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Abstract

Optical frequency combs will play an important role for space-borne applications due to their
capabilities of high resolution measurements in the field of spectroscopy, microwave gener-
ation, ranging as well as time and frequency transfer. Most of these application include a high
stable optical frequency reference such as an optical atomic clock.

To open the accessibility of this technology for the space sector, the mass, size and environ-
mental sensitivity of the frequency comb needs to be significantly reduced, whereas the fre-
quency comb laser shall overtake the stability of the optical reference without any loss in
performance.

To achieve this, a robust and compact in-fiber polarization maintaining Erbium frequency
comb module was developed, characterized and stabilized in this work. The performance is
comparable to (bulky) lab based comb systems, while having a ruggedized in-fiber design
and no need of mechanical actuators for stabilization. Thereby a fractional Allan deviation
(in-loop) below 107® was determined, which underlines potential applications in the field of
space optical clocks.

The engine of the in-fiber frequency comb module is a femtosecond fiber laser with an inte-
grated electro-optic waveguide modulator based on a semiconductor saturable absorber
(SESAM) for pulse generation. Besides this laser, two in-fiber femtosecond lasers based on
tapered fiber carbon nanotube absorbers were studied. One oscillator was equipped with an
electro-optic modulator and a polarization maintaining design. The other laser was developed
to demonstrate the principle of an opto-optical modulator applied to the carbon nanotube
absorber. Both lasers were characterized and phase stabilized to a Helium-Neon laser to proof
their functionality. Hereby an in-loop stability in the mHz range was measured. Furthermore,
a linewidth of the carrier envelope offset frequency below 70 kHz was measured. This was
significant lower in comparison to the SESAM based laser (linewidth > 590 kHz).

As an application the big ring laser gyroscope at the Geodetic Observatory Wettzell was
stabilized with the SESAM based laser to a H-maser. Due to the stabilization the ring laser
frequency drift was reduced by more than 4 magnitudes. In this context the ring laser reached
a fractional Allan deviation of 5 107 at an integration time of 16384 s.
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1 Introduction

In recent years the frequency comb evolved from a sensitive and complex laboratory bread-
board setup to a robust and compact system [1, 2]. Frequency combs are used for demanding
applications such as optical atomic clocks [3], ultra-low noise microwave signal generation
[4], laser spectroscopy [5], absolute distance measurement [6] and frequency/time transfer
[7]. This is due their capability of phase-coherent locking to highly stable and low noise
microwave and optical references. Thanks to its versatility, the frequency comb [8, 9] will
play an important role for space-borne systems in the field of navigation [7, 10, 11, 12], geo-
mapping [13, 14, 15], interferometric imaging [16], earth observation [17] and scientific mis-
sions [18, 19].

Most of these applications include a highly stable optical reference such as an optical cavity
and/or an optical atomic clock (OAC) to determine physical parameters such as space (dis-
tance), time and frequency with highest resolution. Hereby the stability of the optical refer-
ence needs to be transferred to an optical frequency comb to measure these parameters.

The aim of this thesis was to develop a frequency comb engineering module capable to over-
take the sub-Hz stability of modern optical standards without any loss in performance. Ad-
ditionally, the frequency comb module shall be compact and robust to fit a space-borne in-
strument. This requires the control and manipulation of ultra-short laser pulses in optical
components such as Erbium- and highly non-linear fibers, saturable absorbers and non-linear
crystals. Another challenge is to stabilize the frequency comb with a feedback bandwidth
beyond the gain response time of the laser oscillator itself.

Frequency combs are generated with solid-state lasers (e.g. Titan Sapphire, Ytterbium doped
materials), whispery gallery mode resonators, semiconductor lasers or fiber lasers. Among
these laser technologies mode locked Erbium fiber lasers are currently the best candidate for
a space-borne system. They can be realized in a compact and robust in-fiber design, while
providing the performance of bulky solid-state lasers. Non mechanical actuators for comb
stabilization prevent a critical damage to the optical fiber. The commercial and scientific use
of Erbium fiber lasers proofs a proper technical readiness level.

The main engine of the frequency comb system is a femtosecond fiber oscillator. Here a
polarization maintaining (PM) all-in-fiber SESAM (semiconductor saturable absorber mir-
ror) based femtosecond oscillator with an integrated waveguide electro-optic modulator
(EOM) was implemented in the engineering frequency comb module. The EOM is used to
achieve a coherent high bandwidth comb stabilization.
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Furthermore two femtosecond oscillators with a tapered fiber carbon nanotube (tf-CNT) ab-
sorber were studied. The oscillators were also realized in an all-in-fiber design since they
promise a better noise performance than a SESAM EOM laser. This is due to the faster sub-
ps relaxation time of the CNT absorber. One tf-CNT femtosecond laser was equipped with
an intra-cavity EOM, such as the SESAM EOM laser. The other oscillator was specifically
built to demonstrate the opto-optic modulation (OOM) principle with a CNT absorber for
fast feedback comb stabilization.

