
Chapter 11
Active Fibre Mode-locked Lasers
in Synchronization for STED Microscopy

Shree Krishnamoorthy, S. Thiruthakkathevan and Anil Prabhakar

Abstract Mode-locked fibre ring lasers can generate picosecond optical pulse
widths with MHz repetition rates. Applications in optical imaging, or in experi-
ments with pump-probe lasers, benefit from being able synchronize two lasers at
high repetition rates, while retaining the narrow optical pulse widths. We investi-
gate the characteristics of an actively mode-locked fibre ring laser, designed as a
slave laser and driven by a commercial Ti:Sapphire laser acting as a master. The
master-slave synchronization was stabilized for frequency detuning by matching the
cavity lengths, and the dependence of the output pulse width of the slave laser was
studied as its cavity was detuned. The increase in pulse width was asymmetric about
the ring cavity resonance frequency, a phenomenon that we were able to establish
as a consequence of an asymmetry in the detuning range of the higher order cav-
ity modes. We observed that the detuning range decreased linearly with the mode
number, an observation that was supported by a theoretical perturbative analysis of
cavity locking.

11.1 Introduction-Nanoscopy and Lasers

Microscopy has seamlessly adopted laser sources to improve imaging. They have
been challenging the theoretical boundaries of traditional microscopy to improve the
image resolution to nanometers.With continued advancements,microscopic imaging
has transitioned to nanoscale imaging, and the field is now aptly being referred to
as nanoscopy. To image finer structures, scanning tunneling microscopes (STM) [1]
and UV based microscopes have moved to wavelengths below the visible spectrum.
However, such techniques are not compatible with live cell imaging as the absorption
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and scattering is very high [2].Consequently, advancedmicroscopyusing superlenses
and other artificially created materials [3, 4] are being pursued.

Fluorescent microscopy is widely used, and preferred, as a method to label the
proteins of interest. This allows us to study specific phenomena dealing with inter-
actions of molecules in live cells and tissues. However, fluorescent microscopy is
limited in spatial resolution by Abbe’s limit. Techniques such as structured illumi-
nation microscopy rely on the mathematical nature of the imaging instruments and
improve the resolution in the post-processing stage [5] e.g. we can use aMoiré pattern
to preserve the phase information in the widefield image. Some techniques rely on
intensity dependent non-linear interactions like two-photon (2p) andmulti-photon [6]
absorption within the sample. Similarly, total internal reflection (TIRF) microscopes
uses evanescent optical fields to achieve finer resolutions [7]. Near field optics is
also used in near-field scanning optical microscopy (NSOM) for nanoscopy. Other
techniques, such as photoactivated localization microscopy (PALM) and stochastic
optical reconstruction microscopy (STORM), allow a very small fraction of the illu-
minated molecules to fluoresce, while keeping the a spatially selected illuminated
population in dark state using a patterned laser like RESOLFT, GSD and STED
[8–10].

11.1.1 STED with Pulsed Lasers

STED is a fast, all optical technique for nanoscopy imaging [11], wherein the fluores-
cent molecules are de-excited using a depletion laser [8, 12]. The depletion photons
interact with the excited molecules only at the periphery of the excitation spot, sup-
pressing the fluorescence there. As a result, only the molecules at the center will
fluoresce, cause the imaged spot size to reduce. The suppression of fluorescence is
intensity dependent and the effective spot size becomes

d ≈
(

λ

2n sin α

)
1√

1 + Id
IS

. (11.1)

This ismerelyAbbe’s resolution, further reduced by depletion laser intensity Id when
compared to the saturation intensity IS [13]. The mechanism of STED is explained
in Fig. 11.1.

