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Abstract: Optical frequency combs have been revolutionizing many research areas and are
finding a growing number of real-world applications. While initially dominated by
Ti:Sapphire and fiber lasers, optical frequency combs from modelocked diode-pumped
solid-state lasers (DPSSLs) have become an attractive alternative with state-of-the-art
performance. In this article, we review the main achievements in ultrafast DPSSLs for
frequency combs. We present the current status of carrier-envelope offset (CEO)
frequency-stabilized DPSSLs based on various approaches and operating in different
wavelength regimes. Feedback to the pump current provides a reliable scheme for
frequency comb CEO stabilization, but also other methods with faster feedback not limited
by the lifetime of the gain material have been applied. Pumping DPSSLs with high power
multi-transverse-mode diodes enabled a new class of high power oscillators and gigahertz
repetition rate lasers, which were initially not believed to be suitable for CEO stabilization
due to the pump noise. However, this challenge has been overcome, and recently both high
power and gigahertz DPSSL combs have been demonstrated. Thin disk lasers have
demonstrated the highest pulse energy and average power emitted from any ultrafast
oscillator and present a high potential for the future generation of stabilized frequency
combs with hundreds of watts average output power.

Keywords: optical frequency comb; carrier-envelope offset stabilization; modelocked
laser; diode-pumped solid-state laser
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1. Introduction

Optical frequency combs produced by modelocked lasers have revolutionized many research areas
over the last decade in the fields of optical metrology, spectroscopy or attosecond science, to name
a few. Frequency combs provide a direct and phase-coherent link between optical and microwave
frequencies, enabling the measurement of optical frequencies with extreme precision [1,2].
They constitute a key element of novel optical atomic clocks that demonstrated unprecedented
frequency stability [3,4] and act as an optical-to-microwave frequency divider in ultra-low noise
microwave oscillators [5]. A frequency comb is made of a huge number of optical modes of equal
spacing and precisely known frequencies that are mutually phase-coherent. It thus constitutes a
versatile tool for high-precision broadband spectroscopy [6,7].

Modelocked lasers have been produced from a variety of gain and host materials, including crystals,
bulk glasses or fibers, to list the most widespread systems. However, only a few of them are classified
as frequency combs. A frequency comb is a particular modelocked laser for which all independent
parameters that define the optical spectrum are measured and/or controlled [8]. These parameters are
the mode number N, the repetition rate frequency frep, i.e., the spacing between the modes, and the
so-called carrier-envelope offset (CEO) frequency fceo that represents the overall frequency-shift of
the spectrum from the frequency origin. Therefore, each comb mode of frequency
vy can be expressed by a simple relation as a function of these three parameters according to the
well-known comb Equation [1]:

Vy =N - frep + fcEo (D

The repetition rate frequency frep can be easily measured by detecting the optical pulse train at the
output of the modelocked laser using a fast photodiode, and different means enable determining the
mode number N [9]. Therefore, the main challenge to make a frequency comb from a modelocked
laser consists of detecting and stabilizing the CEO frequency fceo. This was a significant contribution
to the 2005 Nobel Prize in Physics awarded to T.W. Hénsch and J.L. Hall for the first fully-stabilized
frequency combs [1,10]. The CEO frequency is traditionally detected using a nonlinear f-to-2f
interferometry method [11], where the long wavelength part of an octave-spanning spectrum is
frequency-doubled and heterodyned with the existing short wavelength comb components.

The first frequency combs were demonstrated from solid-state Ti:Sapphire lasers [11-13] as a result
of their high peak power that is necessary to generate the coherent octave-spanning spectrum required
for CEO detection in a nonlinear optical fiber. Other comb technologies have been developed shortly
after, which present several advantages in terms of simplicity or reliable daily operation. Fiber lasers
are nowadays the most largely spread comb systems, especially Er:fiber lasers emitting in the
important 1.55 um window of the optical fiber telecommunications. Er:fiber lasers constitute a
versatile tool for applications in ultrafast spectroscopy, confocal microscopy and precision metrology.
For instance, they are widely used in conjunction to the dissemination of ultra-stable optical signals
over large distances through the optical fiber network, which is the most efficient way today for distant
comparison between optical atomic clocks [14]. But other types of fiber lasers have demonstrated
frequency comb operation, such as Yb:fiber lasers in the 1 pm spectral range [15] or Tm:fiber lasers at
2 um [16]. Fiber lasers can generally be directly pumped by laser diodes, such as 980 nm AlGaAs
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telecom pump diodes for Er:fiber and Yb:fiber lasers, or 1.56 um InGaAsP diodes for Tm:fiber lasers,
which leads to compact and robust frequency comb systems. However, fiber lasers operate with high
gain and high nonlinearities, which usually leads to higher noise, in particular a higher frequency noise
of the CEO beat.

Besides the two mature technologies of Ti:Sapphire and fiber lasers, diode-pumped solid-state
lasers (DPSSLs) have proved during the last years to constitute a promising alternative for the
realization of frequency combs with state-of-the-art performance. DPSSLs combine several distinct
advantages of the two aforementioned comb technologies. Like Ti:Sapphire lasers, they can emit a
high average power directly from the oscillator, without external amplification. They also have low
cavity losses (thus a high Q-factor) that lead to low intrinsic noise. This generally results in a lower
noise of the free-running CEO beat that makes its tight locking to an external frequency reference less
demanding in terms of feedback bandwidth. Finally, operation at high repetition rates is much less
challenging than for fiber lasers as very compact cavities can be built. As a result, gigahertz or
multi-gigahertz repetition rates can be achieved [17-21], which is highly attractive for applications in
microwave photonics [22] or for the calibration of astronomical spectrographs [23]. Like fiber lasers,
DPSSLs are directly pumped by laser diodes, which circumvents several disadvantages associated with
the complexity, high cost and inefficient pumping of Ti:Sapphire combs. Pump diodes are very
compact, efficient and low-cost, which makes DPSSLs very reliable and robust laser sources.
Furthermore, pump diodes can be directly modulated via their injection current with a high bandwidth,
which enables simple control or stabilization of fceo via the pump current. This is the most common
method to CEO-stabilize fiber laser frequency combs using the self-referencing f~to-2f interferometry
method [24]. This method is applicable in a similar way in DPSSLs and constitutes the most common
means to CEO-stabilize this type of femtosecond lasers [21,25-31].

In this review article, we present the current status of CEO-stabilized DPSSLs including some of
our own achievements as well as works from other groups worldwide. We will restrict our review to
DPSSL systems that have been CEO-stabilized or which are self-referenceable (i.e., for which a CEO
beat has been detected by f~to-2f interferometry, but whose stabilization has not yet been realized), as
the focus here is in their operation as frequency combs. An alternative scheme to stabilize the comb
offset frequency consists of locking one comb mode to an optical frequency standard, e.g., a
continuous wave laser referenced to some molecular or atomic transition. This is for instance a natural
approach in Kerr-combs generated by parametric frequency conversion in continuously-pumped
whispering gallery mode micro-resonators [32]. As the pump frequency coincides in this case with one
line of the comb spectrum, it directly controls the offset frequency [33]. Such a scheme that
circumvents the need for a coherent octave-spanning spectrum has also been applied in a few cases
with fiber modelocked lasers [34,35], but we are not aware of any implementation with a DPSSL
comb. Furthermore, this approach generally leads to less accurate comb frequencies. Therefore,
phase-stabilization of fceo to a stable radio-frequency (RF) signal such as provided by a
GPS-disciplined atomic clock using f-to-2f interferometry leads to an absolute frequency grid that is
required in many practical applications. For all these reasons, this review addresses only DPSSL
combs that make use of f~to-2f interferometry. We will consider both DPSSLs made of a bulk gain
material and thin disk lasers (TDLs) that offer high power scaling capabilities. TDLs demonstrated
record high multi-100 W average power [36] that makes them very attractive for high field physics



Appl. Sci. 2015, 5 790

experiments such as high-harmonic generation (HHG) [37]. TDLs incorporate a thin (typically
50-250 pm) disk-shaped gain material used in reflection in the laser cavity and pumped by high-power
fiber-coupled diodes in a multi-pass configuration that enables a high pump absorption efficiency to be
achieved despite the low single-pass absorption of the disk.

Beside DPSSLs based on bulk gain media and TDLs, ultrafast dielectric waveguide lasers constitute
another promising technology for future compact frequency comb generation with laser diodes
pumping. These lasers combine advantages of ion-doped solid-state and semiconductor lasers, with the
potential to achieve high output powers with excellent beam quality and wafer-scale production
capability with a high level of integration. However, these high power waveguides have hardly been
modelocked so far and have thus not demonstrated any frequency comb operation yet. Therefore, such
lasers will not be considered in this review.

