs QWs
GaAs spacer

AlAs/GaAs DBR

— GaAs substrate

Figure 3.1: Schematic structure of SESAM working at 1 um wavelength region along with diagram showing
relative refractive indices. The microcavity is formed between the Fresnel-reflection at the surface and DBR.
The GaAs spacer adjusts the QW section at the antinode of the standing wave pattern inside the microcavity.

SESAM structures can be divided into two categories depending on the microcavity
properties. These two approaches are antiresonant and resonant, depending on whether
the resonance wavelength of the cavity is matched to the operation wavelength Ao
(resonant) or mismatched from Aqp. The matching is applied when the optical length of the
microcavity L (L = Znid; for each layer) is an integer multiple of As. The resonance
properties have a great impact on the device operation in a laser cavity. For example, the
two-photon absorption (TPA) effect which is useful for preventing Q-switched mode-locking
(QSML) can be tuned by changing the reflectivity of the top mirror (RP3).

In general, resonant structures have higher nonlinearity than anti-resonant ones. In
resonant structures incident light makes multiple roundtrips through the QWs in
microcavity, which leads to higher absorption. As mentioned earlier, the absorption is
usually also enhanced by placing the QWs at the antinode of the standing wave pattern in
the microcavity. The desired amount of absorption depends on the laser characteristics in
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which the absorber is used. Fiber lasers can tolerate higher loss due to high gain, and thus
high modulation depth can be applied. In fiber lasers significant modulation depth (over 10
%) is needed for initializing mode-locking or Q-switching. On the other hand, Vertical-
external-cavity surface-emitting lasers (VECSELs) have low single-pass gain which makes the
cavity extremely sensitive to loss. In such lasers it is compulsory to limit the modulation
depth to low values, AR ~ 1 % (RP4).

3.2 SESAM characteristics
SESAM performance is characterized by four parameters:

) Modulation depth AR

i) Saturation fluence F,;

i) Nonsaturable loss a;,

iv) Recovery time of absorption 7.,

The three first parameters are illustrated in Figure 3.2. The plot shows average reflectivity as
a function of incident pulse fluence (fluence=pulse energy per mode area). Average
reflectivity means that the reflectivity is measured as a ratio between incoming and
reflected average power in a macroscopic time scale, not reflectivity changes in picoseconds
time scale. Modulation depth is defined as the difference between low-intensity reflectivity
Riinear @nd high-intensity reflectivity R,s. The fluence at which the 1/e value of AR is
achieved is called the saturation fluence Fg,;. The difference between perfect reflectivity
(R = 1) and high-intensity reflectivity R, is the nonsaturable loss a,,;.

10 [T T AL T L T L

09L s |
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Figure 3.2: Nonlinear reflectivity curve of a high-modulation depth SESAM. The reflectivity of the SESAM has
been measured as a function of incident pulse fluence. The figure illustrates the parameters AR, Fsa, and aps.
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The nonlinear reflectivity of a SESAM can be expressed as a function of incident pulse
fluence F (20):

R(F) = Rys — [1 —exp (— Fit)] F/AFI;{ (3.2)

This equation makes the assumption that the incident pulse width is shorter than the
absorption recovery time (7, < 7). The nonlinear reflectivity measurement details are
discussed in more detail in section 3.3.

Absorption recovery time t,,. can be determined with several techniques. The two most
common techniques are the pump-probe technique (21) and time-resolved
photoluminescence using a femtosecond up-conversion method (22). These, however,
require sophisticated and expensive equipment. Therefore we developed a simple
technique for ... determination. This technique is described in more detail in subsection
3.3.3. Absorption recovery time is a very important parameter of a SESAM. It very much
determines device suitability for a desired pulsing technique (Q-switching, mode-locking, Q-
switched mode-locking). SESAMs can be divided roughly into two categories, fast and slow.
Moreover, the absorption recovery has a bi-temporal response. In a high lattice quality
semiconductor the dominant absorption recovery process has a lifetime of few
nanoseconds determined by the radiative carrier-recombination time (23). In order to
obtain stable and reliable mode-locking operation, the absorption recovery has to also
include shorter components. This is usually realized by introducing defects in the lattice,
which act as non-radiative recombination centers with short recovery time. There are
several techniques for realizing fast recovery times in a semiconductor structure via the
introduction of defects in a controllable manner, including

e Low-temperature growth (24), (25), (26)
e Doping the active region (25), (26), (27)
e lonirradiation/implantation (28), (29)

e Proton bombardment (30), (31)

e Surface state free-carrier trapping (32)

e Metamorphic growth (33), (34)

e Band-gap engineering (35).

Each of the aforementioned methods has their pros and cons, which are creditably
summarized in S. Suomalainen’s doctoral thesis (36). In (P2) we studied absorption recovery
time reduction by Ni-ion irradiation and thermal annealing.

3.3 Measuring the nonlinear response in different operation regimes

As mentioned in the previous section, the temporal response and saturation fluence are key
characteristics of saturable absorbers. It is generally expected that the nonlinear reflectivity
of a SESAM depends on the duration of the incident pulse. Particularly, when the pulse
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width becomes significantly larger than the absorption recovery time, a higher pulse energy
is needed to saturate the absorption. It has also been shown that quasi-cw amplified
spontaneous emission can degrade significantly the nonlinear response of a SESAM (37).
SESAMs with a fast nonlinear response are, however, less affected by the cw radiation. It is
important that the SESAM nonlinear response is characterized with the pulse duration and
wavelength similar to the conditions when the absorber mirror operates in a laser. The
correct absorber parameters can then be used in a laser simulation to estimate the steady-
state output pulse characteristics. Unfortunately, when the SESAM parameters are
discussed in the literature, the pulse width used in the measurements is seldom mentioned.
In the following, the dependence of the nonlinear response of a saturable absorber depends
on the parameters of the optical pump pulses is shown.

3.3.1 Experimental setup
In this work an experimental setup for measuring the nonlinear response of a SESAM has
been developed. The setup consists of 3 units, which are illustrated in Figure 3.3:

i) Pulse source:

The gain fiber is pumped with a fiber coupled laser diode (LD). The laser
cavity is formed between the SESAM and a fiber loop mirror.

i) Amplifier:

The pulse fluence is amplified in a fiber amplifier. Two isolators precede and
follow the amplifier, preventing unwanted back reflections from disturbing
the signal.

i) Measurement unit:

The output from the fiber is collimated and divided into two with a beam
splitter cube. The reflected and reference signals are monitored with a dual-
channel power meter.

-

. . Gainfiber . Gainfiber '

a|dwes

Il
©

Figure 3.3: A schematic illustration of the experimental setup for nonlinear reflectivity measurements.

The pulse source has in most cases been either a mode-locked or Q-switched fiber laser,
depending on the operation regime of the sample. A mode-locked oscillator operating at the
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1 um spectral range needs a dispersion compensation element, e.g. a grating pair or a
dielectric thin film Fabry-Pérot etalon (RP5), to compensate the fiber dispersion, which is
omitted from the figure for illustrative purposes. Also, a polarization controlling element is
frequently used in the cavity. The pulse fluence straight from the oscillator is usually
insufficient to saturate the sample, so the pulse train is typically amplified in the fiber
amplifier. The output from the amplifier is led to the measurement unit, in which the
amplitude of the pulses is adjusted by a variable 30-dB attenuator (not shown in the figure).
The output is divided into two beams by a polarization independent beam splitter cube. One
beam is focused on the sample by a microscope objective and the other serves as a
reference for the incident pulse fluence. The focused beam radius on the absorber is
measured using the knife-edge technique and is typically a few microns. The intensities of
the beams are detected by a dual-channel power meter. The average reflectivity of the
SESAM is determined by the ratio between the reflected beam and the reference beam. The
ratio is then plotted against the incident fluence, which can be calculated from the
reference beam. This data is then fitted to Equation (3.2), from which AR, F,;,and a, can
be extracted.

To study the saturation behavior with different pulse characteristics, the nonlinear
reflectivities of a slow and a fast SESAM have been measured with different pulse widths: 29
ps, 1.5 ns, 6 ns, 10 ns and 20 ns. The 29 ps pulse source was a mode-locked erbium fiber
laser having a repetition rate of 14.5 MHz. The emission wavelength was 1553 nm. The
nanosecond pulses were obtained from a distributed feedback (DFB) laser diode modulated
by a signal generator and a pulse pattern generator. The repetition rate and emission
wavelength of the pulse train in the case of the nanosecond pulses were also set to 14.5
MHz and 1553 nm. The pulse shape of the nanosecond pulses was close to square due to
the typical rise/fall time of the DFB laser of 0.2 ns. The signal from the DFB laser was
amplified in two stages. The amplified spontaneous emission was filtered out between the
amplifier stages and from the output by bandpass filters.

The absorber under study has been successfully used for mode-locking erbium fiber laser
(38), (39). The absorber mirror comprises 28 9-nm-thick InGaAs quantum wells grown
monolithically by molecular beam epitaxy on a highly-reflective distributed Bragg reflector.
The SESAM has been tested in two versions — the slow absorber was as-grown; the fast one
was post-growth irradiated with heavy ions. Irradiation with 10-MeV Ni-ions with a dose of
10*/cm? was expected to reduce the recovery time of absorption from the nanosecond
range to the picosecond-range (29). The effective saturation fluence experienced a notable
increase when increasing the pulse width from 29 ps to 6 ns, especially in the case of the
fast SESAM. The measurement results from the fast SESAM are summarized in Figure 3.4.
These results, together with data obtained for the slow SESAM were used to derive the
absorber recovery times with the method described in subsection 3.3.3.



3.3 Measuring the nonlinear response in different operation regimes 17

0.6f

0.4}

® T=29psF =44 w/em’
0.2 ,
O Tp:1.5 ns, F_ =620 pl/cm

Normalized absorption change

00F A T=6nsF =1256 pl/em?’ oo

i1 " i a3 sl " PR
1 10 100 1000
Fluence, pJ/cm2

Figure 3.4: Normalized absorption change measured as a function of pump pulse fluence. The data have been
obtained with 29 ps, 1.5 ns and 6 ns-long pulses from a fast saturable absorber mirror.