The noble prize in physics was awarded in the year 2005 to John Hall and Theodor Hénsch
for the demonstration of optical frequency comb technology and contributions in the field of
high precision laser spectroscopy [20]. Frequency comb oscillators show two degrees of free-
dom, which is the repetition rate and the carrier envelope offset frequency. Both need to be
stabilized/known to obtain a fully referenced frequency comb. The three oscillators were
compared to each other by stabilizations and measurements of the CEO beat and of a comb
mode at 633 nm, respectively.

As a verification measurement the big “G” Helium-Neon laser gyroscope located at the Ge-
odetic Observatory Wettzell [21] was stabilized to an H-maser via the SESAM EOM comb
oscillator. The goal here was to reduce the gyroscope’s long-term drift to improve the meas-
urements of physical effects related to variations in the Earth rotation.

This thesis is structured as follows: In the next section the theory is explained to understand
how a frequency comb works, how oscillators are characterized and how pulses are generated
in femtosecond Erbium fiber lasers. The femtosecond oscillators and optical interfaces to
generate a CEO beat and an optical beat with a HeNe laser are introduced in section 3. In
section 4 the oscillators are characterized. In section 5 actuators for comb stabilization are
characterized. Consequently the femtosecond oscillators are stabilized and compared against
each other.

The stabilization of the “G” laser is demonstrated in section 6. Finally the setup, characteri-
zation and stabilization of the all-in-fiber frequency comb module is presented in 7. A sum-
mary and outlook of the work is given in section 8.



2 Theory

2.1 Frequency Comb Principle

In general every mode-locked laser oscillator emitting ultrashort (femtosecond) pulses is an
optical frequency comb. Such a laser emits a train of pulses (see Figure 2-1 a,), where the
temporal spacing of consecutive pulses is indirect proportional to the laser repetition rate
frep=vg/L. Whereas vy is the pulse’s group velocity and L is the resonator length.

t
| A b
’
V1 Vc V)
- <_fCEO — <_frep
RERE N\ V
0 ”l'frep"'fCEO -
=|| SHG || »—
0.5 n'ﬁ’ep'l'fCEO n'ﬁep+2fCEO
fCEO

Figure 2-1: A frequency comb based on femtosecond pulse train in the temporal a, and spectral
domain b,.

According to the Fourier theorem, a periodic repeating signal in the time domain leads to a
periodic pattern in the spectral domain. Out of this reason the optical spectrum of the pulse
train shows discrete lines (see Figure 2-1 b,) separated by frep. The frequencies of these dis-
crete lines correspond to the mode-locked longitudinal modes of the femtosecond laser. The
envelope (black bold line) of the comb modes has a Gaussian like shape, which is here given
by the time-bandwidth limited Gaussian pulses in the temporal domain. The harmonic mode
pattern is shifted by the carrier envelope offset frequency fceo resulting from a time depend-
ent phase delay between the pulse’s envelope and electric field. Concerning A¢ceo as the
change of the relative phase from pulse to pulse the fceo frequency is expressed as:

A@,
fCEO = 2:;_50 frep

(2.1)
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Consecutive pulses show a phase delay, since the phase velocity v, of the electric field (red
line) is different compared to the envelopes (black line) mean group velocity vg. The differ-
ence in the group and phase velocity is given due to dispersive effects and is described in
detail in [22]. The frequency of the n-th comb mode is then described as:

Vn =n: frep + 1:CEO (2-2)

If fceo and frep is well known, any other frequency within the comb’s spectral range can be
estimated. However, in order to realize a fixed frequency ruler, both degrees of freedom, frep
and fceo, need to be stabilized. Out of this reason, a frequency comb is often defined as a
frequency comb when both frequencies are fully fixed.

Therefore frep and fceo need to be measured and referenced to an optical or radio frequency
(RF) standard. The repetition rate is determined by measuring the output light of the laser
oscillator with a photo diode. A measured RF spectrum of an oscillator with a repetition rate
of 80 MHz is illustrated in Figure 2-2.

0F T T T T T T T T T =
RBW: 50kHz
VBW: 2 kHz
20+ 4
g
m
=z
27T ‘
7]
=
2
— 60 | 4
-80 _I“""‘ ol skl I. ) i .1""" A "JA u” aadl
0 1 2 3 4 5
Frequency (GHz)

Figure 2-2: Frequency spectrum of a femtosecond fiber laser’s repetition rate.

In theory, the fceo is defined as fceo=vc(1-Vg/vpn), Where vc is the laser’s carrier frequency
resulting to fceo=1-3 THz for fiber lasers [23, 24]. Thereby it is more sophisticated to obtain
fceo, since there is no detector available fast enough to observe the instant change in the phase
of the pulse’s carrier frequency in respect to the envelope. Out of this reason 1f-2f interfer-
ometry [25] is used in this thesis to mix fceo down (fceoxkfrep) to a measurable value with a
fceo frequency in a typical range of some tens to hundreds of MHz.