For a typical fluorophore (fluorescein here), there are two absorption regions, the
first is the single photon excitation, or just excitation and another is the 2p excitation.
The emission region is shown for the fluorophore. The depletion laser is shaped into
a donut and superposed on the sample with the excitation 2p laser spot, as shown
in the spatial domain in Fig. 11.1. 2p excitation occurs as usual and the fluorescence
intensity decreases typically as shown in the temporal panel. However, in the yellow
regionswith strong overlap between the depletion and the excitation, the fluorescence
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Fig. 11.1 Summary of 2-photon (2p) STED process. In the spectral domain, we see the excitation
and 2p excitation spectra and the emission spectrum. Spatially the donut STED beam of wavelength
in the depletionwindow superposes the 2p excitation spot. Yellow shows significant overlap regions.
Temporally the fluorescence trace for one excitation cycle is shown. Red pulses are excitation, green
are depletion pulses, and the dark green time trace is the resulting fluorescence. The center of the
excitation is unaffected, whereas the peripheral regions experience quenching by the depletion laser

is suppressed and the excited molecules are stimulated emission depleted by the
depletion laser as shown to the left of the temporal traces.1 Although the resolution
is enhanced with higher depletion laser intensities, we cannot arbitrarily increase
the power of the depletion laser. With increased photon energies on the biological
sample, there is an increase in photo-bleaching and thermal damage. One way to
minimize these effects is to use pulsed lasers which can deliver high energies for a
short duration, typically hundreds of picosecond to nanosecond pulses, reducing the
average energy incident on the sample. The pulsed excitation also allows for one to
use gated detection, by operating the detector at high gains over short durations. This

1The depletion trace in Fig. 11.1 is a simulation using actual fluorescence traces, not actual data.
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reduces noise in the images by leaving out the undepleted fluorescent molecules [14].
2p excitation has been used with CW depletion in STED [15–17]. Here, an IR pulsed
laser is used to excite the fluorescent molecules. The small focal volumes in which
the fluorophores are excited in a two-photon process, the photo-bleaching is reduced.
As an added advantage, light scatters less at longer wavelengths as it propagates in
an aqueous medium, thus allowing excitation from deeper within a tissue sample.

11.1.2 Pulsed Fibre Lasers for Synchronization

We focus on the problem of designing and operating two synchronized pulsed lasers
to realize a pulsed STED with 2p excitation and pulsed depletion. 2p excitation
is typically done using femto-second pulses from commercial Ti:Sapphire passive
mode-locked lasers.

The excitation and the depletion lasers need to be synchronized. This is achieved
by setting up an interaction between the two laser cavities as shown in Fig. 11.2. The
synchronization signal can be in optical or RF domains. Optical synchronization
imposes certain demands on the slave lasers, as they will need to produce consistent
optical pulses over the operation range of the master. Typical design considerations
could be

• pulse to pulse synchronization,
• wavelength restriction,
• pulse widths,

Fig. 11.2 Schematic of
master and slave lasers in
synchronization.
Synchronization signal is
typically around 80MHz.
The master laser is a
commercial Ti:Sapphire
laser [18] and the slave is a
Yb:doped actively
mode-locked laser using RF
signal derived from master
laser optical pulse train [19]
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• pulse energies and
• spectral linewidth.

Of all the items, the key factor required in synchronization is the pulse to pulse
correspondence between the master and the slave lasers.

There are different implementations of slave lasers in literature. As a depletion
laser, an additional pulse stretching module is adopted that converts a part of the
master’s femto-second laser output into a picosecond laser [17, 20]. The additional
module achieves synchronization, but enforces a restriction on the wavelength of the
slave laser as the optics is directly coupled to the optical pulses of the master [21]. In
other implementations a separate laser is electronically controlled to achieve optical
pulses and synchronization [17, 22].

11.2 Actively Mode-locked Fibre Lasers

One way to set up optical synchronization, with a Ti:Sapphire laser as a master and
a fibre laser as the slave, is to use a part of the optical pulse energy from the master
to injection lock the fibre laser. Fraction spectrum amplification (FSA) extracts and
amplifies the spectral energy available above 1µm from a Rainbow laser [23] and
amplifies it using a ytterbium fibre amplifier. In another approach, we could seed
the slave laser with sufficient optical energy from the master laser to induce cross
phase modulation, as was demonstrated by synchronizing a ytterbium doped fiber
laser to a ns pulsed diode laser [24]. Actively mode-locked lasers are capable of high
fidelity synchronization using electronic signals. The generation of the electronic
signal uses a negligible fraction of the master’s optical signal. To obtain repetition
rates in the MHz range, actively fibre mode-locked ring lasers are easily constructed
with high stability, and easy thermal management. They are self-starting and can be
operated at multiple frequencies through harmonic locking. These features makes
them attractive for use as pulsed depletion lasers.