3.3.2 Absorber model
Saturable absorber was modeled using the rate equation (40)

dqt) _ _q(®) —q0 _ql(®)
dt TTEC Fsat l

(3.3)

where q(t) is absorber saturable loss, q, is the nonsaturated loss, 7,.. the recovery time,
F,,: the saturation fluence for pulses much shorter than the absorber recovery time, and
I(t) is the incident intensity. The model does not take into account femtosecond scale
behavior from fast thermalization, carrier cooling etc. but since we study picosecond and
nanosecond regimes here, we can safely ignore faster phenomena. An analytical solution of
the inhomogeneous linear differential equation (Eg. (3.3)) can be derived assuming constant
incident intensity during the pulse width, i.e. assuming square-shaped pulses:

qOFsat 1 I QOFsat
e+ ) =[ace) 20 venp [ (4 )] + 34
1 0 7o Fsat+17rec p Trec Fsat Fsat+ITrec ( )

where q(t,) is the initial saturable loss at the time t,. A square-shaped pulse with fluence
F, and duration 7,, experiences a fluence loss AF, at reflection from the SESAM:

t0+‘rp E
AE, =J T—pq(t + to)dt. (3.5)
t

0 D

Let’s define normalized saturable loss [ by normalizing the fluence lost to the nonsaturated
loss:

| _AR/E,

3.6
7 (3.6)
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We can calculate normalized saturable loss by substituting Equations (3.4) and (3.5) into Eq.
(3.6):

F, 2
= ! [1 - e‘FsZt‘rTrzc ¢y Frar T 3.7
FP (1+Fsat TP )2 Trec FP Trecz
Fsat Fp Trec

Normalized saturable loss as a function of pulse fluence has been plotted for different pulse
durations in Figure 3.5. Both the experimental results presented in Figure 3.4 and the
modeling results presented in Figure 3.5 confirm that higher fluence is needed to saturate
the absorber with a pulse of longer duration. For long pulses or very fast absorbers
(tp » trec) We can simplify and solve Eq. (3.7) for normalized pulse fluence F, /Fq,;

E, 1 1, 1-1

= + _ 3.8
Foat 2L Tror 1 3.8)

Normalized pulse
duration, t /t
p rec
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Figure 3.5: Normalized saturable loss [ as a function of incident fluence plotted for different pulse durations.
The saturable loss has been normalized to modulation depth, incident pulse fluence to saturation fluence, and
pulse duration to absorption recovery time.

To quantify the change in the nonlinear response of the saturable absorption as the pulse

width is varied, we define here an effective saturation fluence Fg,. .r¢(7,,), Which is the
1

pulse fluence F, at which the normalized saturable loss [ drops by a factor of =YL With
this definition, we get the dependence
F.
satieff o g P (3.9)

Fsat TTEC

where the slope s is 0.58 for square-shaped pulses. By solving the (3.3) numerically, s for
Gaussian and sech? pulses has been found to be 0.94 and 1.09, respectively.
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3.3.3 Asimple method for absorption recovery time determination

As mentioned in section 3.2, the absorption recovery time can be measured by e.g. time-
resolved photoluminescence or a pump-probe setup. Performing those sophisticated
measurements is not always possible due to time or resource limitations. A simple method
for determining the absorption recovery time from nonlinear reflectivity data has been
developed.

First, to determine the absorber recovery time ., the effective saturation fluence Fsq;crr
has to be measured with pulses longer than absorption recovery time, preferably with

several pulse widths. Saturation fluence Fy,; should be measured with short pulses

(tp < Trec), too. The ratio &lf—eﬁ is plotted as a function of pulse width t,. Absorber

sat

recovery time can then be derived by comparing the slope of Fsl‘jt—e” to the slope s of Eq.

sat

(3.9), taking into account the shape of the long pulses used in the measurement. In Figure
3.6 the experimental data and linear fits are plotted for the fast and slow absorbers
discussed above. The recovery times are 120 ps and 1.0 ns, respectively. This is in good
agreement with pump-probe measurements and literature references.
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Figure 3.6: Measured normalized effective saturation fluence as a function of pulse duration used in the
measurements plotted for a fast ion-irradiated and slow as-grown SESAM.

3.4 Adjusting the recovery time

In Chapter 3.2 the different methods for shortening the absorption recovery time were
listed. In (P2) we studied a combined method of Ni-ion irradiation and rapid thermal
annealing (RTA) in order to achieve more flexibility in absorption recovery times — not just
“slow” recovery of as grown sample and “fast” recovery of irradiated SESAM. Moreover, the
effect of absorption recovery time on other parameters, especially on effective saturation
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fluence and effective modulation depth was under study. Thermal annealing also improves
the temporal stability of SESAM parameters, being based on the removal of short-lived
defects. The samples were irradiated with 6 MeV Ni-ions with a dose of 5x10* /cm? and
annealed with different temperatures and recipes. The nonlinear properties of the samples
were characterized by measuring nonlinear reflectivity with different pulse durations, and
finally their pulsing properties were tested by placing the samples into fiber laser cavity.

The samples had 30.5 pairs of AlAs/GaAs layers forming a highly reflective DBR, followed by
the absorber section of 3 InGaAs QWSs separated by 20 nm thick barriers. On top of the
absorber 60 nm of GaAs was grown as a cap layer. Annealing of the irradiated samples was
performed in a dry nitrogen atmosphere with a protective SiO, film deposited by plasma
enhanced chemical vapor deposition (PECVD) on the sample prior to annealing to prevent
outdiffusion. The ramp-up rate from room temperature to the annealing temperature was
5.5 °C/s. The protective film was etched away after thermal treatment. The annealing was
performed at temperatures of

e 400°Cfor30s,

e 400°Cfor60s

e 400°Cfor120s,and
e 600 °C for 30.
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Figure 3.7: The nonlinear reflectivity measured as a function of pulse fluence. The short and long pulse
response of the samples has been measured using 2 ps and 370 ns pulses as probe signals, respectively.

Figure 3.7 shows the nonlinear reflectivity response of the slow as-grown sample and the
fast ion-irradiated sample having undergone different recipes of thermal annealing. The
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short pulse response was studied using a mode-locked fiber laser with a pulse duration of 2
ps, and the long pulse response using a Q-switched fiber laser with a pulse duration of 370
ns. We can conclude from Figure 3.7 that the modulation depth is fairly independent of the
ion irradiation and thermal annealing and remains at ~14 % throughout the studies. In
Figure 3.7 one can clearly see a rise in the effective saturation fluence Fsq: .y When
comparing the results measured with short and long pulses. Another conclusion that can be
derived from Figure 3.7 is that with appropriate thermal annealing (600 °C, 30 s), the effect
of ion irradiation can be largely eliminated and the parameters of the absorber can be
restored, resulting in values typical for an as-grown slow sample observed prior to ion
irradiation. Annealing therefore allows the recovery time and, consequently, the effective
saturation fluence of the absorption to be set at any value ranging from the characteristic
values for fast (after ion irradiation) and slow (as-grown) absorber mirrors. The plots in
Figure 3.7 also illustrate that when absorption recovery time reduces, saturation of the
absorber become progressively difficult, especially with long Q-switched pulses. The
effective modulation depth for long pulses is therefore only a fraction of the modulation
depth for short pulses, leaving high nonsaturable losses. In particular, the ion-irradiated fast
absorber without thermal annealing shows no sign of saturation at the long pulse regime on
the right hand side of Figure 3.7.

Absorption recovery time t,,.. was extracted from the nonlinear reflectivity measurement
data with the method described in section 3.3.3. The results are listed in Table I, which also
shows the regime of laser operation when the sample is placed in the fiber laser cavity
acting as a test bed. Figure 3.8 plots (filled circles) effective saturation fluence determined
from the measurements with a Q-switched laser source (z,=370 ns) as a function of the
absorption recovery time. This illustrates the increase in effective saturation fluence with
the increase in the speed of the absorption recovery. The experimental data is well in line
with simulated data (half-filled circles) that has been extracted by solving Eqg. (3.3)
numerically for pulses with different durations and energies. The solid line presents the fit
using the expression Fsqeerr/Fsatr—0 = 0.94Tpy150 /Trec (EQ. (3.9)) USING Tpy5.=370 NS.

Another essential though expected feature is the decrease in nonsaturable losses with
thermal annealing, which is illustrated in the same plot (with empty circles) as a function of
absorption recovery time.

Table I: Effect of Ni-ion irradiation and thermal annealing on absorption recovery time and laser operation.

Annealing parameters Recovery time (ps) Laser operation

As-irradiated 2 Self-starting of mode-locking is critical

400°C, 30s 9 Excellent, robust starting of mode-locking

400 °C, 60 s 11 Good starting of mode-locking

400 °C, 120 15 Starting mode-locking is difficult, double pulses
600°C,30s 119 Q-switching with some instability

As-grown 170 Stable Q-switching
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Figure 3.8: Effective saturation fluence plotted versus absorption recovery time. The pulse width used in the
measurements (filled circles) and simulation (semi-filled circles) is 370 ns. The nonsaturable loss (empty circles)
extracted from the nonlinear reflectivity measurements is also plotted on the right hand side axis.

As a conclusion from the results listed above, a combined method of Ni-ion irradiation and
thermal annealing proved to be an efficient method of tailoring absorber parameters from
values corresponding to the slow as-grown absorber to those obtained using high-energy
heavy ion irradiation. Different operation regimes of a pulsed laser could thus be achieved
with the same semiconductor structure depending on the regime of the postgrowth
processing. In addition, thermal annealing decreases the nonsaturable losses and is
expected to have a positive impact on the long-term operation due to the removal of the

short-lived states induced by ion irradiation.
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We discussed in section 2.2 the laser parameters that affect the pulse energy, pulse width
and repetition rate of a Q-switched laser. In order to optimize the output of the laser, the
saturable absorber has to be designed according to these guidelines. In section 2.2 we
reached the conclusion that the pulse energy is optimized when the nonsaturated loss q,
are close to the overall cavity losses. However, the available gain has to overcome the
overall losses, naturally. The advantageous features of fiber lasers include high gain — even a
straight cleave at the end of the gain fiber giving a ~4 % back reflection provides enough
feedback to initialize lasing.

On the other hand, the higher the nonsaturated loss gq,, the shorter the output pulse width.
When discussing SESAM parameters, we can treat nonsaturated loss and modulation depth
AR as synonyms. In order to achieve short and energetic pulses from a passively Q-switched
fiber laser, the modulation depth should be high, tens of percents. Nonsaturable loss a,,
should be minimized. However, high modulation depth usually brings some nonsaturable
loss along as a trade off.