The content of this paper is organized as follows. In Section 2, we review the different requirements
and steps involved in the CEO-stabilization of a frequency comb by self-referencing, which covers
nonlinear interferometry for CEO detection, nonlinear spectral broadening of the modelocked laser to a
coherent octave-spanning spectrum, and some important aspects of a CEO stabilization loop. In
Section 3, we review the main achievements on frequency combs produced by DPSSLs based on a
bulk gain material, and in Section 4 for diode-pumped TDLs. Finally, a conclusion is presented in
Section 5.

2. Optical Frequency Comb Self-Referencing

Strictly speaking, the self-referencing of a frequency comb originally referred to the detection of
fceo using nonlinear interferometry (f~to-2f or a similar method) as described in Section 2.1.
By extension, self-referencing is often considered as the subsequent step consisting of stabilizing the
CEO beat obtained in this way to an RF reference. We consider this situation throughout this paper
when talking about comb self-referencing or self-referenced comb. In contrast, we denote as
self-referenceable a frequency comb for which fceo has been detected by f-to-2f interferometry but has
not yet been stabilized. We review here the principal steps and requirements to achieve comb
self-referencing.

2.1. Nonlinear Interferometry for fceo Detection

The physical origin of fceo arises from the difference between group and phase velocities inside the
laser resonator, which induces a slippage A¢cgo between the carrier phase and the pulse envelope
from one pulse to the next in the time domain (see Figure la). From the properties of the Fourier
transform that links the time and frequency domains, this corresponds to a frequency shift fceo in the
spectral domain (Figure 1b):

A
fceo = %fcm (2)

The carrier-envelope offset frequency fceo constitutes a global frequency shift of the comb
spectrum, such that the comb lines are not exact harmonics of the repetition rate frep. This is described
by the previous Equation 1, where fceo is located by definition in the frequency interval
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0 < fcgo < frep/2. The CEO frequency is not part of the comb optical spectrum and thus cannot be
directly observed. The standard method to detect it was initially proposed by Telle et al. [11], and
applied later for the first time by Jones ef al. [13] and Apolonski et al. [38]. It makes use of nonlinear
interferometry to perform a heterodyne beat between two harmonic spectral ranges of a comb
spectrum. This requires a broad enough comb spectrum such that the two harmonic components end up
in the same wavelength range for the heterodyne beat to be detected. The most common method uses
f~to-2f interferometry [11], in which a red portion of the comb spectrum is frequency-doubled and
heterodyned with the existing blue comb components as displayed in Figure 2, which requires the
comb spectrum to cover at least one frequency octave (i.e., ranging from frequency f'to frequency 2f).
Alternatively, nonlinear interferometry involving higher-order nonlinearities can be used with a
narrower spectrum, such as 2f-to-3f that requires a spectrum covering only 2/3 of an octave, but two
nonlinear processes are needed to produce second and third harmonic components [11,39].
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Figure 1. (a) Time domain pulse train emitted by a modelocked laser with the slippage
A¢cgo occurring from one pulse to the next between the carrier phase (shown by the thick
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red line) and the pulse envelope (blue line). (b) Spectral representation of a frequency
comb in the frequency domain. The carrier-envelope offset frequency fceo directly results
from the carrier-envelope phase slippage Agcgo of the time domain from the properties of
the Fourier transform that links the time and frequency representations.
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Figure 2. Principle of the f-to-2f interferometry method used to generate the CEO beat
from an octave-spanning comb spectrum. A red component of the comb spectrum at
V1 = fceo + Ni - frep is frequency-doubled and heterodyned with a blue component at
V2 = fceo + 2Ny - frep to produce a beat at frequency fceo. In practice, the CEO beat
does not result from the beat between a single pair of lines, but two finite spectral ranges
(within the bandwidth of the frequency-doubling process) contribute and the CEO beat
thus arises from the superimposition of beat signals between a multitude of lines pairs.
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2.2. Coherent Supercontinuum Spectrum Generation

External spectral broadening at the output of the modelocked laser is needed to achieve the broad
spectrum that is required for CEO detection by nonlinear interferometry. The only laser system that is
able to directly generate an octave-spanning spectrum in some circumstances is Ti:Sapphire as a result
of its extremely broad gain bandwidth and high intra-cavity nonlinearities [40]. In addition, the
coherence between the two spectral parts involved in the heterodyne beat must be preserved to enable
a CEO beat with a sufficient signal-to-noise ratio (SNR) to be generated. The spectral broadening is
obtained by supercontinuum (SC) generation in a nonlinear medium, such as highly nonlinear fiber
(HNLF) or a photonic crystal fiber (PCF). SC generation relies on different physical mechanisms such
as dispersion and nonlinear effects like self- or cross-phase modulation, Raman scattering, four wave
mixing, and self-steepening to produce new frequency components in the comb spectrum while ideally
preserving the coherence of the spectrum.

Spectral broadening in nonlinear fibers used in the anomalous dispersion regime (i.e., with a
negative group delay dispersion coefficient P2) or close to the zero-dispersion wavelength is
particularly efficient as short and intense pulses can be maintained over a long propagation distance.
In the presence of negative group velocity dispersion (GVD) and self-phase modulation (SPM) only,
soliton propagation can be achieved in an optical fiber, in which GVD and SPM perfectly balance each
other leading to a stationary pulse propagating along the fiber as a fundamental soliton. Higher-order
solitons can also propagate in a quasi-stationary regime, where the pulse undergoes a periodic change
with strong spectral and temporal effects, but retrieves its initial shape after a soliton period
Zsor = (m/2)Lp. This length depends on the magnitude of GVD through the dispersive length
Lp = To?/|B,| and on the pulse duration To [41]. However, in presence of other nonlinearities and
higher order dispersion terms that are always present in optical fibers, a Nth order soliton splits into
N fundamental solitons after a fiber length of about Lge, = Lp /N [41]. This phenomenon is referred to
as soliton fission. The resulting fundamental solitons then propagate as distinct and independent pulses
with their own group velocity and are red-shifted by Raman scattering. In the normal dispersion
regime at wavelengths below the zero-dispersion, dispersive waves are produced from a resonant
energy transfer from the solitons, which extends the spectrum towards short wavelengths. The length
of the nonlinear fiber is generally optimized such that the intense Raman soliton at long wavelengths
and the dispersive wave at short wavelengths are separated by exactly one frequency octave. Therefore
these spectral components efficiently contribute to the CEO beat generated in an f~to-2f interferometer.
An example of SC spectrum generated in a PCF from the output of a GHz Yb:CALGO (CaGdAlO4)
DPSSL is shown in Figure 3. Numerical simulations of the SC spectrum can be performed using a
split-step Fourier-transform algorithm [41] that takes into account parameters such as the dispersion
curve and nonlinear coefficients of the fiber and the properties of the pulses launched into the fiber.
The results are generally in a good agreement with the experimentally observed SC spectrum when the
fiber parameters are known with a sufficient precision (see Figure 3).

The soliton order Nsoi of the initial pulse depends on the ratio between the dispersive length Lp and
the nonlinear length Ly; = 1/(yP,) , where Po is the pulse peak power and y the nonlinear coefficient:

Ngo1 = LD/LNL &)
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Figure 3. Octave-spanning SC spectrum generated in a PCF from the output of an
Yb:CALGO DPSSL with gigahertz repetition rate: comparison between the measured
(blue) and simulated (red) spectra. The Raman soliton at 1360 nm and the dispersive wave
at 680 nm (shown by the yellow areas) are distant of one octave and have a high degree of
coherence g' shown by the black curve displayed with respect to the right vertical axis;
they are used to generate the CEO beat in an f-to-2f interferometer. (Reproduced with
permission from [21]. © The Optical Society of America, 2014).

The soliton order Nso constitutes a useful metric to estimate the degree of coherence of the
generated SC spectrum. It was shown that a coherent SC spectrum requires a soliton order Nsol < 10 at
the input of the nonlinear fiber [19,41]. An incoherent regime is achieved when Nsol > 10 as a result of
modulation instabilities that amplify small noise at the fiber input to cause large deviation of the
intensity, timing, and phase of the output SC spectrum. Therefore, SC generation for frequency comb
self-referencing always requires a soliton order Nsoi < 10.

Besides the use of HNLFs and PCFs, an integrated silicon-nitride (Si3N4) waveguide embedded in
SiO2 recently proved to constitute a powerful nonlinear medium for coherent SC generation for
frequency combs [42]. Using Yb femtosecond DPSSLs in the 1 um spectral range with 100 MHz and
1 GHz repetition rates, Meyer et al., obtained a coherent SC spectrum enabling CEO detection by
f~to-2f interferometry with >25 dB SNR for the 100 MHz laser (and >30 dB for the 1 GHz laser).
These results were achieved with a peak power lowered by more than a factor 10 compared to the use
of a commercial PCF and in a length shorter than 10 mm (compared to typically 1 m for the PCF), as a
result of the high nonlinear refractive index of Si3Na4 that is 10 times larger than for silica.