Therefore the comb oscillator output spectrum needs to be expanded to a bandwidth with
equal or more than one octave. To do so, the laser pulses are fed into a highly nonlinear
medium such as a photonic crystal fiber (PCF), a highly nonlinear fiber (HNF) or a silicon
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nitride (SiN) waveguide. Due to nonlinear processes a supercontinuum (SC) is generated,
which is depicted as a blue solid line in Figure 2-1 b,. The lower frequency part v1 is frequency
doubled via a second harmonic generation process and is superimposed with the light from
the SC’s higher frequency part V2. The fceo frequency is obtained by measuring the interfer-
ence signal between 2v; and vz with a photodiode resulting to:

2V, =V, =2(05-n- oy + foeg )= (N Frop + oo ) = Fero (2.3)

The fceo is then often stabilized via the self-referencing method?, where fceo is phase stabi-
lized directly to frep. For stabilization, frep is in generally controlled via tuning the optical
length in the cavity with actuators such as fiber stretchers, electrical optical phase modulators
(EOM) or piezo mounted free space mirrors. On the other side, the fceo is controlled by
loss/gain modulation of the cavity by means of actuators such as pump power modulation,
graphene modulators, electro-optic intensity modulators or opto-optical modulation. An
overview on these actuators is given in chapter 0. Other approaches are 2f-3f interferometry
[26] or the generation of an CEO free comb via difference frequency generation [27].

2.2 Requirement on Frequency Stability and Optical Referencing

The performance requirement on the frequency comb laser oscillators was that the stability
of a modern optical clock shall be transferred to the comb modes without any loss in perfor-
mance. In general the clock performance is quantified by the fractional stability and accuracy
of the clock frequency. In Figure 2-3 the fractional stability of two radio frequency standards
as well as a strontium optical atomic clock (OAC) is shown. The black line shows the frac-
tional stability as a function of integration time for a passive H-maser in a Galileo satellite
[28]. The ACES (Atomic Clock Ensemble in Space) mission carries an active H-maser and
a Cesium fountain. Its combined stability is depicted by the red-curve. Modern OACs such
as the Strontium neutral clock from JILA [3] show a stability, which is about two orders of
magnitude better than the best space-clock ACES (launch planned in 2019).

1 Example: The frep @ 100 MHz of a comb is converted to 25 MHz by an electric frequency divider (ng=4). The
feeo (Aoceo = 2/4 m) is then phase locked to the 25 MHz signal.
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Figure 2-3: Fractional stability of space radio frequency standards and a modern optical atomic

clock.

Hereby, the frequency comb stability needs to be below this stability. Therefore a fractional
comb stability of <1-107%° at an integration time of 1 s and fractional stability of <1-108 at
an integration time of 10000 s was aimed for the comb performance.
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Figure 2-4: Frequency comb as an optical frequency divider for an optic atomic clock.

In order to understand this requirement, the referencing of a comb to an optical frequency is
briefly explained in the following. Figure 2-4 shows a simplified sketch of an optical clock
principle. Hereby a narrow linewidth laser is locked to a high finesse cavity to guarantee a
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short-term stability better than 10°2°in an observation period of some seconds. For long-term
stability the laser is probed and referenced to an atomic transition.

Since the frequency of the clock laser (=10 Hz) could not directly be measured with e.g.
photodetectors (response of < 10%° Hz), a frequency comb is used as a frequency divider to
transfer the stability from the optical to the RF domain. Therefore, an optical beat between
the clock laser and a comb tooth is generated as illustrated in Figure 2-5. The clock laser
frequency is then given by:

Vo = Ny - frep fCEO + fopt (2.4)

rep

The comb tooth (nci-frep) is referenced to the clock laser by a phase stabilization of the optical
beat fopt. Hereby the fopt beat is locked whether to a RF-synthesizer signal or to the repetition
rate itself, such as often applied for self-referencing of fceo [29].

VL

fopt fl’ep
—> < «—>

A
»

v

Figure 2-5: Optical beat generation between a comb mode and a single mode laser.

Since the comb is now phase stabilized to the clock laser, all other comb modes overtake the
properties of the clock laser such as phase noise and long-term stability. This means that the
absolute frequency stability is divided down to the RF-domain by the number of comb modes
resulting to:

f Verk — fCEo - fopt (2.5)

rep
P rlclk

The clock laser of the neutral Strontium clock has a fractional stability of 3-10"%6 at a fre-
quency of 435.11 THz, which means that the frequency stability of the phase stabilized CEO
beat and optical beat is below 3-106 or 435.11 THz-3-107*¢ = 130 mHz. The frequency of the
Sr-clock laser is close to the HeNe laser frequency (473.6 THz) in this thesis, which was
used for stability measurements. For this reason, the Sr clock was here exemplary selected
as illustration.
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2.3 Fixed Point Frequency and Comb Noise

This chapter gives a summary on the dynamics of fiber frequency combs as well as on their
noise properties. These properties build an important basis for the characterization and stabi-
lization of femtosecond oscillators which is depicted in section 4 and section 5, respectively.
Non stabilized frequency combs have a minimum linewidth at a specific spectral position,
where phase noise of frep and fceo almost cancels each other out. This position is called fixed
point frequency viix. The comb modes show around this point a breathing like motion, which
is also often described with an expanding/contracting elastic band model (see Figure 2-6).
The fixed point model is discussed in detail in [23,30,31].