4.1 High modulation depth

Increasing modulation depth means increased absorption. This can be achieved for example
by increasing the number of quantum wells. However, increasing the number of QWs may
raise the saturation fluence to a level that cannot be achieved in the cavity. In practical
terms, this means that the effective modulation depth is lower and an additional loss is
observed, because high reflectivity state R, cannot be reached. Therefore, a way to
achieve high modulation depth while maintaining moderate saturation fluence is to design
the SESAM such that the QWs are in a resonant Fabry-Pérot cavity. Such devices are
frequently referred to as resonant SESAMs. The resonance effect can be further enhanced
by placing the QWs at antinodes of the standing wave pattern formed.

The reflectivity of a resonant SESAM can be expressed with the Fabry-Pérot model (10):

R = (VRr + eXp(_z“d))z — 4,/Ry exp(—2ad)cos’ (%) |
(1+ \/R_T + eXp(—Zad))2 - 4\/R_T exp(—2ad)cos? (%)

4.1)

where Ry is the top mirror reflectivity, a is the absorber amplitude absorption coefficient, d
is the cavity thickness, and @, the round-trip phase shift in the cavity. The phase shift
consists of the following components (41):

B,y = 2ngprkd + Dy, + D, (4.2)
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where n,¢( is the refractive index of the cavity layers, k = 27/ the wave number, d the
physical thickness of the cavity, and ®,and @, are the phase shifts from the bottom and top
mirrors, respectively. In the model the bottom mirror reflectivity is considered to be 100 %.

The SESAM structure is resonant if ®,, = 2mm, and antiresonant if &, = (2m + 1)m.
Assuming the sum of the phase shifts from bottom and top mirrors to be 2m, which is
usually the case in SESAMs where additional coatings haven’'t been applied, the optical
thickness of the cavity L is

D, mTA (resonant)

L=mnerpd === 02m+ 12

. 4.3)
Z (antiresonant)

The optical properties of the SESAM can be varied greatly by the thickness of the cavity. In
particular, modulation depth is strongly enhanced and saturation fluence reduced if we
compare the values of a resonant SESAM to an anti-reflection coated (AR) SESAM. The field
intensity in the resonant SESAM microcavity is enhanced by a factor ¢ compared to the
intensity of an AR-coated (cavity-free) structure I, (42):

I = ¢l (4.4)
where
1—R;
£= > N (4.5)
(1+ /Rrexp(—2ad))” — 4,/Ry exp(—2ad) cos? (T”)
At the same time the effective saturation fluence is reduced by a factor 1/ ¢:
1
Fsat,eff = EFsat,O' (4 6)

The modulation depth of a resonant absorber can reach 100 % with an impedance matched
microcavity design (43). The low-intensity reflectivity spectrum of a highly resonant SESAM
with very high modulation depth is seen in Figure 4.1. The nonlinearity of the as-grown
SESAM has been further enhanced by evaporating a dielectric coating having a reflectivity of
60 % on the top of the SESAM, leading to a nearly impedance matched microcavity.

Resonant SESAMs have proved to be efficient in producing high modulation depths for Q-
switched lasers. In mode-locked lasers, the resonant properties of SESAMSs can also be used
to find the optimal characteristics for ultra-short pulse operation. In (RP3) the enhancement
of saturable and two-photon absorption (TPA) in resonant SESAMs was studied. By proper
design of the resonant structure the enhanced TPA can effectively prevent unwanted Q-
switched mode-locking (QSML) when operating in the mode-locked regime, whilst
maintaining the high modulation depth required for self starting of the mode-locking.
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Figure 4.1: Low-intensity reflectivity spectrum of a highly resonant SESAM. The resonance properties of the
uncoated SESAM have been further tuned by evaporating a dielectric coating having ~60% reflectivity on the
top of the SESAM leading to a nearly impedance matched structure. Courtesy of RefleKron Ltd.

4.2 Time response
It has been shown that the reduction in absorption recovery time t,.. does not notably
affect the pulse duration of a passively Q-switched laser (11), (12). Actually, fast saturable
absorbers may cause additional losses for long Q-switched pulses when the pulse width is
significantly longer than the absorption recovery time. The upper limit for the absorption
recovery time is the pulse-to-pulse duration of the Q-switching pulse train (44),
1
Tp < Trec < 7 4.7
ﬁ‘ep

Therefore, the optimal time response of a SESAM for Q-switching a fiber laser should be at
the nanoseconds scale.

The condition for effective passive Q-switching assuming an adiabatic response of the
saturable absorber (10), has been given in (45), (46)

E 1t
A (4.8)
Ea ZQO Trec

where the ratio of the saturation energies of gain material and absorber, respectively, is on
the left side. The saturation energy of the gain fiber is typically fairly high, e.g. a 6-micron
core ytterbium fiber has a saturation energy of 5 pJ (47). This corresponds to saturation
fluence (energy per area) of 17.7 J/cm?. This is many times higher than the saturation
energy of the absorber. E.g. in (P3) the saturation fluence of the absorber for 10 ns pulses is
5 md/cm?. It should be emphasized that the saturation fluence of the absorber depends
strongly on the pulse length, as is shown in (P1). Again, the roundtrip time in (P3) is 2.5 ns,
the modulation depth is ~0.7 and the recovery time ~1 ns. The left side of the equation then
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has a value of 3540, whereas right side is 1.79. Therefore, high saturation of the gain is
generally not a limiting factor in Q-switched fiber lasers where the requirement for
absorption recovery time is mainly determined by the laser efficiency which intuitively
suggests that recovery time should be close to the pulse length.

Long, ~1 ns recovery time is usually achieved by high-quality lattice growth by solid state
molecular beam epitaxy (SS-MBE). R. Paschotta et al. report even longer, 13 ns recovery
time of a SESAM used for Q-switching a fiber laser at 1.53 um (48). The SESAM was grown
with metal-organic chemical vapor deposition (MOCVD) on an InP substrate. The absorber
section is bulk IngssGag 42AS0.9Po.1 @and lattice matched to InP. The absorber section is capped
with an InP-layer to prevent lifetime reduction by surface recombination of carriers. S.C.
Huang et al. claim to have over 100 ns relaxation time for a transmission SESA based on
AlGalnAs quantum wells (49). Unfortunately they don’t specify the characterization method.

However, one possible topic for further research would be developing a QW-based SESAM
having several nanoseconds recovery time.
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As the pulse width of a Q-switched laser is proportional to the cavity round-trip time (11),
the fiber laser cavity length typically sets the limitation on the achievable pulse width. With
other technologies, e.g. microchip lasers, picosecond pulses have been realized (50). Thus,
parameters other than the cavity length must be taken under study in order to shorten the
pulse. In (P3) we produced 8-ns pulses from a passively Q-switched ytterbium fiber laser by
increasing the modulation depth AR of the absorber. The pulses were at the date of writing
(P3) the shortest obtained from a passively Q-switched fiber laser, which gained attention
from Nature Photonics (51). Sub-10 ns pulses generated by actively Q-switched fiber lasers
have been reported by several groups: In 1992 P. R. Morkel et al. already reported 2 ns
pulses with a short, high-gain, compound-glass fiber and a fast, high-extinction electro-optic
modulator (52). J. Limpert et al. reported 7.0 ns pulses with energy 0.5 mJ from Yb-doped
photonic crystal fiber and a BBO Pockels-cell together with a thin film polarizer (53). O.
Schmidt et al. report 7.3 ns and 2 mJ pulses generated by a rod-type Yb-fiber laser
modulated by acousto-optic modulator (54). However, to the best of my knowledge, the 8
ns pulses published in (P3) are still the shortest from passively Q-switched fiber laser.

5.1 8 ns pulses with a resonant SESAM

A resonant Fabry-Pérot structure in a SESAM microcavity proved to be an efficient way to
increase the modulation depth of the absorber, as discussed in Chapter 4.1. In antiresonant
geometries the modulation depth can be increased by increasing the number of quantum
wells, but this makes saturating the absorber difficult, i.e. it increases the saturation fluence.
A resonant geometry helps to keep the saturation fluence at a reasonably low level since
the incident pulse makes several roundtrips in the microcavity. Moreover, we shortened the
cavity using highly doped fiber as a gain medium and using dichroic coated fiber as an input
coupler / end mirror. The fiber laser cavity is formed between the lens coupled SESAM and a
polished fiber connector, which has a dichroic coating with a reflectivity of 65% at 1050
nm and is highly transparent at the pump wavelength (55). The 15 cm Yb-doped gain
fiber, having an absorption of 2000 dB/m at 980 nm, was core pumped at 974 nm
through the coated connector by a laser diode. The maximum absorbed pump power was
125 mW. A thin Fabry—Pérot etalon was placed into the free-space section of the cavity to
control the operation wavelength. Throughout the experiments, a short piece of passive
single-mode (Flexcore 1060) fiber could be spliced to the gain fiber to study the effect of
cavity length on the Q-switched pulse duration. The cavity round-trip time was first set to 13
ns and then decreased to 2.5 ns by removing the passive (undoped) fiber from the laser
cavity.
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The SESAM used in this study was fabricated by solid-source MBE on n-type GaAs(100)
substrate. The sample includes a bottom mirror comprising 24 pairs of AlAs/GaAs
quarter-wave layers forming a distributed Bragg reflector (DBR). The DBR’s stop band
had a center wavelength of 1050 nm and a 120 nm bandwidth. The absorber section
comprises 14 InGaAs quantum wells with 8 nm thickness. The quantum-well structure is
sandwiched between a GaAs buffer layer and a 100 nm GaAs cap layer. The thickness of the
buffer layer was adjusted to the resonance condition of the Fabry—Pérot microcavity formed
by the semiconductor DBR and the top reflector at the semiconductor/air interface.

The low-intensity reflectivity spectrum of the SESAM used in this study, shown in Figure 5.1,
reveals the deep resonance dip resulting in a high modulation depth of 70 % at the
wavelength of 1043 nm. The modulation depth is listed also at a few other wavelengths
marked in the figure.
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Figure 5.1: Low-intensity reflectivity spectrum of the resonant SESAM used in experiments. Modulation depth
AR has been listed at a few wavelengths.

The performance of the resonant SESAM on the pulse shortening was first studied in the
cavity with a round trip time of 13 ns. The lasing wavelength was controlled with intracavity
etalon in order to change the effective modulation depth as shown in Figure 5.1. The pulse
shortened from 360 ns to 60 ns when changing the modulation depth from 5 % to 40 %. The
pulse width was further decreased by shortening the cavity by removing the passive fiber
which resulted in a cavity round trip time of 2.5 ns. The pulse duration was decreased, as
expected, all the way to 8 ns with 70 % modulation depth.