2.3. CEO Stabilization Loop

The detection of a CEO beat with a sufficient SNR by f~to-2f interferometry after SC generation
constitutes a first mandatory step for the self-referencing stabilization of a frequency comb.
A modelocked laser is sometimes said to be self-referenceable once this CEO detection has been
achieved. However, the subsequent stabilization of fceo is not a straightforward step, especially to
achieve a tight CEO lock. The most common method for CEO stabilization consists of phase-locking
fceo to an external reference oscillator, or to a sub-harmonic of the repetition rate frep in some cases,
using a phase-locked loop (PLL). A first requirement for a proper operation of such a PLL is to have a
sufficient SNR of the CEO beat. A rule-of-thumb typically requires a SNR larger than ~25 dB.
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A PLL is typically made of three distinct components (Figure 4): (i) a phase detector that
measures the phase fluctuations between fceo and the reference signal to generate an error signal;
(i1) a proportional-integral-derivative (PID) servo-controller that amplifies the error signal to produce
a correction voltage; and (iii) an actuator that enables controlling fceo from the correction signal.

A large phase noise generally affects the CEO beat, whose free-running linewidth is typically in the
range from a few kilohertz [27] to a few megahertz [43]. Consequently, a double-balanced mixer
(DBM) cannot be directly used as a phase detector as a result of its narrow operation range. The CEO
beat is thus either frequency-divided before being compared to a reference signal in a DBM, or a
digital phase detector with a much larger linear phase response is used to measure the phase
fluctuations of the CEO beat. For instance, in our comb CEO stabilization experiments [21,27,28,44],
we typically used the digital phase detector DXD200 [45] that is also implemented in the frequency
combs of the market leader MenloSystems (Martinsried/Munich, Germany) and provides a large linear
phase response of +64.

The availability of a suitable actuator to control fceo is another key component for the successful
implementation of a PLL to phase-stabilize the CEO beat. The actuator should provide a linear control
of fceo over a sufficiently large range to keep a stable long-term lock. The bandwidth of the actuator,
i.e., the speed at which it can act on fceo to correct for fast fluctuations, is another key parameter to
achieve a proper stabilization. A broad linewidth of the free-running CEO beat mainly arises from high
frequency noise components. Therefore, a fast actuator is required to correct for these components if
a significant linewidth reduction is aimed for, for instance to achieve a tight phase lock. A tight lock is
characterized by the suppression of the full width at half maximum (FWHM) linewidth of the signal
and the appearance of a coherent peak (delta function) in the center of the RF spectrum, surrounded by
a noise pedestal that corresponds to the residual phase noise of the signal (Figure 5b). A tight lock is
typically achieved when the integrated phase noise A},,s = [ ) A (f)df]l/2 is smaller than 1 [46],
where Si,(f) is the phase noise power spectral density (PSD). In such a case, a fraction
n = exp[— 1] Se(HHdf ] of the signal power is in the coherent peak. When a tight lock cannot be
achieved, the stabilized signal keeps a finite linewidth and one generally refers to this situation as a
loose lock (Figure 5a).

Servo
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° Actuator C \
’040 pump driver pump laser
’6‘ Corrections E> @©
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Figure 4. Scheme of principle of a PLL for coherent stabilization of fceo to an external

reference frequency, with its three main components: (i) a phase detector D to measure the
phase fluctuation between the signal and the reference to produce an error signal; (i1) a PID
servo-controller G that amplifies the error signal; and (iii) an actuator C that tunes fceo
from a control voltage.
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Figure 5. (a) Loose lock and (b) tight lock achieved for the CEO beat in an Er:Yb:glass
DPSSL comb [27,28]. The upper graphs show the RF spectrum with the presence of a
coherent carrier in the case of the tight lock. The lower graphs show the corresponding
frequency noise PSD for the free-running (grey curves) and stabilized (blue curves) CEO
beat. The linewidth of the locked CEO beat can be approximated using the B-separation line
introduced by Di Domenico et al. [47] (dashed red line). In the case of a loose lock (a),
a finite linewidth is obtained that is proportional to the colored area for which the frequency
noise PSD exceeds the B-separation line. For a tight lock (b), the frequency noise PSD is
completely reduced below the B-separation line, which corresponds to a FWHM linewidth
reduced to zero that is representative of the presence of a coherent carrier.

A simple approximation to determine the linewidth of a laser or of a beat signal from an arbitrary
frequency noise spectrum was proposed by Di Domenico et al., based on the concept of the
B-separation line [47]. This line shown in Figure 5 and defined as S5, (f) = (8In(2)/7?) - f splits the
frequency noise PSD Sg, (f) into two areas with a strongly different impact on the lineshape. Only the
noise components for which Sg,(f) > (8In(2)/m?) - f, corresponding to the slow modulation area,
contribute to the FWHM linewidth of the signal. The other components for which
Ssv(f) < (8In(2)/m?) - f (fast modulation area) only affect the wings of the lineshape, without
contributing to the FWHM linewidth. A simple approximation of the FWHM linewidth is obtained
from the surface A4 of the slow modulation area corresponding to the geometrical area under the
frequency noise PSD obtained for all Fourier frequencies for which Sg, (f) exceeds the B-separation
line [47]:

FWHM = ,/8In(2)A 4)
A= f H(S5y(f) — 8In(2)f /72) Sy ()df 5)

with H(x) being the Heaviside step unit function (H(x) = 1 if x > 0 and H(x) = 0 if x < 0). An
experimental validation of the approximated linewidth given by Equation (5) performed with CEO
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beat signals of fiber and DPSSL frequency combs proved its accuracy (within the experimental
uncertainties) over more than three decades of linewidth values [48]. The concept of the B-separation
line offers a simple tool to evaluate the feedback bandwidth that is required to achieve a tight lock in a
stabilization loop [47]. As a tight lock is characterized by the suppression of the signal linewidth, the
stabilization loop must be able to reduce all noise components that contribute to the linewidth below
the B-separation line. The highest frequency contributing to the signal linewidth corresponds to the
crossing point between the frequency noise PSD and the B-separation line. Therefore, this crossing
point constitutes a useful metric for the required loop bandwidth.

The most commonly used actuator to tune and stabilize fceo in DPSSLs and fiber lasers is the
current of the pump diode. The pump current has a direct influence on the pulse parameters of the
femtosecond laser, such as pulse duration and energy, which directly translates into a change of fcko.
CEO stabilization by pump current modulation has thus been implemented in various DPSSLs that will
be described in more details in Sections (3) and (4) [21,25-31]. However, the pump current acts onto
fceo through the gain medium, and the corresponding modulation bandwidth is limited by the
upper-state lifetime of the gain material that induces a roll-off in the modulation response of fceo. The
upper-state lifetime is in the millisecond range for many important diode-pumped Yb and Er gain
materials, which limits the CEO modulation bandwidth to the kilohertz or tens of kilohertz
range [21,26,27]. Extending the feedback bandwidth beyond the limit of the gain upper-state lifetime
can be achieved using a phase-lead filter in the loop [26], or by the use of a derivative component in
the servo-controller. However, other approaches to circumvent the gain lifetime limitation and to act
on the CEO beat frequency at a higher speed have been proposed based on the use of intra-cavity
loss-modulation. As an example, a graphene electro-optic modulator was used in reflection to stabilize
the CEO frequency in a Tm-fiber oscillator with a large feedback loop bandwidth of >1 MHz [16].
Another method to overcome the gain lifetime limitation is opto-optical modulation (OOM) of a
semiconductor device inside the cavity. Using a SESAM as a fast actuator for CEO frequency control
in a modelocked DPSSL resulted in a feedback loop bandwidth >100 kHz [44]. The results will be
described in more details in Section 3.3.