11.2.1 History of Actively Fibre Mode-locked Lasers

The evolution of all fibre activelymode-locked lasers is shownpictorially in Fig. 11.3.
The fibres were available for the infra-red regime at 1000−1500 nm based on silica.
The ability to use silica graded index fibres to form laser cavity was first experi-
mentally demonstrated by Nakazawa et al. [25]. To obtain an all fibre mode-locked
laser, the field had to wait for two decades for development of fibre coupled linear
components, integrated optical devices and fibre coupled laser diodes. Firstly, with
the advances in semiconductor technology, an integrated phase modulator was used
to make an actively mode-locked laser at 1µm which gave 90 ps pulse width [26].
Soliton pulse compression gave 4 ps at 1.5µm in an active cavity that also used fibre
couplers and Erbium doped gain fibre [27]. In the following decade, the figure of 8
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Fig. 11.3 All fibre actively mode-locked laser’s development over the years. The major changes
are shown in the label. The triangles correspond to 1µm and circles and squares 1.5µm. Active
mode-locking is shown in blue and passive mode-locking in red

laser (F8L) became popular, and wavelength division multiplexers were available,
using this and fibre based polarization control 314 fs passively mode-locked laser
was constructed [28]. The ring configuration used by Tamura et al. in the passive
mode-locking gave 452 fs pulses and the laser was self starting [29]. In the same year,
actively mode-locked lasers were demonstrated with forward, and backward diode
laser pumping with fibre pigtails [30]. RF regenerative feedback control provided the
stability in the pulse train. It also was a polarization maintaining cavity. However,
the pulse widths in actively mode-locked lasers remained high at 3.5 ps compared
to the passive ones. Dispersion compensation using large lengths of positive dis-
persion fibre compressed the gain stretched pulses. This led to shorter pulse widths
in the soliton regime at 77 fs [31]. In actively mode-locked lasers, dispersion com-
pensation was employed [32]. This led to reduction in pulse widths to 1.3 ps. In the
next decade, researchers attempted to obtain wavelength tuning in the mode-locked
lasers [33], which also set the lower limit on pulse width of mode-locked lasers to
about 800 fs. The field of ultrafast lasers saw another entrant with the invention of
semiconductor saturable absorber mirrors (SESAM). The rapidly evolving field is
described very well by U. Keller in her review paper in 2010 [34]. Both Kerr-lens
mode-locking and SESAMs have led to ultrafast lasers in passive mode-locking sys-
tems. An early adoption of SESAM based passive mode-locking was demonstrated
at 1µm by [35]. With the advances in as listed in the previous paragraph, a typical
actively mode-locked laser configuration can now be depicted as shown in Fig. 11.2.
Another method of all fibre active mode-locking could be considered to be the pulses
generated by cross-phase modulation (XPM). Pulses generated by this method rely
on the nonlinear interaction between injected source pulse and the pulses in the
nonlinear cavity through XPM process [36].
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11.2.2 Active Fibre Mode-locked Laser as Slave

Pulsed electrical signals derived from the Ti:Sapphire were used to injection lock a
fibre ring laser (FRL), shown schematically in Fig. 11.2. The FRL was designed to
have a cavity resonance close to the repetition rate of the Ti:Sapphire, allowing the
FRL to also achieve mode-locking. The slave laser operates at 1064 nm and uses an
Yb3+ doped fiber with an electro-opticmodulator (EOM) that acts as themode-locker
[37, 38]. Typically, the Ti:Sapphire wavelength (λi ) is tuned between wavelength
ranges 690−1020 nm to obtain the best two-photon excitation of the fluorophore.
The electrical synchronization signal derived from the master optical signal varies
in amplitude Ai and frequency fi as shown in Fig. 11.4. As λi is changed, fi also
changes between 78.8 and 80.7MHz, with Ai reaching a maximum for λi ∼ 800 nm
[37].