Figure 5.2 shows the experimental results of the pulse duration dependence on the
absorber modulation depth and cavity round trip time. The results of numerical simulation
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of the laser dynamics using the model developed in (11), (12) are shown in this figure with a
solid curve. It should be mentioned that the excellent agreement between experimental
data and calculations has been achieved without adjustable parameters. This indicates that
assumptions made in the model, particularly that the saturable absorber is fully saturated
and the gain is efficiently depleted, are indeed applicable to the laser. Figure 5.2 also shows
that an excessive increase of AR beyond 70% does not result in a notable reduction of the
pulse width.
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Figure 5.2: Dependence of the pulse duration on the absorber modulation depth and cavity round trip time.
Solid curves show the results of numerical modeling which are in excellent agreement with experimental data.

The typical shape of a passively Q-switched pulse was clean without substructure, as seen
from the real-time oscilloscope trace in Figure 5.3. The corresponding pulse spectrum is
shown as an inset.
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Figure 5.3: Real-time trace from oscilloscope showing ~10 ns Q-switched pulse obtained for the laser cavity
with round trip time of 2.5 ns. The x scale is 10 ns per division. The corresponding optical spectrum is shown as
an inset.

The resonant SESAMs have proved to be an efficient way to reduce the pulse duration in
passively Q-switched fiber lasers. The high modulation depth of a resonant SESAM together
with the short cavity length made possible by highly doped gain fiber and an innovative
cavity design led to record value in passively Q-switched fiber laser pulse duration.

5.2 Advantages and limitations of Q-switched fiber lasers.

The general advantages of fiber lasers — high gain and good beam quality but long cavity —
are certainly applicable to Q-switched fiber lasers, too. Particularly, high gain makes it
possible to use saturable absorbers with high modulation depth, which is the key parameter
in achieving shorter pulses. On the other hand, fibers have relatively low gain and pump
absorption per unit length compared e.g. to bulk and microchip solid-state lasers due to
limitations in achievable doping levels, which in turn prevents significant reduction in cavity
length and consequently limits the potential for pulse width reduction. The pulse energy is
typically low for single-mode fiber lasers. However, it could be considerably increased by
using double-clad fibers, which accept poor pump beam quality but still retain superb
output beam quality. On the other hand, double-clad fibers typically require even longer
length since they exhibit lower pump absorption than single mode fibers. However, by using
doped photonic crystal fibers as gain media, promising results have been achieved in terms
of pulse energy and pulse width: millijoule pulse energies with ~10ns pulse durations have
been reported from rod-type Yb-doped photonic crystal fiber (53), (54).

High beam quality at high powers is easier to maintain with fiber lasers compared to bulk
solid-state lasers. On the other hand, when very high pulse energies are launched into fiber,
thermal lensing, and fiber nonlinearities including self-focusing, the Raman effect and
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Brillouin scattering may limit the achievable pulse energy. The nonlinear effects
accumulated in a long fiber could be higher than in bulk materials by a few orders of
magnitude.

Passively Q-switched fiber lasers may suffer from very high jitter, tens of microseconds. For
applications requiring low jitter, actively Q-switched fiber lasers should be primarily
considered. Finally, robustness, simplicity and cost-effectiveness represent practical
advantages of fiber technology over bulk solid state counterparts.

5.3 Towards higher pulse energies using Master Oscillator Power
Amplifier (MOPA)

Q-switched pulses are used in many applications, e.g. in industry, for marking, trimming, and
machining. Q-switched pulses can be used also as sources for new wavelengths in the visible
and ultraviolet spectrum by frequency conversion. These applications require high pulse
energies. It should be considered whether the high pulse energies will be generated by
building an oscillator which is already at millijoule level, or by having a low-power oscillator
followed by a power amplifier. Both concepts have their good and bad sides, which I'm
going to summarize below. While discussing MOPAs, | will concentrate mostly on a special
case, the master oscillator fiber amplifier (MOFA).

In principle the amount of complexity is increased when choosing the MOPA approach: the
number of pump (diode) lasers as well as other components such as dichroic mirrors, lenses,
isolators etc. is increased. Naturally this increases the price and size of the setup, too.
Moreover, the wall-plug efficiency of a MOPA is usually worse than that of a laser with
corresponding specifications. MOPAs and especially MOFAs are sensitive to back reflections.
With a fiber system this is more pronounced due to high gain: the back reflections might get
amplified and coupled back to the oscillator and disturb the laser operation or even damage
the components. However, using MOPA has certain advantages which may render it very
desirable: reaching the final specifications might be a lot easier in terms of wavelength
tunability, controlling the pulse repetition rate, pulse width or even pulse shape and beam
quality. In general, designing and building a low-power oscillator with desired specifications
is easier than a high power one, since generating high power can be decoupled from other
design aspects. One can e.g. choose a simple diode laser for the master oscillator and
modulate it with desired parameters, as described in (P2). When comparing a MOFA and
fiber laser, the intensities are lower in the amplifier fiber than in intracavity gain fiber, which
reduces the problems caused by nonlinear effects. However, the nonlinearities are still a
bad feature of MOFA, especially at high pulse energies and compared with MOPAs having a
bulk gain medium.

Some impressing achievements have been made with nanosecond MOFA amplification in
recent years. In 2002, J. Limpert et al. reported on the amplification of Q-switched pulses
from a Nd:YAG thin-disk laser in a Yb-doped large-mode-area fiber producing an average
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power up to 100W. The pulse energies were up to 4 mJ and the repetition rate ranged from
3 to 50 kHz (56). F. Di Teodoro et al. reported diffraction-limited 300-kW peak power pulses
amplified in 7.0 meters of Yb-doped double-clad fiber using a Q-switched Nd:YAG microchip
laser as a pulse source. The pulse width, repetition rate, and pulse energy were 0.8 ns, ~8
kHz, and 255pJ, respectively. Single mode operation was achieved by bend-loss mode
filtering. The active fiber was coiled on two cylindrical spools having diameters of 1.67 cm
and oriented orthogonally to ensure suppression of both helical polarities of LP1; mode (57).

The aforementioned results were realized by cw-pumping. However, Q-switched pulse
trains with low, <1 kHz repetition rates have proved to be more challenging for effective
amplification. Low repetition rates, even single-shot operation, find applications e.g. in
range finding. Continuous wave pumped amplification of low repetition rate pulse trains will
cause strong amplified spontaneous emission (ASE) or even spurious lasing (58) between
the pulses, which will deplete the upper-state population energy and decrease the
amplification efficiency. This can be solved by pulsed pumping, which unavoidably adds
some complexity to the system. C. Ye et al. reported a pulse-pumped Yb-fiber amplifier
which could deliver 138.2 pJ pulses with 0.83 ns duration and 167 kW peak power. The
repetition rate could be set freely from single-shot to 1 kHz. This was realized by proper
triggering of two drivers for the seed laser and pump diode separately (59). C. Bohling et al.
also studied pulsed pumping and optimal delay and duration of the amplifier pump pulses.
The generated 1.4 mJ and 1.0 ns pulses with 200 Hz repetition rate will result in a huge
intensity of 445 GW/cm? when focused to a spot of 20 pm in diameter (60).
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A practical pulse source for e.g. industrial applications must have a stable pulse train. The
fluctuation in the timing of the pulses in the pulse train is commonly referred to as timing
jitter. The timing jitter of a passively Q-switched fiber laser is typically rather large, a few
tens of microseconds. This is caused by fluctuations in temperature, pump power, cavity
loss, etc., and is recognized as an intrinsic and inevitable feature because the lasing modes
start from noise-like spontaneous emission (61). Due to the waveguiding geometry and a
relatively long cavity, fiber lasers have a high-level of intracavity spontaneous emission and
thus the fluctuations are more pronounced.

In (P4) we studied a method for stabilizing the pulse train of a passively Q-switched
ytterbium fiber laser by an optically-driven saturable absorber reflection modulator (SARM),
which proved to reduce the timing jitter by a factor of 1.66x10° from 50 us to 30 ns. SARM
provided both passive pulse shaping and active locking of the pulse train to a periodic
control signal, simultaneously.

The linear fiber cavity of the Q-switched laser studied here is terminated by lens-coupled
SARM and a narrow bandwidth fiber Bragg grating (FBG) with a reflectivity of 65% at 1035
nm, as shown in Figure 6.1. The core-pumped 10-cm-long ytterbium doped gain fiber has an
absorption of 1348 dB/m at pump wavelength 980 nm. The cavity roundtrip time is 11.6 ns
with a focused beam diameter at the modulator of 8.4 um.
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Figure 6.1: Q-switched fiber laser with saturable absorber mirror acting also as a modulator triggered with a
control signal. The fiber Bragg grating (FBG) and the modulator define the linear cavity. The fiber coupled
pump diodes are protected by free-space isolators. The absorber modulator was protected against residual
(non-absorbed in ytterbium fiber) cw 980-nm pump by a second 980/1035-nm dichroic coupler also used for
launching 980-nm control signal into the cavity.

The modulator used in this study was fabricated by solid-source molecular-beam epitaxy on
n-type GaAs (100) substrate. The sample includes a bottom mirror comprising 30.5 pairs of
AlAs/GaAs quarter-wave layers forming a distributed Bragg reflector (DBR) with the center
wavelength of 1060 nm and a 100-nm bandwidth. The absorber section comprises 13
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InGaAs quantum wells with 6.9-nm thickness. To enhance the modulation response of the
SARM, the absorbing quantum wells were placed at the antinodes of the optical standing-
wave pattern formed in the microcavity. The modulator is built of a high-quality lattice-
matched quantum-well structure to achieve long recovery time of absorption (>1 ns) and
thus to reduce possible loss for Q-switched pulse. Due to this, the nonsaturable loss «,,; was
also very low (0.5%). When this is the case, the resonant dip at the wavelength of 1035 nm
in the low-intensity reflectivity spectrum shows the achievable modulation depth of 35%
defined as the difference between unity and low intensity reflectivity, AR = 1 — Rjjnear —
Ans ® 1 — Rjinear @S Shown in Figure 6.2. In addition to the normal use of the absorber
mirror, the laser setup allows for optical modulation of the reflection response of the
absorption using a control signal.

Reflectivity

0.0 . 1 . 1 . 1 . 1 .
960 1000 1040 1080 1120 1160

Wavelength, nm

Figure 6.2: Low-intensity reflectivity spectrum of the modulator structure used in this study. Repetitive passive
Q-switching was achieved near the 1035 nm resonant wavelength of the monolithic semiconductor
microcavity formed by the DBR and Fresnel reflection at semiconductor-air interface.