A high SNR of the free-running CEO beat with a low enough frequency noise are prerequisites to
achieve the self-referencing of an optical frequency comb as previously discussed in this section.
However, these conditions may not be sufficient in some particular cases where the dynamics of fceo
may play a crucial role. Such a case was shown and investigated by Bucalovic ef al. in an Er:Yb:glass
DPSSL where fcro is controlled by the pump current [49] and another case will be discussed in
Section 4 for a TDL. In the Er:Yb:glass laser, a reversal point occurred in the static response of fceo as
a function of the pump current /pump, Where the slope of dfcro/Olpump changed its sign (Figure 6a).
A tight phase-lock of fceo to an external frequency reference of 20 MHz was straightforwardly
achieved at pump currents located below the reversal point, whereas no stabilization at all (even a
loose lock) could be achieved at pump currents located on the other side of the reversal point, despite a
slightly higher SNR and a very similar frequency noise of the free-running CEO beat. The reason
behind this effect was shown to be related to the dynamic response of fceo to pump current
modulation, obtained by measuring the transfer function of fceo for a modulation of the pump current.
Not only the amplitude, but also the phase of the transfer function is of particular importance for the
realization of a stable feedback loop. According to a general rule-of-the-thumb in control systems, a
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sufficient phase margin is needed at the unity gain frequency to keep a feedback loop stable [50]. As a
consequence, the overall phase shift accumulated throughout the loop has to be kept sufficiently higher
than —180° to prevent the system to turn into a positive feedback loop leading to an unstable operation.
In the considered laser, the high frequency range of the transfer function (above ~1 kHz) did not
depend on the operating pump current (neither in amplitude nor in phase), whereas a significant
difference occurred in the low frequency range. In particular, the phase showed a detrimental change
of 180° between low and high pump current (Figure 6¢). This behavior indicated that two different
physical phenomena in the gain medium were responsible for the tuning of fceo with the pump current,
one of which being of thermal origin and responsible for the detrimentally different phase behavior
observed on one side of the reversal point where the stabilization could not be achieved.
This work demonstrated the importance of the CEO dynamics in the self-referencing of a DPSSL
frequency comb.
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Figure 6. (a) Static tuning curve of fceo with respect to the pump current showing a
reversal point at Jpump = 860 mA. The CEO frequency is stabilized to 20 MHz in this
DPSSL comb, which can be realized in principle at two pump currents located on each side
of the reversal point. (b) Amplitude and (¢) phase of the dynamic response of fceo to pump
current modulation measured at different pump currents below the reversal point (green

curves), at the reversal point (yellow curve) and above the reversal point (orange to
red curves).

2.4. CEO vs. CEP Stabilization

The previously discussed frequency comb self-referencing where fceo is phase-locked to an external
RF reference signal consists of stabilizing the CEO frequency fcro. In such a case, the carrier slips by
a constant phase difference Agcgg relative to the pulse envelope between two consecutive pulses
according to Equation (2), but this phase slip is not zero. As a consequence, the phase difference
between the carrier and the envelope (the so-called carrier-envelope phase (CEP)) varies from pulse to
pulse and consecutive pulses do not exactly reproduce themselves. An identical pulse is retrieved only
after a certain number of pulses given by the ratio frep/fcEo (Figure 7a). Most of the combs applications
in frequency metrology or spectroscopy rely on such CEO-stabilized combs where the absolute phase
of the carrier within the pulse is irrelevant. It is only in the particular case where fceo = 0 that a
constant CEP is achieved and successive pulses are identical (Figure 7b). In such a case, the comb is
said to be CEP-stabilized. This condition is stronger than CEO-stabilized, as it requires a constant
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carrier phase to be achieved with respect to the pulse envelope in all pulses and not only a constant
change of the phase difference between the carrier and pulse envelope from one pulse to the next.
Therefore, a CEP-stabilized laser is always also CEO-stabilized, whereas the reverse is generally not
true (excepted in the particular case of fceo = 0). However, even if all pulses are identical when

fceo = 0, their absolute CEP remains arbitrary and different CEP values lead to the same comb
frequencies vy = Nfrep.
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Figure 7. Illustrative examples of the correspondence between frequency (left) and
time (right) representations of a pulse train emitted by a modelocked laser [51]. The red
oscillation shows the evolution of the carrier and the blue line represents the pulse
envelope. (a) fceo = frep/4, Apcpo = T/2: an identical pulse is retrieved after four pulses;
(b) fceo = 0, A¢pcgo = 0: all pulses are identical (shown here for the particular case where
CEP =0, however, the absolute value of CEP can be arbitrary).

CEP stabilization is of particular importance in some time domain experiments where a physical
effect under study occurs for a single pulse. For instance, extreme nonlinear optical experiments are
directly sensitive to the electric field and not to the intensity of a light pulse. Therefore, they directly
depend on the “absolute” CEP [51]. A typical example is high harmonic generation (HHG) where a
gas target illuminated by an intense laser pulse emits high harmonics of the incident light frequency,
which is a means to produce extreme ultra-violet frequency combs.

Currently it is possible to determine and stabilize the change of the carrier-envelope phase between
successive pulses via the CEO frequency as previously described. However, extending this to the
direct measurement of the carrier-envelope phase itself is much more challenging. Stabilizing the CEO
frequency to fceo = 0 is a first step in this direction, as it enables the production of a train of identical
pulses (zero carrier-envelope phase shift Apcgo). However, the absolute CEP is still not controlled in
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this case. Self-referencing a frequency comb with fceo = 0 cannot be achieved using the standard
negative feedback loop approach used to lock fceo, but an alternative method based on
a feedforward stabilization [52] makes it possible. A passive stabilization of fcro to zero was also
realized in an Er:fiber modelocked laser via difference frequency generation between two distant parts
of a SC spectrum generated in an HNLF, namely a 2 pm soliton and a dispersive wave at 860 nm, to
produce a broadband CEO-free output spectrum centered at the oscillator wavelength of 1.55 um [53].

3. Self-Referenced DPSSLs with Bulk Gain Material

Several frequency combs have been demonstrated from modelocked DPSSLs with bulk gain
materials in the last decade. Most of them are based on the use of a semiconductor saturable absorber
mirror (SESAM) as a nonlinear reflector in the resonator to favor the generation of ultrashort
pulses [54]. SESAM-modelocking has the advantage of being self-starting, and generally leads to a
reliable laser operation over extended periods without the need for significant optical realignment. The
other principal modelocking mechanism that is used in femtosecond DPSSLs is Kerr-lens modelocking
(KLM). KLM relies on an artificial saturable absorber resulting from nonlinearities in the gain medium
that induces a Kerr lens. The Kerr lens focuses intense pulses on an aperture and thus reduces optical
losses for ultrashort pulses. KLM enables ultrashort pulse durations, but is usually not self-starting.

In this section, we will review the main achievements realized in terms of CEO-stabilized DPSSLs.
Table 1 lists the main parameters of these lasers.

3.1. Chromium-Doped Lasers

The first CEO detection from a DPSSL was demonstrated in 2001 by Holzwarth ef al., in a
Kerr-lens modelocked Cr:LiSAF laser [55]. This laser was pumped by two 670 nm diodes with a total
power of 700 mW to produce 115 mW average output power at 894 nm in modelocked operation with
~60 fs pulse duration and 93 MHz repetition rate. A CEO beat signal with an SNR exceeding 40 dB in
a 100 kHz resolution bandwidth (RBW) was obtained after spectral broadening in a PCF and an f-to-2f
interferometer, but the CEO was not stabilized due to the limited access to the sealed box of the LiSAF
laser as explained by the authors. The pump diodes were driven by a battery for low-noise operation.

A femtosecond laser based on a bulk Cr-doped material, namely Cr:forsterite, has been
fully-stabilized and referenced to an H-maser [43]. However, this oscillator was not directly pumped by
a laser diode, but by an Yb:fiber laser. Therefore, it is not exhaustively discussed here, but only briefly
mentioned to highlight one of the key benefits of DPSSLs that is the direct pump current modulation
capability for self-referencing. Instead, an acousto-optic modulator was needed in this laser system for
pump power control, as direct pump modulation was not feasible.
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Table 1. List and main parameters of CEO-stabilized or self-referenceable DPSSLs reported in the literature (bulk DPSSLs and TDLs).
A Pay ﬁ‘ep AT CEO CEO Lock
Type Gain ML Pump CEO Integr. Noise (mrad) Other Refs.
(mm) | (W) | (GHz) | (fs) Control BW (kHz)
Cr:LiSAF 894 | 0.115 | 0.093 | ~60 KLM STM not stabilized - [55]
External amplification +
Yb:KYW | 1033 | 0.250 | 0.16 | ~300 | SESAM | FBG-STM Tpump 100 300 [0.1 Hz-1 MHz] ) [25,26]
compression
Yb:KGW 1042 | 2.2 1.0 ~290 | SESAM ST™M not stabilized External compression [19]
Yb:KGW 1047 34 1.06 125 | SESAM MTM not stabilized - [20]
Yb:KGW | 1040 | 0.6 0.133 | 100 | SESAM MTM Tpump ~300 407 [1 Hz—5 MHz] - [56]
Bulk
DPSSL, Yb:CALGO | 1062 | 1.7 1.0 ~60 | SESAM MTM Tpump ~300 744 [1 Hz-5 MHz] - [21]
s
Yb:CALGO | 1055 | 1.7 1.0 63 | SESAM | VHG-MTM Tpump <200 339 [1 Hz-5 MHZ] - [57]
Yb 1047 | 0.205 0.1 111 | SESAM | FBG-STM Tpump ~130 83 [1 Hz-1 MHz] - [29]
Yb:KGW 1031 | 0.215 0.1 155 | SESAM Toump ~100 1100 [ 1 Hz; 1 MHz] External compression [58]
Er:Yb:glass | 1558 | 0.11 | 0.075 | 170 | SESAM | FBG-STM Tpump 5.5 720 [1 Hz—100 kHz] - [27,28]
Er:Yb:glass | 1558 | 0.11 | 0.075 | 170 | SESAM | FBG-STM OOM 40-50 65 (30 *) [1 Hz—100 kHz] - [44]
Er:Yb:glass | 1560 | 0.115 0.1 190 | SESAM | FBG-STM | AOFS-FB | not reported 118 - [59]
Yb:Lu203 1035 7 0.064 142 | SESAM | VHG-MTM not stabilized - [60]
Tpump 250 100/200 (ool **) .
Yb:YAG 1030 17 0.038 | 250 KLM MTM not reported External compression [61]
Thin IC-AOM [1 Hz-500 kHz]
Disk 180/270 (ool **) .
Yb:YAG 1030 40 0.038 | 250 KLM MTM IC-AOM | not reported External compression [62]
Lasers [1 Hz-500 kHz]
Yb:CALGO | 1052 2.1 0.065 70 SESAM | VHG-MTM Tpump 30-40 120 [1 Hz-1 MHZz] - [30]
Yb:YAG 1030 | 140 | 0.0095 | ~950 | SESAM MTM not stabilized External compression [31,63]