A
I

——— — Q0> —> —> — |
Viix

Figure 2-6: Breathing motion of frequency comb teeth around a fixed point frequency vfix.

Since the laser is driven by pump power, the breathing motion is dominated by intensity noise
of the pump laser. In this context the fixed point is experimentally estimated by changing the
pump currents set-point and observing the simultaneous change in frep and fceo:

df
= dP _ f dfCEO,P _f -

= rep df— ~ rep Ny p # Ve (2.6)
rep rep,P

dP

Vi = frep ) df

Hereby the fixed point frequency often lies within the range of the laser’s carrier frequency
(=192 THz for Erbium fiber comb lasers). Around this point, pump power variations lead to
a fluctuation between group and phase delay in the laser cavity, while the phase delay is
constant.

In a more detailed level, pump power variations effect the energy, the spectral width, carrier
frequency and the peak power of the intra-cavity pulse. The resulting change in the pump
power dependent repetition rate and CEO frequency is extensively described in [24, 32] lead-
ing to equation (2.7) and (2.8):
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df do, do dg & dA?
rep :_fz c 4 rms +Q71—+—— 2.7
( dp ] rep |:ﬂ2 dpP a)rmsﬂB dp 9 dp @, dP:| ( )

Hereby the first term from equation (2.7) illustrates the pump induced carrier shift (wc=2mvc)
coupled to net cavity dispersion S.. The second term presents the interaction of the net third
order dispersion f3 associated with changes in the spectral width wrms. In the third term the
resonant contribution of pump induced gain g fluctuations are considered, where Qgq is the
bandwidth of the Lorentzian like gain function. The last term introduces the self-steepening
contribution from the lumped fiber nonlinearity ¢ and the amplitude A of the electric field
envelope.

dfeeo :&(%j+h AP 2.8)
dP 27\ dP 27\ dP

The equation for pump dependent changes in the CEO frequency is subdivided into two sec-
tions. Section one describes shifts in the carrier envelope term, where pump induced changes
in the repetition rate are multiplied by the lumped average fiber propagation constant So. The
other term accounts for the shifts in the carrier phase from pump power induced self-phase
modulation @spm.

However, different perturbations in the laser’s cavity have different fixed point values. E.g.
changes in the cavity path length mainly influence the repetition rate and so show a fixed
point at low frequencies with 1-3 THz. A fixed point near 0 Hz would mean that the group
and phase velocity fluctuates by the same amplitude, while their ratio keeps the same [31].
Various noise sources impact the frequency comb performance [33], which are assigned
whether to intra or extra cavity noise:

_ length loss pump ASE SC shot noise length,ext
Svn - (Svn + Svn + Svn + Svn )+ (Svn + Svn + Svn ) (29)

intracavity noise extracavity noise

Hereby Svn(f) represents the frequency noise power spectral density (PSD), which describes
the frequency jitter of a comb mode n at an relative offset frequency f (f = 0-frep/2). The PSD
for phase and frequency noise is discussed in section 2.4. The intra-cavity noise is given by

the sum of length fluctuations S.™" [34], loss variation S\°* [24], pump noise S»™ [35,36]

and quantum noise by amplified spontaneous emission SV/?]SE [34,37,38]. Intra-cavity noise

contributes to the linewidth of the comb teeth, while extra-cavity shot noise and noise from
supercontinuum generation adds amplitude noise to the comb modes. The amplitude noise
limits the signal-to-noise ratio (SNR) of the measured comb line frequency. Furthermore, the
comb performance can be limited by environmentally induced path length changes. This
counts in particular for an optical path, which is not included within the laser feedback chain
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for stabilization (out-of-loop). Out of this reason, single branch comb lasers [39] or active
stabilization of the path lengths [40] were proposed for applications demanding high stability
(< 10°%8) such as in the field of optical atomic clocks or frequency and time transfer. Another
approach is to use a multi-branch system [41], showing the same optical path length in each
branch, which is damped from mechanical vibrations and temperature controlled.

A
100 — Total Linewidth
< Pump Noise
T 809" — - Cavity Length Variations
= D U Cavity Loss
c = . .
§ 60 = - Quantum Limit
= 40 .
[0) - .
£ R
1 N el N S
204 el N
- e = — = g
—_— oSS Segee T —
T T I N E—

0 50 100 150 200 250 300
Comb Frequency (THz)

Figure 2-7: Contribution of different perturbations to the linewidth of comb modes for a free run-
ning frequency comb laser [24].