The Bragg wavelength of the fiber grating was chosen to be centered at 1034.5 nm,
corresponding to the resonant wavelength of the semiconductor modulator, and during Q-
switched operation it preserved the spectrally narrow-bandwidth performance. In our
experiments, the Q-switched single-mode fiber laser was core-pumped with a fiber-coupled,
125 mW, 980-nm diode laser. The optical control signal was generated using another 980-
nm diode laser by direct current modulation. The control signal at 980 nm induces a
reflectivity change at the lasing wavelength of 1035 nm by partial saturation of the quantum
well absorption. The Q-switched pulse then tends to be temporally trapped by the lower-
loss absorption window. Figure 6.3 shows the response of the SARM to the modulating 980
nm pulses monitored in the reflection scheme using a low intensity probe signal at 1035 nm.
The modulation signal was similar to that used in the locking experiment. At off-states of the
modulation the reflectivity of the SARM was found to be 65 % and during the modulation
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35

pulse 81.5 %. The Q-switched pulse, however, dominates the saturation of the absorption

leading to a reflectivity of 99.5 % according to nonlinear reflectivity measurements.
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Figure 6.3: The reflectivity change caused by the modulating pulse monitored by a probe signal at 1035 nm.
The control signal partially saturates the absorption and causes an increase of the reflectivity during the pulse.
The Q-switched pulse locks to the lower-loss window caused by modulation.

The typical average power of the control signal at 5 kHz and 750 ns pulse width was 144 pW.
This gives a pulse energy of 28.8 nJ and demonstrates that a low-energy control signal is
suitable for synchronization and jitter reduction. The control pulses firmly locked the pulse
repetition rate near the frequency of the free-running purely passive Q-switched operation
firee-run. With an increase in the modulation frequency fmod, the Q-switched pulse repetition
rate frp first increases accordingly (frep=fmod) uNtil frnogs (1.4-1.6)% frreerun. FOr higher
modulation frequencies, the pulse repetition rate switches to a certain subharmonic of the
modulation frequency, as seen in Figure 6.4.
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Figure 6.4: Q-switched pulse repetition rate for three different pump powers corresponding to the free-
running (non-synchronized) repetition frequencies freeyn Of 2, 5 and 10 kHz. Modulation frequency was
ramped up in this experiment starting from feerun. The locking bandwidth AQ,. is indicated by the length of
the arrows.

Figure 6.4 shows the frequency locking performance of a Q-switched laser for 3 different
pump powers corresponding to feerun OF 2, 5 and 10 kHz. As can be seen from this plot, with
an increase in the modulation frequency fmed, the Q-switched pulse repetition rate frep first
increases accordingly (frep = fmod) until fmoa exceeds the value of (1.4-1.6)x fiee.run Which
denotes the upper level of the locking bandwidth AQi.« indicated in Figure 6.4 by the length
of the arrows. For higher modulation frequencies, the pulse repetition rate switches to a
certain subharmonic M of the modulation frequency, frep = fmod /M. For instance, for the Q-
switching regime with free.un =5 kHz, the 11th subharmonic at fmeq =83 kHz resulted in frep =
fmod /M=7.55 kHz=1.5x free-run.

The pulse-to-pulse timing jitter of the Q-switched fiber laser was measured directly from
oscilloscope traces. It can be seen from Figure 6.5(a) that without modulation-induced
stabilization, the Q-switched pulse builds up with a large timing jitter of ~50 ps. By contrast,
with the control signal activated, timing jitter remained below 30 ns, as shown in Figure
6.5(b). In Figure 6.5(a) the oscilloscope has been triggered on one pulse, and the subsequent
pulse has been recorded to a histogram for 2 s. In Figure 6.5(b) the oscilloscope has been
triggered to the control pulse, and the timing jitter of the first pulse was recorded with a
similar histogram. The technique used in Figure 6.5(a) was not possible in this case, since
the jitter was too low to be observed at that scale. This technique proved to reduce the
timing jitter in the Q-switched ytterbium fiber laser by more than a factor of 1.66x10°,
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Figure 6.5: Timing jitter shown as a histogram recorded with a digital oscilloscope and a photodiode from laser
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7. Conclusions

This thesis dealt with characterization of semiconductor saturable absorber mirrors
(SESAMs) in different operation regimes. Another emphasis was realizing passively Q-
switched fiber lasers based on SESAM technology. The main achievements of this study are
summarized as follows:

The dependence of the nonlinear response of a SESAM on the temporal
characteristics of the incident pulse was studied. The strong dependence
of the effective saturation fluence of the saturable absorber on the
absorption recovery time of the sample and incident pulse width was
proved by empirical experiments and confirmed by modeling. Moreover, a
simple method of absorption recovery time determination was developed
based on nonlinear reflectivity measurements with different pulse
durations.

The temporal response of the SESAM was tuned by the combined action of
Ni-ion irradiation and thermal annealing. Ni-ion irradiation shortens the
absorption recovery time effectively. It was shown that by use of a proper
annealing recipe the absorption recovery time could be tailored from
values corresponding to the slow as-grown absorber to those obtained
using Ni-ion irradiation. Thermal annealing was shown to decrease the
nonsaturable losses and was also expected to have a positive impact on
the long-term operation due to the removal of the short-lived states, both
caused by irradiation.

The resonant saturable absorber mirrors were used in passive Q-switching
of an Yb-fiber laser. The high modulation depth of 70 % combined with a
short cavity design resulted in 8 ns pulses, which are to date the shortest
realized by passively Q-switched fiber laser.

Passively Q-switched fiber lasers suffer typically from high timing jitter, i.e.
pulse-to-pulse timing instabilities. This detrimental effect was reduced by a
factor of 1.66x10° from 50 ps to 30 ns with an optically driven saturable
absorber modulator.
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The nonlinear response of an ion-irradiated saturable Bragg reflector, further modified by thermal an-
nealing, has been studied. We demonstrate that the absorption recovery time and the effective saturation
fluence dependent on the pulse duration can be tailored over a wide range after epitaxial growth by the
proper combination of ion irradiation and subsequent annealing. Thermal treatment is also an efficient
means for the reduction of the unbleachable losses and the stabilization of the absorber parameters.
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1. Introduction

Postgrowth thermal annealing is an important stage
in the fabrication of reliable semiconductor saturable
absorber mirrors (SAMs) for pulsed lasers, which
could offer degradation-free operation [1]. It should
be noted that absorbers may be operated with a high
density of light intensity and, consequently, may
acquire a significant thermal load. Fluences over
1J/cm? are possible even with low average power
Q-switched lasers [2]. Therefore, lasers may operate
close to the optical damage threshold of 3 & 1J/cm?
typical for GaAs-based reflectors [3]. The effect of
thermal annealing on improving the temporal stabi-
lity of SAM parameters is based on the removal of
short-lived defects. This could, however, also change
the absorption recovery time. There is still a need for
systematic studies of the thermal postgrowth treat-
ment, which could provide practical guidelines for
engineering the SAM response and stability. In this
paper we demonstrate that thermal annealing is an
effective means for tuning the absorption recovery
time of ion-irradiated SAMs and significantly redu-
cing the nonbleachable losses. These factors could
have a remarkable impact on the starting capability

0003-6935/08/091235-04$15.00/0
© 2008 Optical Society of America

140.3510, 140.3538, 160.6000, 190.5970, 230.5590, 320.5540.

of pulsed operation and are important for achieving
reliable long-term operation.

2. Experimental Details

The absorber section of the SAM comprises three
Ing 24Gag 76AsIng 30Gag 70AsIng 24Gag 76As  quantum
wells separated by 20nm thick barriers. The
structure is grown monolithically by molecular
beam epitaxy on a highly reflective distributed
Bragg reflector, which comprises 30.5 pairs of 1/4
AlAs/GaAs layers. On the top of the absorber
60 nm of GaAs was grown as a cap layer. Irradiation
with 6 MeV Ni ions with a dose of 5 x 10! cm™2 was
applied to reduce the recovery time of absorption to
the picosecond level [4]. Annealing of the irradiated
samples was performed in a dry nitrogen atmosphere
with a protective SiO, film deposited by plasma
enhanced chemical vapor deposition on the sample
prior to annealing to prevent outdiffusion. The
ramp-up rate from room temperature to the anneal-
ing temperature was 5.5°C/s. The protective film
was etched away after thermal treatment.

The nonlinear response of the structures was
derived from the dependence of their reflectivity
on the incident pulse fluence. The modulation depth
AR, saturation fluence F,;, and unbleachable loss «
were determined from these measurements. The
nonlinear response of the samples was studied using

20 March 2008 / Vol. 47, No. 9 / APPLIED OPTICS 1235



a mode-locked fiber laser and a @-switched fiber
laser producing 2 ps and 370 ns pulses, respectively.
Both lasers were operating at 1038 nm. The output of
the oscillators was amplified in a Yb-doped fiber am-
plifier. The pulse fluence was set by a variable 30 dB
attenuator. The output was split into two beams that
provided both the probe and the reference beams.
The beam was focused on the absorber using a micro-
scope objective. We measured a beam diameter of
3.1 ym using the knife-edge technique. The intensity
of the beams was detected by a dual-channel power
meter. The average reflectivity of the SAM was de-
termined as the ratio between the reflected beam
and the reference beam. The performance of the
absorbers was finally examined by using them in a
Yb-doped fiber laser.