We observed that the pulse width of the slave FRL varied over the wavelength
range of the master, due to a changing repetition rate of the master laser pulses.
This could result in a loss of mode-lock in the FRL. We also observed that the pulse
width at the output of the slave FRL varied as the wavelength of the master laser was
tuned. To look at the pulse width variation, we took advantage of the sensitivity of
nonlinear processes to the peak pulse intensity, and documented the average power at
the output of a second harmonic generation (SHG) stage as shown in Fig. 11.5 [37].
The output of the FRL was amplified by 21 dB using two amplifier stages consisting
of a Yb:fiber amplifier followed by a master oscillator power amplifier (MOPA).
The amplified output was then fed to a SHG stage to produce pulses at 532 nm. The

Fig. 11.4 Synchronization
signal voltage (Ai ) and
frequency ( fi ) with changing
operating wavelength (λi ) of
the master laser [37, 39].

Fig. 11.5 Schematic to
monitor the output from a
slave laser. Second harmonic
generation is inherently
sensitive to the intensity of
the pulses [39]



240 S. Krishnamoorthy et al.

Fig. 11.6 Dependence of Ti:S pulse repetition rate and its effect on SHG power. A peak in SHG
occurs when the Ti:S repetition frequency, fi , matches the third harmonic of the slave laser [37, 39]

recorded peak pulse amplitude at the detector ASHG corresponding to the SHGoptical
power PSHG for differentmaster laser wavelengths is shown in Fig. 11.6. As expected,
PSHG depends on the peak power of the input pulse. Consequently, for a fixed average
power in the 1064 nm pulse train, PSHG will depend nonlinearly on the input pulse
width. Hence, the SHG process amplifies the effect of high intensity in the amplified
1064 nm pulses. We observe, in Fig. 11.6, that PSHG peaks at 750 nm, 770 nm and
805 nm. Near these peaks, the repetition rate, fi ∼ 80.07MHz, corresponds to the
third harmonic frequency ( f3rds) of the slave fiber MLL as indicated by the green
lines in the plot.

The peak pulse power and pulse width are not constant in the pulse train produced
by the slave laser, as seen in Fig. 11.7. In fact, every third pulse produced by the
slave laser has a larger amplitude than the others. A slightly detuned input frequency

Fig. 11.7 Slave laser pulse traces for the different operating wavelengths. Every third pulse being
intense indicates the dominance of fundamental [37, 39]
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fi in the synchronization signal from the master laser causes a modulation in the
slave fiber laser. This can be understood on the basis of effects detuning in a fibre
mode-locked laser.

11.3 Detuning of Fibre Mode-locked Lasers

Mode-locked lasers produce Fourier limited pulses at resonance [40–42]. The pulse
width can be further reduced and soliton regimes are achieved in fibre lasers with
addition of nonlinearity [43–45]. However, upon detuning from the mode-locking
frequency, the behavior of the laser departs from the ideal mode-locked state.

11.3.1 Deterioration of Mode-locking with Detuning

Deterioration of mode-locking is best understood in actively mode-locked lasers, as
they can be driven with sinusoid generators. In a typical case of use as slave laser,
the repetition rate of the synchronization signal fi varies over a range of ∼ 100 kHz.
The slave fiber laser is expected to operate over this range. The effect of changing
repetition rate fi is studied by changing the frequency of the input signal to the EOM
of the fiber laser using a signal generator [37].