Figure 2-7 shows the contribution of the noise sources to the overall comb linewidth with
respect to the laser frequency. In this illustration, the fceo has a linewidth of 100 kHz. The
fceo linewidth of fiber comb lasers depends on its design and lies within a range of 10-
1000 kHz. Solid state lasers such as mode locked Ti-Sapphire oscillators reach a free running
fceo linewidth in the sub-kHz range. The comb modes’ noise scales quadratic in respect to
the fixed point frequency.

Svn = (Vn —Vii )2 ’ Sfix ( f ) (2-10)

The impact of perturbations on the frequency noise of a comb mode near 266 THz is exem-
plary shown in Figure 2-8. In combination with Figure 2-7 this presents a good picture on
the magnitude and frequency characteristics of the various noise sources and how they do
impact the comb’s performance. In terms of frequency characteristics the environmental
noise dominates below 500 Hz from the mode’s central frequency. Pump noise has the high-
est contribution from 500 Hz to about 50 kHz. From 50-500 kHz the noise is dominated by
guantum-limited noise.
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Figure 2-8: Contribution of different perturbations to the frequency noise spectra of a comb mode
at 266 THz [24].

The frequency noise introduced by pump power intensity noise shows a low pass frequency
response function. In this context, the pump’s relative intensity noise Srinpump(f) is converted
within the oscillator to frequency noise given by:

1
SPm (f)=B———=— S (f (2.11)
(=81 i S (1)

Where the constant B=(Pdfrep/frepdP)? represents the coupling efficiency from intensity to
frequency noise. The -3 dB bandwidth f.3gs, which is in the range of 1-30 kHz for fiber lasers,
depends on the laser oscillator’s gain dynamics as well as on the net cavity dispersion. The
equation for cavity loss variations is similar to that from pump noise, which leads to:

1
Sk=(f)=B—~_5__(f (2.12)
( ) 1+(f+f3dB)2 ! ( )

The fixed point frequency is near the carrier frequency, when concerning pump-induced loss.
However, this could dramatically change considering other loss mechanisms introduced via
environmental perturbations. Hereby the PSD for Sioss(f) decreases by 1/1.

Length changes in the cavity are caused due to mechanical and acoustic vibrations and tem-
perature fluctuations. Hereby the frequency noise for length changes decreases with 1/f and
IS given by:

2
fre
S ( f){L—p] Siengin () (2.13)

Vgroup
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Such as for every pulsed laser the quantum limit is determined by amplified spontaneous
emission (ASE) noise. The ASE leads to noise in the pulse energy, carrier phase, frequency
and timing [38,42,37,34]. Hereby the ASE noise contributes to the phase jitter and timing
jitter of the laser pulses. The timing jitter’s contributes to the linewidth, which has its vicinity
at the laser’s fixed point. The phase noise contribution adds to all modes and results from the
Schawlow-Townes Limit [43, 34].

2.4 Frequency and Time Characterization of Oscillators

The performance of a frequency comb is characterized by the phase noise S4(f) and frequency
stability of fceo and frep. Frequency stability measurements depict the long-term stability of a
frequency comb in the temporal domain. On the other side, phase noise measurements of frep
and fceo show the comb limitation in the frequency domain. Nevertheless, the phase noise
measurement is also used to predict the comb’s performance in the short-term time scale [44].
The repetition rate and the CEO frequency is detected with a photodetector. Hereby the si-
nusoidal oscillations of the photodetector voltage is given as [45]:

V (t) =V, +&(t)sin(27vst + (1)) (2.14)

With Vo = peak voltage, ¢(z) = temporal amplitude fluctuations, vc = carrier frequency and
#(t) = temporal phase fluctuations.

Hereby, the amplitude fluctuations do not contribute to the frequency stability of the oscilla-
tor. The instantaneous frequency at a specific time is the sum of the carrier frequency and the
derivative of the total phase:

_y 4 L dg 2.15
V(t) v°+27z dt ( )

The fractional frequency stability y(t) is then:

A v(t)-v, 1 dg

= (2.16)
f v, 27y, dt

The phase noise is defined as the power spectral density (PSD) of the phase fluctuations
¢z () within a certain Fourier frequency band. Hereby ¢ ( f) results from the Fourier

rms

transform of the autocorrelation function of ¢(t) in an equivalent noise bandwidth (EN-BW).

2 1 F {p)) 42
S¢(f)=¢rms(f)BW=2-‘ {BW}‘: [%(f)]JZZ (2.17)
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Sy(f) is the PSD of phase fluctuations per 1 Hz bandwidth at a frequency offset f away from
the carrier frequency vc. Phase noise analyzer and spectrum analyzer often measure the dou-
ble sided PSD of phase fluctuations, which is:

10log,, S, ( f
L(f) 09102 ¢( ); [L(f)]:% (2.18)

The units dBc/Hz (dBc: decibels relative to the carrier) describes ratio of the power of phase
fluctuations in one sideband to the total signal power in the carrier signal for 1 Hz bandwidth.
Instead of phase noise, also the term of frequency noise within frequency comb and laser
specifications is used. The frequency noise is directly related to the phase noise as:

S.(F)=17:5,(1): [8,(1)] =15 (2.19)

Another parameter to specify oscillators is the integrated phase noise. Often it is difficult to
compare different comb lasers by the value of the integrated phase noise, since the phase
noise is integrated over a different frequency area. A true specification would be here to
integrate the phase noise up to the Nyquist frequency, which would be frep/2. The integrated

phase noise is given by:
Piiter = \“.:1 S,(f)df;  [rad] =gy (2.20)

Further the timing jitter, which in this thesis describes the pulse-to-pulse timing jitter, is es-
timated from the integrated phase noise as
¢jitter

=— = 2.21
Trms 27Z'VC [Trms ] S ( )

We use the phase noise Sy(f) to quantify the combs in the frequency domain within a fre-
quency range of 1 Hz up to frep/2 (~40 MHZ) or a time scale from microseconds to one sec-
ond. For longer timescales the frequency stability is measured via phase sensitive frequency
counters. A frequency counter measures the number of zero crossings of the oscillations
within a specific gate time zgate (1 S in this thesis). Optionally, the absolute phase at the end
of the gate time is also estimated. By this information, the (averaged) frequency Y is deter-
mined. This measurement is repeated, whereby the counter shall be dead time free, meaning
that no time gap during the measurements occurs. An Allan deviation algorithm is applied to

the frequency measurements to evaluate the oscillator’s stability over time and to quantify
specific behavior such as noise types or perturbations. The standard Allan (see equation
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(2.22)) deviation takes the difference of measured frequency values in a time interval of ¢
and generates an averaged value for each  [45]:

o,(r)= \/m A_A_:(ym —§i )2 (2.22)

With 7= zgate'm, M=totai/r and trotai=total measurement time. The overlapping Allan deviation
Is preferred over the standard Allan deviation since it takes all measurement values into ac-
count to generate a result. The overlapping Allan deviation is given as:

1 M-=2m+1 | j+m-1_ _ 2
Gy(f):\/zmz(m —2m+1) ; {Z [ynm—yi]} (223)

i=]

An overview on the different Allan deviations is found in the handbook of frequency stability
analysis of W.J. Riley [46], whereas counters and their field of application are studied in
[47,48,49].

In this thesis the linewidth of the free running lasers is defined as the full width of the half
maximum (FWHM) of the Lorentzian shaped peak function. Whereas a phase or frequency
noise measurement compromises the full information of the laser line shape, a rough evalu-
ation of the laser’s performance is derived by its linewidth. In [50] the laser line shape as a
function of frequency noise is studied assuming Lorentzian like peak forms. Hereby the -
separation line is introduced which is:

S,(f)=8In(2) f / z° (2.24)

Hereby frequency noise above the f-separation line contributes to the laser’s linewidth where
frequency noise below the fS-separation line (higher frequencies) rather adds noise to the
wings of the laser line. Figure 2-9 shows the S-separation line (red) and the frequency noise
spectrum of a laser beat (blue). Please note that the Lorentzian peak is not in scale with the
frequency noise spectrum, since it is illustrated for explanation purpose only. The frequency
noise shows an intersection with the g-line at about 20 kHz. This means if the noise below
this frequency could be suppressed via a feedback loop, a coherent phase stabilization would
be achieved with a delta peak (green line). Subsequently the S-line helps to determine the
feedback bandwidth (here > 20 kHz) which is necessary to obtain a coherent phase lock with
a sub-radian integrated phase noise level. However, also a coherent peak with an integrated
noise of some radians can be reached with a slightly smaller locking bandwidth [51].
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Figure 2-9: Frequency noise spectrum for a Lorentzian line shape (blue line) as well as frequency
noise spectrum of a stabilized oscillator, with a noise level below the B-separation line resulting in
a coherent peak.
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2.5 Erbium Fiber Femtosecond Laser
2.5.1 Pulse Generation in Fiber Lasers

Frequency combs based on compact and reliable mode-locked Erbium fiber lasers reach now-
adays highest stability (< 101" @ t = 1 s) and low phase noise levels (< 100 mrad), which
are comparable to bulky Titan Sapphire solid state lasers. In combination with nonlinear op-
tical interfaces a wavelength range of 400 — 2200 nm is covered, reaching mostly all clock
laser wavelength of interest.

In Figure 2-10 the ground level state of Erbium doped fibers is excited at a wavelength of
980 nm or 1480 nm (resonant pumping). Pump diodes at 976 nm are widely employed for
Erbium doped lasers, since they also are used for Ytterbium fibers and are available as a
space qualified model. The emission wavelength of Erbium covers a wavelength range of
about 1.5 um to 1.58 um, with a maximum emission peak at 1530 nm.
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Figure 2-10: Transition states as well as absorption and emission spectrum of an Erbium doped
fiber [52].