ML: modelocking; STM: single-transverse-mode; MTM: multi-transverse-mode; FBG-STM: fiber Bragg-grating-stabilized single-transverse-mode; VHG-MTM: volume holographic grating-stabilized

multi-transverse-mode; OOM: opto-optical modulation; AOFS-FB: acousto-optic frequency shifter feedback; IC-AOM: intra-cavity acousto-optic modulator. *Integrated phase noise without the contribution of

technical noise at 50 Hz and harmonics; ** ool: out-of-loop measurement.
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3.2. One-Micrometer Ytterbium-Doped Lasers

Some years later, the first self-referenced Yb DPSSL in the 1 pm spectral range was reported by
Meyer et al. [25]. The Yb:KYW laser was pumped by two 600 mW fiber-coupled laser diodes at 980 nm
stabilized with a fiber Bragg grating to produce 250 mW output power in ~290 fs at a repetition rate
adjustable between 160 MHz and 190 MHz. As a result of the quite long pulses emitted by this laser,
coherent octave-spanning SC generation for CEO beat detection could not be directly achieved from
the laser output, but required external amplification using an Yb:fiber amplifier and pulse compression.
An average power of 300 mW compressed down to 113 fs was launched into a microstructured fiber
to generate a coherent spectrum extending from 650 nm to 1450 nm that allowed fceo to be detected in
an f-to-2f interferometer with a SNR of 34 dB (in 100 kHz RBW). The CEO frequency was stabilized
by feedback to the current of one of the pump diodes with a loop bandwidth of about 20 kHz limited
by the roll-off response of fceo to the pump current modulation. In these conditions, an integrated
phase noise of 1.7 radians [5 Hz—4 MHz] was obtained from the measured CEO frequency noise
PSD [25]. Later on, improvements of the CEO lock were reported for the use of this frequency comb
as an optical-to-microwave frequency divider for low-noise microwave generation [26]. With a total
pump power of 830 mW and a repetition rate of 186 MHz, the CEO servo bandwidth was extended to
~100 kHz by the use of a phase-lead filter, which enabled overcoming the ~45 kHz limitation of the
upper state lifetime of the Yb:KYW crystal. In this condition, a residual integrated phase noise of
300 mrad was achieved [0.1 Hz—1 MHz].

Frequency combs based on Yb DPSSLs in the 1 um range have become fairly popular in the last
five years and have been the subject of several studies and developments. A research direction of
particular interest has been the extension of combs operation to the range of gigahertz or
multi-gigahertz repetition rate. High repetition rate lasers enable an easier access to the individual
optical comb lines and an increased power per comb mode for a given average power that leads to an
improved SNR in various applications. However, SESAM-modelocked DPSSLs have to overcome
some challenges when increasing the repetition rate, as the decreased pulse energy may result in
Q-switching instabilities [64].

A key achievement towards the self-referenced stabilization of gigahertz DPSSL combs was the first
CEOQO detection realized by Pekarek and co-workers in an Yb:KGW laser [19]. Using 6 W of pump
power from a distributed Bragg reflector (DBR) tapered laser diode at 980 nm, more than 2 W of
average power was emitted at 1042 nm in modelocked operation with a repetition rate of 1.0 GHz and
a pulse duration of ~290 fs based on SESAM-modelocking. The high output power of this oscillator
enabled an octave-spanning SC to be generated in a PCF directly from the oscillator output, without any
external amplification, which kept the system simple. However, the coherence of the generated
SC spectrum was too low to detect a CEO beat, especially at the wavelengths used in the f~to-2f
interferometer. This was confirmed by numerical simulations that showed that a soliton order of
around 13 was achieved for the pulses launched into a PCF from this oscillator. By reducing the pulse
duration to around 100 fs using a passive fiber-compressor and using a lower average power of 1.1 W,
the soliton order was reduced to five, enabling the detection of a CEO beat at 680 nm with an SNR of
27 dB (in 1 MHz RBW). The CEO frequency could be tuned by changing the current of the pump
diode, but no stabilization was realized at this stage.
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A weakness of this first self-referenceable gigahertz DPSSL was the tapered pump diode. This
non-commercial high-brightness source was fairly sensitive to optical feedback, which can potentially
lead to a catastrophic damage of its facets [65] and resulted in a poor long-term reliability. The next
breakthrough occurred when Klenner et al., demonstrated a strong CEO beat (30 dB in 100 kHz RBW)
in a gigahertz DPSSL pumped by a commercial multi-transverse-mode pump diode [20]. This
achievement was the first evidence that this type of diodes could be used to pump a DPSSL for
frequency comb applications, despite the higher intensity noise resulting from its highly multimode
operation. This multimode noise can be transferred to the modelocked laser and ultimately to the CEO
beat as shown for a TDL [31], thus making the laser more challenging to self-reference. This effect
was experimentally shown by Link et al., in an Yb:KGW SESAM-modelocked DPSSL at 1040 nm
that was alternately pumped by a spatially-multimode low-brightness (M? =~ 32) high-power diode
array or by a single-transverse-mode high-brightness (M? < 1.2) beam from a semiconductor vertical
external cavity surface-emitting laser (VECSEL) [66]. A flipping mirror provided a simple interchange
between these two sources to pump the exactly same modelocked laser with 133 MHz repetition rate.
Both pumping schemes enabled an average output power of 450 mW in 130 fs pulse duration to be
generated for 2 W of pump power. This led to a generated CEO beat with a similar SNR of more than
30 dB after SC generation and f-to-2f interferometry. However, a significantly broader linewidth of the
CEOQO beat was observed with the low-brightness multimode pump diode, which mainly resulted from a
higher noise in the frequency range of 1 kHz to 100 kHz. According to the concept of the -separation
line introduced in Section 2.3, this higher noise occurring at high frequency implies a larger loop
bandwidth requirement to achieve a tight fceo lock. Despite the higher CEO noise resulting from the
use of a low brightness multimode pump diode, Klenner et al., demonstrated that a tight CEO lock
could be achieved by feedback to the current of the multi-spatial-mode pump diode [56]. An in-loop
residual integrated phase noise of 407 mrad [1 Hz, 5 MHz] was achieved in this case with a loop
bandwidth of ~300 kHz.

Despite their higher noise, multi-transverse-mode pump diodes offer various advantages such as the
robustness and reliability of industrial-grade diodes, and power scalability achieved by increasing the
number of emitters coupled to the multimode fiber. For this reason, they are also commonly used as
pump sources in high-power TDLs [30,31] as will be discussed in Section 4. However, their
multimode nature results in a lower brightness in comparison to tapered diodes.

In the work of Klenner et al. [20], a pump power of 13 W at 978 nm with an M? value of ~25 was
successfully used to produce 3.4 W of average power at 1047 nm in an Yb:KGW SESAM-modelocked
laser with 125 fs pulse duration and 1.06 GHz repetition rate. The use of a X-shape cavity instead of
the simpler Z-shape that was used in a former Yb:KGW gigahertz laser pumped by a tapered
diode [19] offered more flexibility for cavity dispersion management. A coherent octave-spanning SC
spectrum was generated directly in a PCF from the output of the modelocked oscillator, without any
additional pulse compression or amplification, enabling the detection of a strong CEO beat (30 dB
SNR in 100 kHz RBW) in an f~to-2f interferometer. However, no CEO stabilization was realized in
this laser.

The first self-referenced gigahertz DPSSL was demonstrated by Klenner ef al., in 2014 [21]. The
gain material was changed to Yb:CALGO here, placed in a Z-shape cavity. Yb:CALGO has a broader
emission bandwidth than Yb:KGW and thus has the potential to produce shorter pulses. A maximum
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average output power of 1.7 W was generated at 1062 nm with 64 fs pulse duration at a repetition
rate of 1.0 GHz by pumping the gain crystal with a commercial highly multimode fiber-coupled laser
diode at 980 nm with an M? value of about 32. The maximum output power of the pump was 60 W,
but only a small fraction of 8 W was used in these experiments. The Z-shape cavity contained a flat
output-coupler used as a folding mirror that offered two output beams with an equal output power. One
of the output ports was used for SC generation and CEO detection, whereas the other one remained
available for comb applications.