Behavior of a typical actively mode-locked laser upon detuning is shown in
Fig. 11.8. Fourier limited pulses are observed at the mode-locking frequency, this
yields the shortest pulses and highest energies. Detuning on both sides of the mode-
locking frequency causes increase in pulse width and a decrease in pulse energy,
this is due to systematic lock-loss in the modes of the laser. Upon further detuning,
locking in any mode is completely lost, and the laser is just modulated. In this case,
the pulse width is the same as the modulation signal coming from synchronization
pulses. In summary, the ring cavity modes that combine to form the optical pulses fall
into a mode-locked regime, in a narrow frequency range about the cavity resonance,

Fig. 11.8 Average power
and pulse width over the
expected operating range of
slave laser [37, 39]
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Fig. 11.9 Closer look at
effect of detuning on pulse
width around f3rds [37, 39]

and a modulated regime where broader optical pulses are observed. It has to be noted
that the operating regimes of the fiber laser depend on the repetition rate of themaster
laser’s synchronization signal. For wavelength tunable cavities which are optimized
for maximizing signal power, the repetition rate varies over a wide range, which will
affect the performance of the slave laser. A wavelength independent synchronization
mechanism that relies on the active mode-locking phenomenon offers us the ability
to synchronize two pulsed lasers over a wide range of repetition rates. One way to
ensure that locking is possible is to use optical delays in the laser cavity [46]. If
the cavity length of the fiber cavity is maintained, then the operating frequency of
the master laser needs to be within the detuning range of all the slave cavity. The
narrowest pulses have a pulse width (τ ) corresponding to the perfectly mode-locked
laser at the mode-locking frequency f0. For frequency bandwidth fB [42], τ is given
by

τ = τ0 ·
(

1

f0 fB

)1/2

. (11.2)

Here, the τ0 is determined by the gain andmodulation depth. The pulse width deterio-
ration due to detuning can be seen for both pulsed and sinusoidal signals in Fig. 11.9.
The increase in pulsewidth is not symmetrical about f0 for either sinusoidal or pulsed
RF inputs. Slopes for the pulse width change for frequencies fi > f0 is found to be
twice as that for fi < f0. In another demonstration of self-mode locking laser by
Thiruthakkathevan [47], two different measurement schemes were used. One mea-
sured the pulse width of the pulses generated by using an optical detector followed by
an amplifier (LNTIA) followed by a comparator that generated square pulses corre-
sponding to the pulse width of the pulses. This was followed by a low pass filter with
a buffer (MVE), that extracted the mean pulse width over many pulses. This scheme
of pulse width measurement is incorporated as a feedback component in Fig. 11.10.
Another method was to measure the total power content of the higher harmonics. To
achieve this, the lower frequency components that include the primary mode and the
second harmonic are filtered out before obtaining the average powers. The resultant
power measured is due to only the higher modes which is a more reliable indicators
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Optical pulse 
train

LNTIAFrequency
Generator

LCD

Micro
controller MVE Comparator

Optical
couplerLaser MLL

Fig. 11.10 Block diagram of the SMLL, for the pulse width measurement method [47]

Optical pulse 
train

f
ffL

LNTIAFrequency
Generator

LCD

Micro
controller MVE Comparator

Optical
couplerLaser MLL

Fig. 11.11 Schematic circuit used to lock the laser cavity by measuring the RF power in the higher
harmonics

of mode-locking. This scheme is shown in Fig. 11.11. The asymmetry in pulse width
is also found for this Er3+ doped mode-locked laser in both methods, as shown in
Fig. 11.12. Since, the asymmetry is present for both Yb doped, with FBG limited
spectrum, and Er doped lasers, we can assume that it is not an intrinsic property of
the rare-earth doped fibre. Rather, we believe that the asymmetry is intrinsic to the
method of active mode-locking, and is analogous to similar effects reported in elec-
trical circuits [48]. For harmonic locking at n f0, the fundamental mode dominates
and, and manifests itself as an amplitude modulation on the optical pulse train as
shown in Fig. 11.7 (Table11.1).