Femtosecond pulses in fiber lasers are generated via passive mode-locking, which is realized
by the nonlinear polarization rotation method (NPR) [53,54], a nonlinear amplifying/optical
loop mirror (NALM/NOLM) [55] or via saturable absorption [56]. The NPR technique is not
suitable for applications outside of the laboratory since it is highly sensitive to environmental
fluctuations. NALM/NOLM lasers on the other side were not considered, because they are
very delicate to develop.

In this thesis, lasers based on saturable absorbers were developed and studied. Lasers with a
saturable absorber are “relatively” easy to build, scalable in their repetition rate and were
already demonstrated in “out-of-laboratory” [1] and space-borne operation [57].

Saturable absorbers are employed in a ring cavity or linear cavity design (see Figure 2-11).
The ring cavity consists of the absorber (here: CNT-single walled carbon nanotube), an Er-
bium doped fiber and a hybrid isolator wavelength division multiplexer (IWDM) with a tap
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port to couple out a part of the laser pulse. A WDM combines two different wavelengths to
a common port, which is here the pump wavelength (980 nm) and the laser’s wavelength
(1560 nm). The isolator in the ring cavity allows that the pulse propagates only into clockwise
direction.

CNT Ring Cavity a SESAM Linear Cavity b

D .

PM-EDF «—> —_—
- - >
SESAM WDM Output
Absorber Coupler
980 nm
Pump

Figure 2-11: Ring and linear cavity of a mode-locked fiber laser with a carbon nanotube and a
semiconductor saturable absorber for femtosecond pulse generation, respectively..

In the linear cavity the pulse propagates back and forth between a partial reflective mirror
and a reflective absorber (here: SESAM-semiconductor saturable absorber mirror [58]),
where a part of the pulse is coupled out at the mirror. The repetition rate of a ring cavity frepr
and a linear cavity frepi is given by the cavity length, speed of light and the effective refractive
index of the fiber:

Cc C

fooe = T = (2.25)
The transmission (or reflection) of a saturable absorber depends on the intensity of its inci-
dent light. This means that the transmission increases towards higher light intensities. A laser
shows at the startup a continuous wave (cw) like behavior. However, due to the absorber’s
properties a spike in the intra-cavity’s light intensity is less attenuated compared to the rest
of the cw light. Consequently the cavity mode of this spike has a higher gain with respect to
the cw light and is amplified by the active fiber. Within some roundtrips other cavity modes
next to this cavity modes oscillate with a fixed (mode-locked) temporal phase to each other
building up a short pulse such as illustrated in Figure 2-12.
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Figure 2-12: Scheme of the superposition of six phase locked cavity modes resulting in a short pulse
[59].

The oscillators in this thesis produced soliton pulses using either SESAMs or carbon nano-
tubes (CNT) as absorbers. The soliton pulse is described in the temporal (and spectral) do-
main by a sekans-hyberbolicus function:

PP
P(t)= cosh® (t/7) (2:20)
Where the FWHM of the sech-pulse length is defined as o=t 1.76. Hereby the soliton pulse
with a pulse energy Ep maintains its temporal and spectral shape when following condition

is given.

E,= b (2.27)

yT
Soliton pulses are formed in the presence of anormal dispersion (52<0). Dispersion only leads
to a temporal broadening of the pulse along the propagation axis. However, self-phase mod-
ulation, represented by the nonlinear coefficient y, counteracts this temporal broadening: As
consequence the pulse maintains its pulse duration for a proper balance in dispersion and
nonlinearity [60]. When the pulse energy is higher than Ep, higher order solitons are pro-
duced. The nonlinear coefficient is calculated from the intensity dependent nonlinear refrac-
tive index nz (=2.6:102° m?/W for a standard SMF28 fiber), the effective area of the light’s
mode field diameter Aefand the angular frequency wo (=vc-27) as:

_ N,

A, (2.28)
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The spectral width 41 of soliton laser pulses is technically limited to about 20 nm by the
relaxation time of the saturable absorber [61, 62] and the fiber dispersion. The pulse duration
of a transform limited soliton pulse is estimated by the spectral bandwidth via the time-band-
width product as:

Ad-7,=0315 (2.29)

A low intensity noise pump diode paired with a low noise current helps to reduce the femto-
second laser’s phase noise. The phase noise of a femtosecond oscillator depends on three
important design criteria. On the one side, the oscillator’s net dispersion shall be as low as
possible, as the noise of the oscillator is converted into timing jitter via dispersion as it is
described by the Gordon-Haus jitter [63, 42]. Further, the intra cavity pulses shall be as short
as possible (1spectral width) as the quantum-limited timing jitter PSD scales proportional to
the pulse duration squared. A high pulse energy helps to reduce the contribution of the shot
noise [64, 61, 34].

2.5.2 Carbon Nanotube and SESAM Absorbers

A scheme of a SESAM based absorber and a tapered fiber carbon nanotube absorber is illus-
trated in Figure 2-13. In the case of the SESAM, a semiconductor absorber (one or several
layers of InGaAs quantum well(s)) is embedded on a Bragg mirror structure. Details on the
structure of SESAM absorbers can be found here [58]. The tf-CNT absorber is built from a
tapered fiber, which is covered by a carbon nanotube polymer composite. Due to the tapered
design the carbon nanotubes interact with the evanescent field of the laser pulses within the
fiber. This means only a part of the light is interacting with the CNTs, which makes the CNT
absorber more resistant against laser light induced damage.