The high average output power available from a single output port of the laser and the short pulse
duration provided a sufficient peak power for coherent octave-spanning SC generation in a 1 m long
PCF without any amplification or pulse compression. An average power of 500 mW launched in the
PCF followed by a quasi-common-path f~to-2f interferometer produced a strong CEO beat at 680 nm
with more than 25 dB SNR in a RBW of 1 MHz. The free-running CEO beat had a FWHM linewidth
of several hundreds of kilohertz that was significantly larger than for other formerly self-referenced
DPSSLs [26,27,29], which made its stabilization more challenging. This larger linewidth was observed
despite several precautions taken to minimize some potential noise sources, such as preventing optical
feedback into the pump diode by slightly tilting some optical components in the pump beam, or by
minimizing mechanical perturbations of the multimode fiber that can increase the relative intensity
noise (RIN) of the pump diode that is ultimately transferred to CEO noise. Passive filters were also
used to prevent AC noise components to enter into the standard DC power supply used to drive the
pump diode, and to attenuate at the same time electrical noise from the power supply entering in the
pump diode. The large free-running linewidth of the CEO beat observed in this DPSSL resulted in
some part from the use of a multi-transverse-mode pump diode without wavelength-stabilizing
element, and from its gigahertz repetition rate, as the fluctuations of fceo scale linearly with frep as a
consequence of Equation (2). For this reason, high repetition rate lasers require a larger loop
bandwidth to achieve a tight lock. In the Yb:CALGO laser of [21], a tight CEO lock was achieved by
feedback to the pump current with a large bandwidth of ~300 kHz. This was realized with a fast
current modulation electronics installed in parallel to the DC power supply of the pump diode that
could be directly modulated only at low frequency (<1 kHz). The derivative part of a PID servo
controller was essential to extend the overall loop bandwidth up to ~300 kHz, much higher than the
measured roll-off frequency of fceo for pump current modulation (~20-30 kHz) originating from the
gain upper-state lifetime and photons lifetime in the cavity. Therefore, a tight CEO lock was
successfully achieved with ~300 kHz feedback bandwidth and an in-loop residual integrated phase
noise of 744 mrad [1 Hz—5 MHz]. The stabilization of fceo was also accompanied by a strong
improvement of the RIN and of the timing jitter of the gigahertz laser in the frequency range from
~100 Hz up to the loop bandwidth, indicating that they originate from a common noise source. This
also implies that the pump current has a coupled influence on fceo and frep, in a similar way as
described in detail in the case of an Er:fiber comb [67].

A large contribution to the frequency fluctuations of fceo in diode-pumped femtosecond lasers
usually originates from pump diode intensity noise that is transferred to fceo by different
mechanisms [68]. This was evidenced by McFerran et al., in an Er:fiber laser [69] and is even more
pronounced in high repetition rate DPSSLs pumped by multi-transverse-mode laser diodes. In addition
to the higher RIN of these pump diodes compared to a single-transverse-mode pumping scheme that
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was previously discussed, spectral fluctuations of the pump source can also induce strong fceo noise
for pump lasers that do not incorporate any wavelength stabilizing element. For instance, the
Yb:CALGO gain medium exhibits a quite narrow absorption peak at 980 nm [70]. Any wavelength
fluctuation of the pump source is thus converted in fluctuations of the absorbed pump power that in
turn result in fceo frequency noise. Hence, a drastic improvement of the CEO stabilization was
demonstrated in the aforementioned Yb:CALGO gigahertz femtosecond laser with the use of a
passively wavelength-stabilized pump diode [57]. Using two different versions of the same
spatially-multimode laser diode (LIMO 60-F100-DL980 from Lissotschenko Mikrooptik GmbH,
Dortmund, Germany), a strong difference in the free-running CEO beat linewidth was observed. The
early results previously mentioned were obtained with the simplest version of the pump diode without
any wavelength-stabilizing element. The resulting pump spectrum was fluctuating in a range of about
7 nm, much larger than the absorption peak of Yb:CALGO. On the other hand, a more evolved version
of the pump diode that stabilizes the wavelength using a volume holographic grating (VHG) resulted in
a stable pump spectrum with a narrow width of only 0.1 nm centered at 980.4 nm, well matched to the
Yb:CALGO absorption peak. In addition to its direct effect on the pump spectrum, the VHG
stabilization also showed a strong improvement of the RIN of the pump source, with a reduction of
20 dB at all frequencies above 100 Hz. All in all, these two effects resulted in a drastic improvement of
the free-running CEO beat linewidth, with a reduction from 1.7 MHz FWHM with the unstabilized
pump source down to 170 kHz with the VHG-stabilized pump in an observation time necessary to
average 100 spectra recorded on a microwave spectrum analyzer. As a result, a tight CEO lock was
achieved by feedback to the pump current with a loop bandwidth slightly lower than 200 kHz. The
residual integrated phase noise of only 339 mrad is the lowest value obtained from a gigahertz DPSSL.
These results clearly showed the benefit of a wavelength-stabilized pump source, but also demonstrate
that a tight CEO lock can be achieved in DPSSLs with repetition rates in the gigahertz range using
cost-efficient commercial multi-transverse-mode pump diodes.

Beside their potential for frequency combs with large mode spacing, Yb-DPSSLs are also attractive
for very low-noise operation at lower repetition rates. A fully-stabilized frequency comb with a low
residual integrated phase noise of the CEO beat of 83 mrad [I Hz—1 MHz] has been reported by
Kundermann et al. [29]. A commercial Origami-10 modelocked laser (Onefive GmbH, Zurich,
Switzerland) emitting short pulses of 111 fs duration at a center wavelength of 1047 nm and at a
repetition rate of 100 MHz was used to generate a SC spectrum in a 50 cm long PCF. A CEO beat with
40 dB SNR in a RBW of 91 kHz and a narrow free-running linewidth of ~15 kHz (observed in a sweep
time of 461 ms) was detected in an f~to-2f interferometer. These noise figures for a free-running comb
resemble more the properties of a modelocked DPSSL than of a fiber laser, but the exact configuration
of the Origami-10 femtosecond laser is unknown and was not disclosed in [29]. Nevertheless, this laser
has been included in the present discussion of Yb-doped DPSSLs and its properties are also listed in
Table 1. A stabilization loop with feedback applied to the current of the pump diode with a loop
bandwidth of about 130 kHz was realized, and the contribution of the locked fceo to the instability of
the optical carrier corresponds to a fractional frequency stability of <107!7 at 1 s averaging time (with
500 Hz noise equivalent bandwidth).

A demanding application for frequency combs in the future is their operation in a space
environment. Several missions are under consideration by space agencies that will involve a frequency
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comb, e.g., in an optical master clock in space for fundamental physics experiments, geodesy, remote
comparison of high accuracy ground-based optical clocks, efc. Such frequency combs have to survive
challenging environmental conditions, in particular high-energy radiation. In this context, DPSSL
frequency combs constitute a valuable alternative to fiber combs that are generally the preferred choice
for space applications [71]. Buchs et al. have proved the capability of a modelocked Yb:KYW DPSSL
to sustain a dose of gamma and protons radiation corresponding to more than five years in outer space
on a highly elliptic orbit around Earth corresponding to a possible future candidate mission for a
frequency comb in space [58]. The SESAM-modelocked laser tested under radiation had an emission
spectrum centered at 1029 nm, with 148 mW average power emitted in 169 fs pulses at 40 MHz
repetition rate. Different parameters of the laser were recorded during the irradiation, such as the
output power, repetition rate, center wavelength, efc. Some of them showed only a minor change
during the gamma irradiation (e.g., only 5% reduction of the laser output power). The initial output
power was recovered a few days after the irradiation, while the recovery period was longer for the
pulse width, but did not affect the overall performance of the laser.

A second similar laser with a repetition rate of 100 MHz, an average output power of 215 mW
emitted at 1031 nm and a pulse duration of 155 fs was fully-stabilized with an in-loop integrated phase
noise of fceo of 1.1 rad (1 Hz—1 MHz) achieved with a loop bandwidth of about 100 kHz. Pulse
compression to 100 fs realized using GTI mirrors after spectral broadening in a singlemode fiber was
necessary for octave-spanning SC generation in a HNLF. This stabilized laser system was not
subjected to irradiation.