11.3.2 Loss of locking in Fourier Space

From Fourier theory, we know that while the lowest frequency components in a
spectrum contribute to power and slow varying attributes of the pulses, the pulse
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Fig. 11.12 Asymmetric detuning is also present in Er3+ doped actively mode-locked ring laser
[47]

width is determined by the higher frequency components. For a Fourier limited
pulse, the frequency components of the pulse will be at multiples of the repetition
rate of the pulse, i.e for an input frequency of fi , the electrical field amplitude can
be described as

p (t) =
∑
n

An exp ( j2πn fi t) , (11.3)

where for the nth harmonic An is the complex amplitude at frequency n fi . Thus, the
frequency location f̃n of each harmonic n would show if the pulse is mode-locked
or not. For a harmonic mode n, if the observed frequency location f̃n is same as
the expected harmonic frequency of n fi , then we can say that the harmonic mode
is locked to the input synchronization signal at the frequency fi . If the observed
frequency f̃n and the expected frequency n fi do not match, i.e,

Δ fn � f̃n − n fi (11.4)

is nonzero, then themode is not locked. To quantify this, wemust look at the electrical
spectrum of the pulses and capture the behavior of the harmonics that are first to get
unlocked with detuning.

The experimental scheme to observe the Fourier mode is as given in Fig. 11.13
[39]. In this scheme, the location of the peak frequency f̃n and the corresponding
amplitude An are recorded for each harmonic (or mode number) n for the input
synchronization signal frequency fi . One can observe that at the resonant frequency
f0 = 26.69MHz the power in all the modes is highest as shown in Fig. 11.14. As
the input frequency fi is detuned from the resonant frequency, the power in all the
modes declines.
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Table 11.1 SMLL output for different RF synchronization inputs

Driving signal
type

SMLL output and RF signal RF in Fourier

Sinusoidal

(
π

j

)
δ ( f − f0) − δ ( f + f0)

Square
∑∞

k=−∞
(

− 2 j

π(2k + 1)
δ ( f − (2k + 1) f0)

)

Triangular
∑∞

k=−∞
(

− 2

(π(2k + 1))2
δ ( f − (2k + 1) f0)

)

The oscilloscope traces show both the SMLL pulses and the input RF traces. The corresponding
Fourier representation of the RF input is also shown [47]

For each input frequency fi , the peak frequency location, for eachmode n, is at f̃n .
The deviation Δ fn , from the expected frequency location n fi , was defined in (11.4).
Figure11.15 is obtained by plotting Δ fn for the different harmonics n, as the input
frequency fi is detuned around the resonance f0. When fi = f0, all modes follow
the expected frequency and |Δ fn| = 0 for all n. The mode-lock persists for a range
of input frequencies around the resonance, in a manner typical of injection locked
oscillators [48–51]. It has been shown that mode-locked lasers are also injection
locked by the action of the modulation a nonlinear mode-locker [40, 41, 52]. The
injection locked laser has all the modes in phase when locked at f0 and |Δ fn| = 0
for all the modes n.
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Fig. 11.13 Schematic for
finding the electrical
amplitude spectrum for the
modes of the pulses [39]

Fig. 11.14 Amplitude An
for each mode n of the pulse
as the input frequency fi is
varied around the resonance
f0 = 26.69MHz [39]

Fig. 11.15 Deviation Δ fn of
each mode around the
resonance. Lower modes do
not deviate in the narrow
detuning range and the
higher modes deviate faster
than the lower modes [39]

However, when detuned, the higher modes are out of the injection range and are
the first to lose lock. In thesemodes the deviation |Δ fn| > 0. The deviations in higher
modes build up at a faster rate than for lower modes. This implies that the injection
locking is dependent on n [39]. This can be observed in Fig. 11.16. Both upper and
lower limits decrease as mode number increases, indicating that the injection range

Fig. 11.16 Frequency
deviation |Δ fn | for each
mode n of the pulse as the
input frequency fi is varied
around the resonance
f0 = 26.69MHz [39]
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Fig. 11.17 Upper
(
f(U,n)

)
and lower

(
f(L ,n)

)
limits of the injection region [39, 53]