3. Results

Figure 1 summarizes the nonlinear reflectivity
change for an as-grown slow sample and for ion-irra-
diated fast absorbers before and after thermal an-
nealing. An absorber with high modulation depth
AR is typically required to ensure reliable start-up
of mode-locking in a fiber laser. It has been shown
recently that using a resonant-type absorber allows
a large value of AR to be achieved while preventing
Q-switched instability [5]. The resonant SAM used
here has a modulation depth of ~14%. The absorp-
tion recovery time 7, was determined by the method
described in [6]. The measurements were performed
using both picosecond and nanosecond pulses. The
annealing details and the absorption recovery time
for as-grown and annealed SAM are listed in Table 1.
The effect of thermal annealing on the operation
regime can be qualitatively understood using expres-
sions derived from rate equation analysis. Steady-
state mode-locking is stable against @-switched
mode-locking if

Fp(dq/dFp) < T, /7, (1)

where Fp is the pulse fluence, q is the saturable ab-
sorption, T, is the cavity round trip times and 7z, is
the gain material recovery time [7]. In the continuous
wave (cw) mode-locking regime the absorber is
strongly saturated. When the pulse duration 7, is
much shorter than the absorption recovery time z,,
the absorption g saturated by the pulse is given by

q = ARexp(-Fp/Fy,0), where Fg,,, is the

saturation fluence for pulses with 7, << z,. Therefore,
the stability against @-switched mode-locking does
not change significantly with an annealed absorber
as long as the pulse duration is much shorter than
the absorption recovery time and the modulation
depth does not vary significantly. In contrast, the
stability criterion against @-switching of the cw-
running laser is determined by

~21(dq/dl) < T,/ (2)

where I is the intracavity intensity [8]. The saturable
absorption here is given by ¢ = AR/(1+1/1),
where I, is the saturation intensity. Because the
saturation intensity I = Fga,—0/7, is inversely
proportional to the recovery time and the saturable
absorber is weakly saturated for the cw regime, a
longer recovery time causes a higher value of the
“driving force” —2I(dg/dl) and may, therefore, viol-
ate the above inequality in Eq. (2) and provoke @-
switched operation. This effect can clearly be seen
from Table 1. For lasers with low saturation fluence,
the short recovery time and the high modulation
depth ensure stable cw mode-locking according to
Eq. (1). When the recovery time increases too much
(higher than ~100 ps), the value of the driving force
for @-switched operation is high, and the laser re-
mains in @-switched operation.

The first important observation derived from the
measurements is that the modulation depth of
the absorber mirror (~14%) is fairly independent
of the absorption recovery time, ion irradiation,
and regime of thermal annealing. Therefore, high
modulation depth absorber mirrors can be treated
thermally without detrimental effects on their
performance.

Pulse fluences larger than 1J/cm? were not avail-
able for these experiments, thus the samples with
fast absorption recovery could not be fully saturated
with long pulses, as in Fig. 1. The nonlinear response
and corresponding effective saturation fluence under
these conditions were determined assuming a shape
of a plot similar to that observed with picosecond
pulses (short pulse response, Fig. 1). The validity
of this assumption becomes evident from the com-
parison of different plots shown in Fig. 1. Here we
used the effective saturation fluence Fg,; .+ depen-
dent on the incident pulse width, which has been de-
fined in [6], contrary to the conventional definition

Table 1. Effect of Annealing on Absorption Recovery Time and the Regime of Laser Operation

Annealing Recovery Time Laser operation
Parameters (ps) ML, mode-locking; QS, @-switching
As-irradiated 2 ML self-starting is critical
400°C, 30s 9 Excellent, robust starting of ML
400°C, 60s 11 Good starting of ML
400°C, 120s 15 ML starting is difficult, double pulsing
600°C, 30s 119 QS with some instability
As-grown 170 Stable QS
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Fig. 1. Change in the reflectivity response of the absorber mirror

measured as a function of pulse fluence. Probe pulses measuring

2 ps and 370 ns long have been used to examine an as-grown slow

absorber and an irradiated fast saturable absorber before and

after annealing.

for saturation fluence that is determined for probe
pulses much shorter than the recovery time of ab-
sorption [9]. The expected increase in the effective
saturation fluence for nanosecond @-switched pulses
compared with picosecond mode-locked pulses can be
clearly seen in Fig. 1 by comparing the short and long
pulse responses.

Another conclusion that can be derived from Fig. 1
is that with appropriate thermal annealing (600 °C,
30s), the effect of ion irradiation can be largely elimi-
nated and the parameters of the absorber can be
restored, resulting in values typical for an as-grown
slow sample observed prior to ion irradiation. An-
nealing therefore allows the recovery time and, con-
sequently, the effective saturation fluence of the
absorption to be set at any value ranging from the
characteristic values for fast (after ion irradiation)
and slow (as-grown) absorber mirrors.

The plots in Fig. 1 clearly illustrate that it becomes
progressively more difficult to saturate the absorber
as the recovery time 7z, decreases. In particular, the
ion-irradiated fast absorber without thermal anneal-
ing shows no sign of saturation with pulses longer
than 100 ns. This behavior is more pronounced with
a further increase in the pulse duration. Figure 2
plots (filled circles) effective saturation fluence deter-
mined from the measurements with a @-switched
laser source as a function of the absorption recovery
time. This illustrates the increase in effective satura-
tion fluence with an increase in the speed of the ab-
sorption recovery. Another essential though expected
feature is a 7% decrease in unbleachable losses with
thermal annealing, which is illustrated in the same
plot (with empty circles) as a function of absorption
recovery time.

The experimental results presented above were
further analyzed by modeling the saturable absorber.

The saturable losses q(¢) of the SAM are described by
a rate equation in the form

dg(8) ~ q®)-qo a@®I(2)
a - ’ (8)

Ta Fsat,r—>0

where ¢ is the time, I(¢) is the incident intensity,
qo is the modulation depth, 7, is the absorber re-
covery time, and Fg, , o is the saturation fluence
for pulses much shorter than the absorber recovery
time [9]. To examine the absorber response, Eq. (3)
was numerically solved for pulses with different
durations and different energies. Figure 2 shows
the simulated data (half-filled circles) for the ef-
fective saturation fluence obtained. Figure 2 also
shows a fit (solid curve) using the expression
Fsat,eff/Fsat,-:—»O = 0'94Tpulse/7a with Tpulse — 370ns
[6]. The modeling confirms that the effective
saturation fluence is inversely proportional to the
recovery time.

Figures 3(a)-3(c) show the simulation results for
absorbers with recovery times of 2, 15, and 170 ps,
respectively. The contour plots in Fig. 3 show the
average saturable losses acquired by the pulse after
passing through the absorber. The graphs clearly
illustrate that the incident pulse energy required
for saturating the absorber increases significantly
with a pulse duration larger than the absorber recov-
ery time. It can also be seen from a comparison of
Figs. 3(a) and 3(b) that it would be easier to saturate
a slow absorber than a fast absorber with @-switched
pulses.

Testing the absorber samples in a fiber laser al-
lowed the observation of all regimes of pulsed op-
eration with the same semiconductor structure,
depending on the postgrowth processes applied. This
verifies that the parameters of the absorber mirror
can be largely tailored by ion irradiation followed
by thermal annealing. The Yb fiber laser with a
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Fig. 2. Unbleachable losses (empty circles) and effective satura-
tion fluence versus recovery time of absorption measured with
@-switched pulses. Measured data (filled circles), simulated data
(half-filled circles), and a hyperbolic fit of the measured data are in
good agreement, confirming the validity of the absorber model for
the effective saturation fluence.
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Fig. 3.
of the incident pulses.

linear cavity terminated by the SAM and an 80% end
reflector acting as an output coupler was a test bed
for absorber examination. The fiber section of the
cavity and the grating pair dispersion compensator
provide a round trip cavity anomalous dispersion
of —1 ps?, which supports the soliton pulse regime in
mode-locked operation. Use of this dispersion regime
was found to facilitate reproducible replacement
of the SAM samples in the cavity and ensure self-
starting short pulse operation for an extended range
of absorption recovery times compared with the nor-
mal dispersion regime. When the pulse formation oc-
curs in a laser with a fast saturable absorber, initially
long pulses (z, > 7,) experience a very large effective
saturation fluence Fy,; .+ and, therefore, propagate
in a high-loss regime. This explains why the starting
capability of a fast absorber is poor compared to a
slow absorber having a low value of F, ¢ for rela-
tively long pulses. With a gradual increase in absor-
ber recovery time, the effective saturation fluence of
the absorption decreases, and eventually approaches
the value typical for slow absorbers (z, < 7,). The fast
absorber with short recovery time 7, is, however,
more suitable for shaping short mode-locked pulses
because it is efficient in the rejection of the long
pulses that suffer large saturation fluence. There-
fore, the fast absorber is preferable for selecting
the mode-locking regime as compared with the slow
absorber where saturation fluence has a weak depen-
dence on pulse duration.

The results show that there is an optimum value
for the recovery time of an absorber (z, ~ 9ps) that
offers both reliable start-up of passive mode-locking
and efficient pulse shaping in fiber lasers in excellent
agreement with the numerical modeling [10]. Table 1,
discussed above, summarizes the effect of annealing
on the absorption recovery time and laser operation.

4. Conclusions

In conclusion, we have studied the nonlinear re-
sponse of a semiconductor SAM as a function of post-
growth processing. We show that the absorption
parameters of ion-irradiated absorbers can be opti-
mized by thermal annealing to support the desired
operation regime. In addition to causing a decrease
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in the nonbleachable losses, thermal treatment is
expected to have a positive impact on the long-term
operation due to the removal of the short-lived states
induced by ion irradiation. Using the combined
action of ion irradiation and annealing, saturable
absorber parameters may be tailored from values
corresponding to the slow as-grown absorber to
those obtained using high-energy heavy ion irradia-
tion. Different operation regimes of a pulsed laser
could thus be achieved with the same semiconductor
structure depending on the regime of the postgrowth
processing.
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We demonstrate that resonant high-modulation-depth saturable absorbers allow efficient pulse shortening
in @-switched lasers. Using a 70% modulation depth resonant saturable absorber mirror we achieved 8 ns
pulses that are close to the limit set by the cavity length and are, to our knowledge, the shortest pulses

demonstrated to date from passively @-switched fiber lasers. © 2007 Optical Society of America
OCIS codes: 060.2320, 140.3480, 140.3510, 140.3540, 140.3600.

Different applications benefit from short high-peak-
power pulses. High peak powers can usually be pro-
duced by @-switched lasers; however, fiber lasers—
one of the most promising type of laser—typically fail
to generate pulses shorter than a few hundred nano-
seconds because of the relatively long cavity. Passive
@ switching using semiconductor saturable absorbers
has many advantages since the absorber parameters
that determine the pulse duration can be tailored in
a wide range, particularly, the absorption recovery
time and the modulation depth. It has been shown,
however, that the decrease in the recovery time of the
absorption does not contribute notably to the pulse
shortening [1,2], whereas fast saturable absorbers
may cause additional losses for long @-switched
pulses when the pulse width is notably longer than
the recovery time of the absorber (7,yse> Tabsorption)-
Therefore, the modulation depth of the saturable ab-
sorber is an exceptional factor in achieving the short
pulse regime.