3.3. 1.5-um Erbium-Doped Lasers

Commercial and laboratory-grade Er:fiber frequency combs are used nowadays in a variety of
applications in the 1.5 pm spectral range, such as low-noise microwave generation, high-resolution
spectroscopy or distant comparison of optical atomic clocks via the optical fiber network. DPSSL
combs are attractive for all these applications as a result of their low-noise potential, as demonstrated
in the previous sub-section for Yb-based DPSSLs at 1 um. However, very few DPSSL combs have
been demonstrated so far in the important 1.5 um telecom range. The first self-referenceable
modelocked DPSSL was reported by Stumpf e al. [72] based on an Er:Yb:glass oscillator (ERGO)
pumped by a single-transverse-mode wavelength-stabilized telecom-grade diode at 976 nm. The
SESAM-modelocked laser emitted 110 mW of average power in 170 fs at a repetition rate of 75 MHz.
A strong CEO beat with an SNR close to 50 dB (100 kHz RBW) was detected after SC generation in
a polarization-maintaining HNLF and a standard f-to-2f interferometer. Owing to the small overall
optical losses in the cavity (less than 3%) that resulted in a high Q-factor resonator, this laser
demonstrated a record narrow-linewidth CEO beat with only 4 kHz FWHM. A tight phase lock of fcro
was achieved by feedback to the pump current with a moderate feedback bandwidth of around 5.5 kHz
and a residual integrated phase noise of 0.72 rad (0.1 Hz—100 kHz) [27]. Full stabilization of this
frequency comb to an H-maser was demonstrated with a fractional frequency stability of a comb line at
1558 nm of ~4x107' at 1 s, assessed from the beat signal between the comb line and a
cavity-stabilized laser and limited by the stability of the RF reference used to lock frep [28].
This DPSSL comb was also stabilized to an optical reference made of an ultra-stable laser for
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low-noise microwave generation and showed its benefit compared to a commercial Er:fiber comb in
terms of CEO contribution to the phase noise [73].

The CEO stabilization in this ERGO laser was improved by the use of a faster actuator for fcro
control that enabled extending the feedback bandwidth beyond the limitation imposed by the
upper-state lifetime of the gain medium. Hoffmann ef al., demonstrated a new tuning and stabilization
mechanism of fceo by opto-optical modulation (OOM) of the same SESAM as already used to initiate
self-starting modelocking in this laser using a continuous wave pump laser at 812 nm [44]. The method
combines high feedback bandwidth with low loss, low nonlinearity, and low dispersion, which makes
it power-scalable and very attractive for high power oscillators such as TDLs. A drastic improvement
of the stabilized CEO beat in the ERGO comb was achieved compared to pump current modulation, in
particular a fractional frequency instability of fcro reduced by a factor of four and a residual integrated
phase noise of only 63 mrad (1 Hz—100 kHz), or even less than 30 mrad when technical noise at 50 Hz
and harmonics was removed. This integrated phase noise is the lowest value reported so far for any
DPSSL comb to the best of our knowledge and clearly proves the capability of DPSSL combs for
low-noise operation.

A comparison between different approaches for fceo stabilization in a frequency comb generated
from a similar Er:Yb:glass DPSSL was reported by Kundermann and Lecomte [59]. The output
spectrum of a commercial Origami-15 Er:Yb:glass DPSSL (Onefive GmbH, Zurich, Switzerland) with
190 fs transform-limited pulses at 1560 nm and 100 MHz repetition rate with an average output power
of 115 mW was spectrally broadened in a HNLF. A CEO beat was then detected in an f-to-2f
interferometer. The laser was pumped by a singlemode fiber-coupled Bragg-grating-stabilized diode at
976 nm and previously demonstrated state-of-the-art amplitude noise and sub-100 attoseconds
integrated timing jitter (10 kHz—50 MHz) [74]. CEO stabilization using feedback to an extra-cavity
acousto-optic frequency shifter (AOFS) was shown to achieve an integrated phase noise of 118 mrad
and the lowest fractional frequency instability of fceo compared to feedback to the current of the pump
diode and to a feed-forward control of fcro using the AOFS. Two similar DPSSLs were successfully
applied for ultra-low-noise microwave generation using five-stage pulse interleavers to multiply the
repetition rate of the detected pulse trains to 3.2 GHz [75] and for dual-comb spectroscopy in a range
between 1.55 and 2.25 pum after spectral broadening in an HNLF [76].

4. Self-Referenced DPSSLs in Thin Disk Geometry

TDLs constitute a particular DPSSL technology where the gain medium is made of a very thin
disk-shaped crystal (typical thickness of a few hundred micrometers) instead of the mm-size bulk gain
medium commonly used in conventional DPSSLs previously discussed in Section 3. The disk
thickness is much smaller than the laser beam diameter, so that the heat generated by pump absorption
is principally extracted in the longitudinal direction through the backside of the disk rather than
transversely. This geometry first introduced in the early 1990s provides an efficient cooling of the disk
from the back side that leads to straightforward power scalability [77]. As for DPSSLs with a bulk gain
medium, SESAM-modelocking and KLM are the main modelocking mechanisms used in TDLs.
SESAM-modelocked TDLs enable direct power scaling by increasing the beam size on the thin disk
gain medium and on the SESAM, without detrimental increase of the nonlinearities. As a result, TDLs
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are able to reach high power operation and Yb:YAG SESAM-modelocked lasers have demonstrated
the highest average power (275 W in 583 fs pulses) and pulse energy (80 pJ in 1.1 ps pulses) of any
type of modelocked oscillators [36,78]. Therefore, TDLs are well-suited as driving sources for
experiments requiring high intensities at megahertz repetition rates, e.g., to generate vacuum
ultra-violet (VUV) or extreme ultra-violet (XUV) radiation by high harmonic generation (HHG).
Today, TDLs are developed mainly in the 1 um spectral range based on Yb-doped disks, such as
Yb:YAG.

The small disk thickness results in an inefficient pump absorption in the gain medium. Therefore,
a multi-pass pump arrangement is generally used, where a parabolic mirror combined with prism
retroreflectors enables for typically 8, 16 or 24 double passes of the pump radiation through the disk
without stringent requirements on the pump beam quality. For this purpose, the back side of the disk
has a highly reflective coating for both pump and laser wavelengths, whereas the front side is
anti-reflection coated. TDLs typically use high-power laser diode bars coupled into a highly
multi-transverse-mode optical fiber (with a typical M? value >100) and require current drivers
operating at several tens of amperes. For a long time, it was not clear if this pumping scheme
introduces too high noise for comb self-referencing.

The first CEO beat detection in a TDL was achieved by Saraceno et al., in 2011 [60]. The
SESAM-modelocked Yb:Lu203 TDL emitted 7 W of average output power in pulses of 142 fs duration
at 64 MHz repetition rate. The laser was pumped with 47 W at 976 nm delivered by
a VHG-stabilized diode with 24 passes on the disk. The very short pulses emitted by this TDL enabled
SC generation in a PCF using less than 1% of the laser output power without any pulse amplification
or compression. The low soliton order Nsol = 5 of the pulses launched into the PCF led to a coherent SC
according to the argumentation presented in Section 2.2. A CEO beat with an SNR > 30 dB in a RBW
of 1 kHz was detected in an f-to-2f interferometer. Tuning of fceo with the current of the pump diode
was observed in this TDL, but no self-referencing was performed due to the damage of the only crystal
available at the time of the experiment.

The first self-referenced TDL was demonstrated by Pronin ef al. [61]. The KLM Yb:YAG laser
delivered an average output power of 17 W at a center wavelength of 1030 nm in 250 fs pulses and
38 MHz repetition rate. It was pumped by 110 W from a fiber-coupled diode at 940 nm with 24 passes
on the disk. The output pulses were compressed to 30 fs using chirped mirrors before being launched
into an f-to-2f interferometer that included a 8 cm long PCF for SC generation. Two identical
interferometers were built to provide in-loop and out-of-loop measurements. The free-running CEO
beat was detected with an SNR of about 35 dB in a RBW of 300 kHz. The CEO frequency had a high
sensitivity to the pump current owing to the strong amplitude-to-phase coupling induced in the silica
plate Kerr medium. Therefore, pump current modulation was first implemented for CEO-stabilization.
With the use of a phase-lead filter to overcome the measured 3 dB roll-off frequency of 3 kHz in the
response of fceo to a modulation of the pump current, a residual integrated in-loop phase noise of
250 mrad was achieved (1 Hz—500 kHz). Improvement of the CEO stabilization was obtained using
direct laser intra-cavity power modulation via an acousto-optic modulator (AOM) placed inside the
resonator to overcome the limitation of the 1 ms long lifetime of Yb and the correspondingly low
achievable servo-loop bandwidth. In this case a residual integrated phase noise of 100 mrad in-loop
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and 200 mrad out-of-loop were reported. However, the use of an intra-cavity AOM appears more
difficult to be implemented in TDLs with higher intra-cavity power due to thermal issues.