Fig. 11.18 Injection range Rn for each mode n, showing the dependency on the mode number.
Modified from [53]

narrows for higher modes. However, the slope of decrease for upper limit is larger by
about three times when compared to the lower limit. The region where the deviation
in the frequency is nearly zero is the region with mode-locking for any given mode,
this is recognized as the the injection range Rn of the mode n [40, 41, 49, 50]. The
range Rn is bound by an upper frequency

(
f(U,n)

)
and a lower frequency

(
f(L ,n)

)
. Rn

is defined as
Rn � f(U,n) − f(L ,n). (11.5)

As expected, upon further detuning away from Rn , the higher modes start to show
non-zero deviation and lose mode-locking. The injection range Rn for each mode n
is as shown in Fig. 11.18, and is found to decrease with increasing mode number.
The reduction in the injection range is proportional to the mode number as n−1 as
found by the fit to the ranges. For modes >45, our observations of injection range
were limited to ∼ 28 kHz, by our measuring apparatus (Fig. 11.17).
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Fig. 11.19 Effect on cavity mode amplitudes with detuning δ f. In the mode amplitude spectra, the
mode envelope deviates to the solid line envelope from idealmode-locked envelope shown in dotted-
dashed line. The mode locations in frequency follow the Fourier frequencies of ( fn = n f0 + nδ f ) ,

until mode n, that is still in the locking limit, the further modes (m > n) are unlocked and oscillate
at m f0. The locking limit is where the injection signal is quadrature to the signal in the cavity as
shown in the above schematic [39]

11.3.3 Unlocking of Laser Modes

The detuning mechanism for a mode-locked laser is shown in Fig. 11.19. For a
perfectly mode-locked laser, the modes are at fn = n f0, as shown as dotted delta
functions. Upon detuning by δ f, the modes occur at fn = n f0 + nδ f, interpreted as
a frequency deviation nδ f from the locked state of each mode. The detuned state is
shownwith solid delta functions in frequency spectrum.Once the frequency deviation
nδ f is outside the locking range Rn for the mode, the mode is no longer locked. This
is shown for mode m which is at a higher frequency than the modes n that are within
the locking range. This mode acts as free running oscillator, and the frequency of
oscillation is same as at resonance, i.e. m f0. However, the phase of the oscillation is
no longer related to the rest of the modes [48, 49] and these modes are said to be
unlocked.

In the unperturbed, mode-locked state, the amplitudes An for all modes are equal.
This makes the spectral envelope of the frequency spectrum uniform, as shown by the
dotted horizontal line in Fig. 11.19. The mode amplitudes follow the mode-locking
equation for the nth mode given by Haus as [40]

{
1 + jb + j

n fi
fL

(σ + g) − g

[
1 −

(
n fi
fL

)2
]}

An = M (An−1 − 2An + An+1) ,

(11.6)
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where, quality factor is Q, and laser linewidth fL . The laser gain is g, the empty-cavity

resonance is fC and detuning parameter is given by σ = 2Q fL
fs

(
fi − fC

fi

)
. Any

detuning δ fs to the central oscillating frequency fs is accounted for by b = 2Q

fs
δ fs.

When mode-locked b = 0 and (σ + g) = 0. The terms of the right constitute the
injection signal due to the action of the modulator with strength M .

Upon detuning, the spectral envelope deviates from the mode-locked envelope
as shown by the solid curve in the frequency spectrum. δAn for each mode is the
change in strength of injection for the mode. It has been shown that the ratios of
injection signal to the mode amplitude does not change with the detuning [53]. A
portion of the amplitude is required to compensate the phase deviation that builds
up with detuning. When the mode frequency fn is within the locking range Rn for
the mode, the deviation is the difference phasor between the mode amplitude An at
resonance, and the resulting mode amplitude An + δAn after perturbation [48]. The
phasors for different modes with respect to the amplitude deviation δAn are shown at
the top of the respective mode at n f0 in the frequency spectrum. The frequency fn , in
mode is at the edge of the injection range at either f(U,n) or f(L ,n). A condition where
the deviation and the resulting amplitude are at quadrature to each other is shown for
the mode n in Fig. 11.19. Using perturbation analysis on (11.6), Krishnamoorthy et
al. [53] have shown that Rn is given by