Recently, we have shown that a resonant semicon-
ductor saturable absorber mirror (SESAM) with a
high reflectivity change allows reliable start-up of
passive mode locking in a wide range of normal or
anomalous cavity dispersion and efficiently sup-
presses the detrimental effect of amplified spontane-
ous emission [3,4]. Resonant saturable absorbers of-
fer a modulation depth of up to AR=100% with a so-
called impedance-matched design [5]. This type of
SESAM, however, unavoidably induces certain band-
width restrictions that limit achievable pulse short-
ening in the mode-locked regime. Therefore, the com-
bination of AR and A\ is always subject to trade-off
in ultrashort pulse lasers. Contrary to mode-locked
systems, a narrow-line optical spectrum is typically
desired for @-switched lasers. This gives a strong mo-
tivation for using high modulation depth resonant-
type absorber mirrors in passively @-switched lasers
to achieve efficient pulse shortening.

Since the pulse width 7, is proportional to the
cavity round-trip time 74 [1], the pulse shortening in
a @-switched fiber laser is primarily limited by the
cavity length, which cannot be made as short as in
other laser types, e.g., microchip lasers. Therefore,
increasing the modulation depth AR of the absorber

0146-9592/07/182677-3/$15.00

mirror is an exceptional opportunity for producing
short pulses in @-switched fiber lasers. In this Letter,
we propose a resonant saturable absorber for de-
creasing the pulse duration because it allows signifi-
cant increase in modulation depth compared with an-
tiresonant Fabry—Perot structures [6]. The large
modulation depth can be achieved in an antiresonant
geometry only with substantial absorption, e.g., by
increasing the number of quantum wells, which in
turn unavoidably leads to vast saturation fluence.
With resonant configuration, cavity enhanced modu-
lation depth is accompanied by a corresponding re-
duction in the saturation fluence.

8 ns pulses have been obtained using a resonant
absorber with a modulation depth of 70%; to our
knowledge, these are the shortest pulses reported to
date from passively @-switched fiber lasers. It should
be noted that the shortest width of @-switched pulse
that could be achieved with an ideal absorber is a few
times larger than the cavity round-trip time [1,2,6].
Therefore, reports on the operation of @-switched la-
ser with pulses shorter than the round-trip time, e.g.,
[7], are likely to originate from temporal instability
due to @-switched mode locking when one mode-
locked pulse accidentally appears within the
Q-switched envelope. This operation mode is unlikely
to offer long-term stability and cannot be recognized
as a pure @-switched operation.

The fiber laser cavity is formed between the lens
coupled SESAM and a polished fiber connector, which
has a dichroic coating with reflectivity of 65% at
1050 nm and is highly transparent at the pump
wavelength. The 15 cm Yb-doped gain fiber, having
absorption of 2000dB/m at 980nm, was core
pumped at 974 nm through the coated connector by a
laser diode. The maximum absorbed pump power
was 125 mW. A thin Fabry—Perot etalon was placed
into the free-space section of the cavity to control the
oscillation wavelength. Throughout the experiments,
a short piece of passive single-mode (Flexcore 1060)
fiber could be spliced to the gain fiber to study the ef-
fect of cavity length on the @-switched pulse dura-
tion. The cavity round-trip time was first set to 13 ns
and then decreased to 2.5 ns by removing the passive
(undoped) fiber from the laser cavity. The laser was

© 2007 Optical Society of America



teristics of the resonant structure. It should be men-
tioned that the excellent agreement between
experimental data and calculations has been
achieved without adjustable parameters. This indi-
cates that assumptions made in the model, particu-
larly that the saturable absorber is fully saturated
and the gain is efficiently depleted, are indeed appli-
cable to the laser. Figure 2 also shows that an exces-
sive increase of AR beyond 70% does not result in a
notable reduction of the pulse width.

Further decrease in the pulse duration could be
achieved only by using a cavity with a shorter length
comprising exclusively the Yb-doped gain fiber. The
plot in Fig. 2 corresponding to the shorter cavity with
Tround trip=2.D NS reveals an expected decrease in the
pulse width. The 8 ns pulse achieved for AR ~70% is
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Fig. 1. Low-intensity reflectivity of the resonant semicon-

ductor saturable absorber mirror. The resonant wavelength
of the SESAM microcavity is 1043 nm.

capable of producing 20 mW of average output power
at the highest available pump power.

The SESAM used in this study was fabricated by
solid-source molecular-beam epitaxy on n-type
GaAs(100) substrate. The sample includes a bottom
mirror comprising 24 pairs of AlAs/GaAs quarter-
wave layers forming a distributed Bragg reflector
(DBR). The DBR’s stop band had a center wavelength
of 1050 nm and a 120 nm bandwidth. The absorber
section comprises 14 InGaAs quantum wells with
8 nm thickness. The quantum-well structure is sand-
wiched between a GaAs buffer layer and a 100 nm
GaAs cap layer. The thickness of the buffer layer was
adjusted to the resonance condition of the Fabry—
Perot microcavity formed by the semiconductor DBR
and the top reflector at the semiconductor/air inter-
face. The low-intensity reflectivity spectrum of the
SESAM used in this study, shown in Fig. 1, reveals
the resonant wavelength of 1043 nm. The absorption
recovery time of the SESAM was found to be 300 ps.
As has been discussed recently, the saturation flu-
ence F,; depends on the pulse duration 7, [8]. The
saturation fluence of the absorber mirror for
@-switched pulses was found to decrease from 62 to
5 md/cm? for pulse durations of 125 and 10 ns, re-
spectively. Data show that saturable absorption is in-
deed highly oversaturated with the pulse, since the
fluence at the SESAM exceeds typically the value of
1 J/cm?. Particularly, operation at the repetition rate
of 58.7kHz with an intracavity average power of
50 mW results in a pulse energy of 0.86 ud. The di-
ameter of the mode spot at the SESAM of 6.2 um
thus gives the fluence of 2.85 J/cm?.

First, the performance of the resonant absorber
was studied in a laser cavity with a round-trip time
of 13 ns. The duration of the @-switched pulses as a
function of the SESAM modulation depth is given in
Fig. 2. The results of numerical simulation of the la-
ser dynamics using the model developed in [1,2] are
shown in this figure with a solid curve. We could re-
duce the pulse width from 360 to 60 ns exclusively by
increasing the modulation depth of the saturable ab-
sorber achieved using wavelength-dependent charac-

the shortest pulse duration reported to date from
passively @-switched fiber lasers. The typical shape
of a passively @-switched pulse was clean without
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Fig. 2. Duration of the @-switched pulse depending on the
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length. Solid curves show corresponding results of numeri-
cal simulation.
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Fig. 3. Real-time trace from oscilloscope showing ~10 ns
R-switched pulse obtained for the laser cavity with round-
trip time of 2.5 ns. The x scale is 10 ns per division. The cor-
responding optical spectrum is shown as an inset.
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substructure, as seen from the real-time oscilloscope
trace in Fig. 3. The corresponding pulse spectrum is
shown as an inset. The typical pulse energy and peak
power achieved here with core pumping by one
single-mode diode were 0.1 uJ and 10 W, respec-
tively.

The low optical efficiency obtained here is prima-
rily determined by two factors: the low efficiency of
the highly doped Yb fiber available for this experi-
ment and the fast recovery of the saturable absorp-
tion. An increase in the efficiency and pulse energy is
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expected with state-of-the-art fiber, particularly, with
large mode area fiber [9] and by using high power di-
odes in a cladding pumping scheme. The increase in
the absorption recovery time of the multiple-
quantum well semiconductor to 1ns, and even
slightly above would be possible by thorough optimi-
zation of the growth conditions [9].

Since the absorber is fully saturated, the pulse du-
ration does not depend noticeably of the pump power,
while the repetition rate increases linearly in agree-
ment with the theoretical predictions [2]. This fea-
ture is illustrated in Fig. 4 for laser configuration
with 7,undtrip= 13 ns. Because the repetition rate and
average output power depend linearly on the pump
power, the @-switched pulse energy was fairly inde-
pendent of the pump power. For the maximum out-
put power of 20 mW, the repetition rate decreases
from 180 to 40 kHz when AR increases from 7% to
38%, as shown in Fig. 5. It can be seen from the fig-
ure that the data are adequately fitted with fiepetition
~(AR)! dependence expected from the model.

In summary, we have found that using resonant
saturable absorber mirrors in a @-switched fiber la-
ser may significantly improve the performance by
producing pulses with reduced width. The potential
of the resonant saturable absorber has been illus-
trated through demonstration of pulse shortening in
a @-switched Yb fiber laser by a factor of 7 using a
SESAM with a modulation depth of AR=45% when
compared with an absorber mirror with AR=7%. The
modulation depth of 70% achieved near the resonant
wavelength of the absorber microcavity allowed gen-
eration of pulses with duration of 7,,,=8 ns.
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Abstract: A technique for stabilizing the repetition frequency of a passively
Q-switched laser is presented using an optically driven surface-normal
semiconductor modulator. A method is capable of significant reduction of
the timing jitter in a passively Q-switched laser by optical triggering the
saturable absorber semiconductor reflector. The experimental demonstration
using passively Q-switched ytterbium-doped fiber laser shows the jitter
reduction by factor of 1.66x10° from 50 ps down to 30 ns.
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1. Introduction

In different applications of pulsed laser systems, it is necessary to have an accurate control of
the temporal characteristics of the pulse train including both the pulse width and the repetition
rate. It is known that the duration of the pulses passively Q-switched using saturable absorbers
depends critically on the cavity round-trip time, modulation depth of the absorber and the
output coupler reflectivity [1-3]. Very recently, a novel mechanism of pulse shortening in a Q-
switched laser induced by the gain compression effect under strong pumping conditions has
been reported [4]. In passively Q-switched fiber lasers, using high modulation depth saturable
absorbers have proved to be an efficient method in short pulse generation. With 70%
modulation depth absorber, we have achieved recently a 8-ns pulses, as described in [5]. The
modulation depth AR of the absorber is determined mainly by the value of the low-intensity
reflectivity R, assuming low non-saturable losses (on.s<<l) in the absorber mirror,
AR=1-R_—on.s. The highest usable modulation depth, therefore, depends largely on the
round-trip gain in the cavity, which is essentially high for fiber lasers. Consequently, the
usable value of the modulation depth AR could be very large particularly for fiber systems
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providing convenient means of pulse shortening for passive Q-switched operation. The
practical fiber system should, however, in addition offer the high stability of the pulse train
repetition rate, whereas the timing jitter of passively Q-switched fiber lasers is rather large,
typically of few tens of microseconds. It is well documented that a large timing jitter of a
passively Q-switched lasers is caused by fluctuations in temperature, pump, loss, etc, and
recognized as an intrinsic and inevitable feature because the “first photon” comes to the lasing
mode from noise-like spontaneous emission and imposes a fundamental limit on the stability
of the repetition rate[6]. Thisissueis particularly operative in fiber lasers characterized with a
high level of intracavity spontaneous emission owing to the waveguiding geometry and
relatively long-length cavity. Intensity of the amplified spontaneous emission captured in a
fiber cavity could be comparable with the intensity of the laser emission and, therefore, it can
significantly affect the start-up and temporal stability of the pulse regime [7]. In this study we
demongtrate a novel method for timing jitter reduction in a passively Q-switched laser using
an optically-driven saturable absorber reflection modulator (SARM) that provides both
passive pulse shaping and active locking of the pulse train to periodic control signal,
simultaneously.