A refinement of these initial results including a more thorough characterization of the CEO
stabilization was recently reported by the same group [62]. The output power of the oscillator was
increased to 40 W and the external compression reduced the pulse duration to 17 fs after a first stage of
spectral broadening/compression and down to 7.7 fs using tailored dispersion mirrors in a second
stage. Due to the bandwidth limitation of the CEO control by the pump current (3 dB point of 1.5 kHz)
resulting from the 1 ms gain relaxation time, stabilization with the intra-cavity AOM was preferred.
The AOM placed at the Brewster angle within the cavity was used as a loss modulator with a
maximum modulation amplitude of 2%. In-loop integrated phase noise of 180 mrad was achieved, and
270 mrad out-of-loop (1 Hz—500 kHz). This difference was partly attributed to amplitude-to-phase
(AM-to-PM) noise conversion in the SC generation process and partly to the digital phase detector
used in the CEO loop, possibly resulting from nonlinearities in the behavior of this device according to
the observations reported in [45].

The first SESAM-modelocked TDL was reported by Klenner et al. [30]. The Yb:CALGO TDL
generated 90 fs pulses at 65 MHz repetition rate with an average output power of 2.1 W at a center
wavelength of 1052 nm. A pump laser diode made of two diode stacks VHG-stabilized to a
wavelength of 979.5 nm with a maximum output power of 400 W was used to pump the gain medium in
an arrangement with 24 passes over the disk. A fraction of only 65 W of pump power was used in the
reported results, which was coupled into a multimode fiber with 400 um diameter and an M? value of
about 140. The sub-100 fs pulse duration of this laser was among the shortest produced directly from a
TDL oscillator at this time and was made possible by the broadband gain of the Yb:CALGO crystal.
Consequently, no external pulse compression was needed for SC generation and subsequent CEO beat
detection in a quasi-common-path f~to-2f interferometer. A fraction of about only 2% of the laser
output power was used for SC generation in a PCF, resulting into a soliton order Nsol = 5 that supported
the generation of a coherent octave-spanning SC spectrum resulting in the detection of a CEO beat
signal at 680 nm with 33 dB SNR in a RBW of 100 kHz. A tight CEO lock was achieved by feedback
to the pump current with a loop bandwidth of 30—40 kHz. This was implemented using in-house
designed modulation electronics capable of applying a small modulation with a bandwidth of about
100 kHz on top of the laser DC current delivered by a standard power supply. An in-loop integrated
phase noise of 120 mrad was achieved for the tightly locked CEO beat, resulting in an rms frequency
fluctuation of fceo of 8.8 mHz observed over a period of 17 min for the 26 MHz CEO frequency,
corresponding to a contribution <107'¢ to the frequency instability of an optical comb line.

The first CEO beat detection in a TDL operating in a high average power regime of >100 W was
reported by Diebold ef al. [63]. The SESAM-modelocked Yb:YAG TDL with a similar design to the
record-high average power TDL [36] was operated in a low-pressure (150 mbar) helium environment.
It delivered 140 W of average power at 9.67 MHz with ~750 fs pulses. With this long pulse duration,
external compression was necessary to achieve sufficiently short pulses for coherent SC generation.
A small fraction of the oscillator output power was thus compressed down to 63 fs by combining spectral
broadening by self-phase modulation in a large-mode-area PCF and Gires-Tournois-interferometer (GTI)
mirrors. A strong CEO beat with >33 dB SNR in a RBW of 100 kHz was then detected in a
commercially-available f~to-2f interferometer. Whereas a significant shift of fceo with the pump power
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was observed in this laser, which should enable self-referencing by the common method of pump
power modulation, the CEO stabilization could not be achieved.

A detailed study of the frequency dynamics of fceo in SESAM-modelocked TDLs was recently
reported by Emaury et al., where the behavior of the aforementioned Yb:CALGO laser with 65 MHz
repetition rate and high-power Yb:YAG laser with sub-10 MHz repetition rate was compared [31].
A complete noise characterization of these two laser systems including the measurements of various
relevant transfer functions combined with comparison with theoretical models evidenced a fundamentally
different behavior of the two TDL resonators. This difference led to the impossibility to CEO-stabilize
the high power Yb:YAG oscillator. Even if a comparable RIN of the multi-transverse-mode pump
diodes used in these two systems was identified as the main contribution to the CEO noise in each
case, the laser cavity dynamics was shown to play an essential role in the CEO frequency dynamics.
Whereas the transfer function of fceo for pump modulation was characterized by a highly damped
second-order low-pass filter with a cut-off frequency of ~12 kHz and a smooth associated phase
change in the Yb:CALGO TDL, it behaved like a resonant second-order filter in the Yb:YAG laser
with a pronounced resonance at 7.5 kHz. The abrupt phase change associated to this resonance that
occurred in a narrow frequency range led to the impossibility to achieve a tight phase lock of fcro in
this laser. The different operation point of the SESAMs used for modelocking of these TDLs was
identified as the main cause for the different damping factor observed in the cavity transfer functions.
More precisely, the relevant parameter was the variation of the SESAM nonlinear loss as a function of
the intra-cavity pulse energy. Experimental results were in good agreement with theoretical
considerations derived from the complex cavity transfer function obtained for modelocked lasers [79].
As an outcome of this analysis, a laser cavity exhibiting a high damping of the relaxation oscillation by
nonlinear intra-cavity elements, for example by operating the SESAM in the roll-over regime, is
required for CEO stabilization. This work presented important guidelines towards the future frequency
stabilization of multi-100-W TDL oscillators. The importance of the CEO dynamics in the feasibility
to achieve a tight CEO lock in a frequency comb shown in the case of these TDLs complements
previous observations reported in Section 2.3 for a bulk Er:Yb:glass DPSSL. Alternative stabilization
methods that do not use pump current modulation may be used instead to circumvent the TDL cavity
transfer function, such as using SESAM OOM for CEO stabilization as previously reported in a
DPSSL [44]. The extremely low losses of SESAMs make this technology compatible with high-power
and high-energy lasers such as TDLs. Therefore, SESAM OOM appears as a well-suited
complementary approach for CEO stabilization of TDLs.

5. Conclusions and Outlook

In the first years after their invention, CEO-stable laser systems were either based on Ti:Sapphire or
fiber lasers. However, in the last years, CEO-stabilized DPSSLs have become a promising alternative
for frequency comb generation with state-of-the-art performance. The DPSSL technology combines
the advantages of fiber lasers in terms of simplicity and reliable diode pumping with the low-noise
operation of Ti:Sapphire lasers resulting from their high Q-factor resonator. SESAM-modelocked
DPSSLs provide self-starting and reliable operation. Their simple pumping using laser diodes provides
a reliable scheme for frequency comb CEO-stabilization using the common method of feedback to the
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current of the pump diode. The lower noise of DPSSLs arising from their low cavity losses results in
less demanding requirements in terms of feedback bandwidth for CEO stabilization compared to fiber
lasers. A tight CEO lock has been demonstrated in various DPSSL systems using this simple feedback
scheme, despite the limited bandwidth achievable with this approach resulting from the relatively long
upper-state lifetime of the gain material. Faster actuators for improved CEO stabilization have also been
demonstrated to control and stabilize fceo with a higher bandwidth, such as by opto-optical modulation
of an intra-cavity SESAM [44] or using an intra-cavity AOM in TDLs [61].

The superior emission properties of DPSSLs in terms of average output power and pulses duration
also enable CEO detection directly from the output of the laser oscillator in various systems, without
the need for any external amplification or pulse compression, which keeps the system more simple and
cost-efficient. DPSSL frequency combs will certainly continue their expansion in the near future,
especially for the realization of frequency combs with multi-gigahertz repetition rates, a range that is
difficult to achieve for fiber lasers. High repetition rate combs are of particular interest for applications
such as ultra-low-noise microwave generation or astronomical spectrographs calibration. First
experiments of ultra-low-noise microwave generation using DPSSL combs with repetition rates in the
100 MHz range were reported with very promising performance [26,73,75], and it is likely that further
applications will develop in the future that will benefit from the low-noise properties and high
repetition rate capabilities of DPSSLs. Such gigahertz DPSSL combs can be pumped using
commercial multi-transverse-mode diodes that make these laser systems cost-efficient and reliable,
without compromising the achievement of a tight CEO lock [21]. DPSSLs have also shown their
hardness to radiation [58], which makes them an attractive alternative to fiber lasers for the
implementation of frequency combs in a space environment, for instance for a future master optical
clock in space.

Another field where DPSSLs are already in a leading position is high-power ultrafast oscillators.
The TDL geometry has currently demonstrated the highest average power and pulse energy emitted
from any oscillator [36,78]. New breakthroughs in this domain are expected in the near future for the
generation of stabilized frequency combs in the high average power regime of >100 W, which will be
of paramount importance for high field physics such as high harmonic generation to produce extreme
ultra-violet frequency combs.
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