Rn =
[
fs f0
Q fC

(
1

n

Ai1

Ao1

)]
, (11.7)

where,
Ai1

Ao1
is the ratio of the mode amplitude to the injection signal for the first

mode as determined by laser parameters. Which can be further simplified as

Rn = R1

(
1

n

)
. (11.8)

where, R1 = fs f0
Q fC

(
Ai1

Ao1

)
is the range for the fundamental mode n = 1. This equa-

tion clearly shows that there is an n−1 dependence on injection range.
A mode m greater than n is unlocked, the phasor Am + δAm makes an angle

greater than 90◦ with the deviation δAm . The large phase required to maintain the
angle between the injection and the resultant mode amplitude cannot be provided
by the laser, thus the mode is not locked and acts as a free running oscillator. The
resulting frequency of the unlocked mode is m f0 and not m f0 + mδ f as would be
expected for a locked mode. This is shown by the small delta function at m f0 in the
frequency spectrum in Fig. 11.19. To obtain the narrowest pulses from the slave laser,
the repetition rate of the synchronizing master laser needs to be at a harmonic of the
locking frequency of the slave laser, with the available detuning range decreasing as
n as we attempt to lock n cavity modes together.
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11.4 Conclusion

Fibre lasers are already the focus for adoption for nonlinear microscopy [54]. Other
than 2p STED [15, 17], many techniques in time resolved spectroscopy use optical
pump and probe methods that involve multiple lasers working in tandem, e.g. in
time resolved CARS [55]. Both microscopy with STED and spectroscopy like time
resolved coherent anti-Stokes Raman scattering (CARS), require two pulsed lasers
working in synchronization to obtain the desired results. This review shows that
active fibre mode-locked lasers are an excellent candidate for synchronization with
anothermaster laser in the configuration shown in Fig. 11.2. In this review, the authors
have focused on using a Ti:Sapphire laser as a master laser, while driving a ytterbium
doped fibre (YDF) ring laser in amaster-slave configuration using EOMas themode-
locking element.

Activelymode-locked laser is driven using the electrical signal generated form the
master laser, which ensures pulse to pulse synchronization. Wavelength selectivity
is easily achieved using FBGs in the cavity that restrict the lasing wavelength and
linewidth. There are many techniques, like using PZT, that can be employed to
tune the wavelength of operation [33]. Other wavelength conversion schemes like
second harmonic generation (SHG) or parametric conversion schemes can be used
to achieve even wider wavelength options. The pulse energy is increased using fibre
amplifiers and master oscillator optical amplifiers (MOPA) as shown in Fig. 11.5.
The fibre mode-locked laser can be tuned in active configuration to a large frequency
range of∼500 kHz, while providing pulse widths in the order of few ps to few ns. At
resonant frequencies, they provide the sharpest pulses, that can be further compressed
using positive index fibre and other techniques as discussed previously. To obtain
uniformpulse trains,methods like regenerative feedback, and higher harmonic power
optimization are required to provide the necessary stabilization [33, 47].

For the FRLs to act as slave lasers effectively, it is required that they be operable
away from their locking frequencies. This requires a renewed understanding of the
detuning mechanism in the lasers. The increase in the pulse width and the decrease
in power away from the locking frequencies is discussed here. There is an inherent
asymmetry in all FRLs with detuning. The asymmetry in pulse width is shown for
Yb:doped FRLs and Er:doped FRLs in Figs. 11.9 and 11.12. The power in the higher
modes also decrease asymmetrically as shown with higher harmonic power method.
The understanding of the mechanism of the unlocking of lasers is understood by
looking at the constituentmodes n. The tolerance to detuning depends on the injection
locking range of eachmode, which decreases withmode number n as discussed using
experiments and analytically. Further understanding of workings of FRLs is needed
to build adaptable fibre lasers for use in biology. While, the lasers find the inroads to
biology, the time for bio-inspired lasers has also come [56].
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