2. Experimental details

The linear fiber cavity of the Q-switched laser studied here is terminated by lens-coupled
SARM and a narrow bandwidth fiber Bragg grating (FBG) with reflectivity of 65% at 1035
nm, as shown in Fig. 1. The core-pumped 10-cm-long ytterbium doped gain fiber has
absorption of 1348 dB/m at 980 nm. The cavity roundtrip time is 11.6 ns with a focused beam
diameter at the modulator of 8.4 pum.

980 nm control \ Residual

@80 nhm CW pump pulse train CW pump

Yb fiber

Output
980/1035 Modulator

dichroic couplers

Fig. 1. Q-switched fiber laser with saturable absorber mirror acting also as a modulator
triggered with a control signal. Fiber Bragg grating (FBG) and the modulator define the linear
cavity. The fiber coupled pump diodes are protected by free-space isolators. The absorber
modulator was protected against residual (non-absorbed in ytterbium fiber) CW 980-nm pump
by second 980/1035-nm dichroic coupler used for launching into the cavity 980-nm control
signal.

The modulator used in this study was fabricated by solid-source molecular-beam epitaxy
on n-type GaAs (100) substrate. The sample includes a bottom mirror comprising 30.5 pairs
of AlAS/GaAs quarter-wave layers forming a distributed Bragg reflector (DBR) with the
center wavelength of 1060 nm and a 100-nm bandwidth. The absorber section comprises 13
InGaAs quantum wells with 6.9-nm thickness. To enhance the modulation response of the
SARM, the absorbing quantum wells were placed at the antinodes of the optical standing-
wave pattern formed in the microcavity. The modulator is built of high-quality lattice-matched
guantum-well structure to achieve long recovery time of absorption (>1 ns) and thusto reduce
possible loss for Q-switched pulse. Due to this, the non-bleachable loss was also very low
(<0.5%). When this is a case, the resonant dip at the wavelength of 1035 nm in the low-
intensity reflectivity spectrum shows the achievable modulation depth of 35% defined as the
difference between unity and low intensity reflectivity, as it is defined in the introduction and
shown in Fig. 2. In addition to the normal use of the absorber mirror, the laser setup allows for
optical modulation of the reflection response of the absorption using a control signal.
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Fig. 2. Low-intensity reflectivity spectrum of the modulator structure used in this study.
Repetitive passive Q-switching was achieved near 1035 nm resonant wavelength of the
monoalithic semiconductor microcavity formed by DBR and Fresnel reflection at
semiconductor-air interface.

The Bragg wavelength of fiber grating was chosen to be centered a the 1034.5-nm
corresponding to the resonant wavelength of the semiconductor modulator and during Q-
switched operation it preserved the spectrally narrow-bandwidth performance. In our
experiments, the Q-switched single-mode fiber laser was core-pumped with a fiber-coupled,
125 mW, 980-nm diode laser. The optical control signal was generated using another 980-nm
diode laser by direct current modulation. The control signal at 980 nm induces reflectivity
change at lasing wavelength of 1035 nm by partial saturation of the quantum well absorption.
The Q-switched pulse then tends to be temporally trapped by the lower-loss absorption
window. The control pulses locked firmly the pulse repetition rate near the frequency of the
free-running purely passive Q-switched operation in a range of ~(1+1.6)xfrreerun, Where
frree.run Was determined at a given pump power when the control signal was switched off.
Robust locking could be achieved with low-energy modulation. The typical average power of
the control signal at 5 kHz and 750 ns pulse width was 144 uW. This gives pulse energy of
28.8 nJ and demongtrates that low-energy control signa is suitable for synchronization and
jitter reduction.

Optical modulation response was studied in reflection scheme. Low-intensity cw probe
signal at resonance wavelength (1035 nm) and control pulse train at 980 nm were focused on
the sample similar to the Q-switched laser setup described in Fig. 1. An additiona 75/25-tap
coupler was used for monitoring purposes. The reflectivity of the modulator was 65 % at 1035
nm, when modulation was turned off. Modulation response was found from the temporal
reflectivity change induced by the control signal, as seen from Fig. 3. The amplitude of the
modulation signal was identical to that used in the locking experiment. The modulator
reflectivity was found to increase up to 81.5 % at the control pulse time slot. It is, however,
obvious that high-energy Q-switched pulse provides the dominant saturation of the absorption
resulting in modulator reflectivity of 99.5 %.
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Fig. 3. Modulation response monitored with the probe signal at 1035 nm. Control signal at 980
nm induces a reflectivity change due to partial saturation of the absorption.

3. Results

Figure 4 shows the frequency locking performance of Q-switched laser for 3 different pump
powers corresponding to frree.run Of 2, 5 and 10 kHz. Asit can be seen from this plot, with an
increase in the modulation frequency fyop, the Q-switched pulse repetition rate freprate first
increases accordingly (freprate= fmop) until fyop exceeds the value of ~(1.4-1.6)%frreerun
which denotes the upper level of the locking bandwidth AQ,. indicated in Fig. 4 by the
length of the arrows. For higher modulation frequencies, the pulse repetition rate switches to
the certain subharmonic M of the modulation frequency, freprate= fmon/M. For instance, for
the Q-switching regime with feree.run=5 kHz, the 11" subharmonic at fy0p=83 kHz resulted

in fREPRATEZfMOD/M =7.55 kHZzl.SfoREE_RUN.

kHz
= P =
o] o N SN
T T T T T

Pulse repetition rate, f____. .,
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10 100
kHz

MoD’

Fig. 4. Q-switched pulse repetition rate for three different pump powers corresponding to the
free-running frequencies fereerun Of 2, 5 and 10 kHz. Modulation frequency was ramping up in
this expa'| ment starti ng from the fFREE-RUN-

#94703 - $15.00 USD  Received 4 Apr 2008; revised 22 May 2008; accepted 26 May 2008; published 29 May 2008

(C) 2008 OSA

9June 2008/ Voal. 16, No. 12/ OPTICS EXPRESS 8723



T T h—
Free-running
Q-switching:

—f

=5 kHz

REPRATE E

>

% Freguency-locked

o | Q-switching: E
;: _fREPRATE: 5 kHZ 4
g | _fREPRATE: 6 kHZ _
E _fREPRATE: 8 kHZ

1033 1034 1035 1036
Wavelength, nm

Fig. 5. Optical spectra for identical pump power and different repetition rates set by the control signal.

Asit is generally expected, the pump efficiency decreases at low pulse repetition ratesin a
manner consistent with the spontaneous-relaxation time resulting in a reduced inversion
density and time-averaged output power of the laser. This feature could be observed as an
increase of the background non-lasing radiation in the optical spectrum for low repetition
frequencies, as seen from Fig. 5. Thetypical average output power was of the order of 1 mW.

The oscilloscope trace reveals the Gaussian shape of the pulse with a width of ~80 ns
nearly independent on the repetition rate. The pulse-to-pulse timing jitter of the Q-switched
fiber laser was measured directly from oscilloscope traces. It can be seen from Fig. 6(a) that
without modulation-induced stabilization, the Q-switched pulse builds up with a large timing
jitter of ~50 ps. By contrast, with the control signal activated, timing jitter remained below 30
ns, as shown in Fig. 6(b). In Fig. 6(a) the oscilloscope has been triggered on one pulse, and the
subsequent pulse has been recorded to a histogram for 2 s. In Fig. 6(b) the oscilloscope has
been triggered to the control pulse, and the timing jitter of the first pulse was recorded with
similar histogram. The technique used in Fig. 6(a) was not possible in this case, since the jitter
was too low to be observed at that scale.
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Fig. 6. Timing jitter shown as a histogram recorded for 2 s. With the activated control signal,
the timing of the Q-switched pulseistemporally locked to the control pulse resulted in the jitter
reduction from 50 ps (a) to 30 ns (b) at the repetition rate of freprate=5 kHz. The timing jitter
has been defined as shown in the Figure by arrow gap.
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Fig. 7. Therelative time location of the control and Q-switched pulses for the locking state. For
larger time delay between the pulses, the synchronization of the Q-switched pulse repetition
rate to the control signal could not be achieved. (Control and Q-switched pulse amplitudes are
not in scale).

Locking performance and timing jitter were further studied by tuning the Q-switched pulse
location in the time domain in respect to control pulse for various pump powers. Figure 7
illustrates the range of relative pulse detunings that ensures the pulse synchronization to the
locking signal. The control pulse with duration of 750 ns is seen in the figure as a small-
amplitude sguare-shaped pulse superimposed with Gaussian-like Q-switched pulse. The
amplitude of the Q-switched pulse in these measurements was strongly attenuated for clarity
of the scope traces. The uppermost pulse trace in this figure indicates the largest detuning that
till provides the firm pulse locking. For larger shifts, the laser operates in the free-running
passive Q-switching mode.

The timing jitter of the locked pulses gradually decreases with the pump power, as seen
from Fig. 8. This observation is in agreement with results presented in Fig. 4, where the
locking bandwidth AQ,. for pulse repetition rate at the fundamental harmonic of modulation
frequency (freprate=fmop) iS shown to increase with free-running frequency that is
proportional to the pump power. Finaly, the measurements confirm that the locking
bandwidth scales up with the duration of the control pulse, as seen from Fig. 9.
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Fig. 8. Timing jitter of the Q-switched pulse train for the locking state versus pump power.
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Fig. 9. The dependence of the locking bandwidth AQ,.« on the control pulse duration.

4. Conclusions

In conclusion, we described a novel technique for controlling Q-switched pulse timing
demonstrated experimentally using surface-normal semiconductor modulator in an Y b-doped
fiber laser. The dependence of locking bandwidth and pulse timing jitter on the parameters of
control pulse and pump power was thoroughly studied. The Q-switched ytterbium fiber laser
shows more than by factor of 1.66x10° reduction in timing jitter from 50 ps down to 30 ns
with the proposed modulation technique.
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