Absorber
Bragg Mirror z
Substrate CNT

Figure 2-13: Scheme of (a) a SESAM absorber and (b) a tapered fiber carbon nanotube absorber.

SESAM absorbers show a relaxation time in picosecond domain, while CNTs have a relax-
ation time in the sub-fs level. Due to the relative long relaxation time of SESAM absorbers
it is difficult to realize stable laser oscillators with a low cavity net dispersion [62]. On the
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other hand (dispersion managed) stretched-pulsed lasers [65] with a near zero net cavity dis-
persion were demonstrated employing CNTs as absorbers leading to sub 100 fs pulses. Dis-
persion managed lasers have the lowest free running phase noise compared to other femto-
second lasers showing pulse shaping mechanisms types such as similariton, soliton or all
normal dispersion propagation.

Saturable absorbers are specified by parameters as non-saturable losses (ARns/AThns), satura-
tion fluence Fsa, modulation depth (AR, AT) and spectral transmission/reflection (R(1),T(2)).
In Figure 2-14 a, the reflectivity of a SESAM absorber as function of the pulse’s fluence is
illustrated. The fluence F is the pulse energy divided trough the absorber’s illuminated spot-
size area:

P

E__ P (2.30)
frep : A%pot

The modulation depth is the maximum change in reflection (or transmission) of absorber,
where the saturation fluence marks the fluence causing a change in 36.8% (e) of the modu-
lation depth. Mode-locked lasers are operated at a fluence of about 2-5 times of the saturation
fluence. Single walled carbon nanotubes have a broadband spectral absorption (see Figure
2-14 b,) and are employed in pulsed lasers operating from 1 pum to 2 um. In Figure 2-14 b,
the SESAM has a local minimum at 1560 nm with a reflectivity of 55%, which increases to
80% when the absorber is fully saturated.
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Figure 2-14: (a,) a SESAM'’s reflectance as function of the incident pulse fluence [66] as well as (b,)
the reflection/transmission of a carbon nanotube and SESAM absorber [67].
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2.6 Pulse Propagation in Optical Fibers

Simulations on the amplification of pulses, in-fiber pulse compression as well as on super-
continuum generation were carried out. On the one hand these simulations helped to deter-
mine suitable fibers showing appropriate parameters such as gain, nonlinearity, dispersion.
On the other side system parameters such as fiber length, pump power, pulse length and
output power were estimated to design the optical interfaces properly.

The propagation of pulses in optical fibers is described via the nonlinear Schrddinger equa-
tion (NLSE). Since a commercial split-step solver [68] (Fiberdesk-Software) for the NLSW
was used, just a brief overview of the pulse propagation in fiber is given. The NLSE depicts
how a temporal short pulse with the amplitude A evolves over certain propagation distance z
[69]:

%:i s ”+-16_”A_| (1+L§j[A(t)IOR(f)‘A(t—TRM)‘deJ (2.31)

n>2 Wy

gain/loss dispersion

nonlinearity

The NLSE is subdivided into three sections representing gain/loss, dispersion and nonlinear-
ity acting on the laser pulse. The gain coefficient g is derived from the rate equation for
Erbium doped amplifiers [70]. Dispersion plays an important role for the pulse formation
process in optical fibers. The second order dispersion? was measured by a home build white
light interferometer based on a Michelson interferometer [71]. By means of this setup the
dispersion of Erbium fibers with a short length and high absorption (up to 100 dB/m
@1530 nm) was estimated. In Figure 2-15 the dispersion of a standard PM fiber (PM 15-
U25D), two different Erbium fibers (IXF-EDF-FGL-PM-S013, OFS EDF50-PM) and a
highly nonlinear fiber HNF (Sumitomo PM) is depicted. Each of this fiber type was inte-
grated within the frequency comb lasers. Higher order dispersion coefficients were derived
by fitting a Taylor series function to the second order dispersion data [73]:

B, (@)= p, +ﬂ3(a>—a)o)+%,6’4(a)—a)o)2 +%,6’5(a)—a)0)3... (2.32)

Where the Taylor series is developed around the angular frequency wo. In particular the dis-
persion of HNF fibers needs to be known within a wide wavelength range of about 900 nm
to 2200 nm. The use of dispersion coefficient up to the 6" order helps to portray the disper-
sion precisely in this wavelength range. In Figure 2-15 the HNF dispersion was estimated in
a narrow wavelength area, but sufficient to determine the HNF’s zero dispersion wavelength
(ZDW) at 1492 nm, which indicates how far the SC’s dispersive pulse can be shifted towards

2 The zero (phase velocity) and first order (group velocity) dispersion are not relevant for our simulations.
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lower wavelength values. In general the dispersive wave pulse shifts towards shorter wave-
length values when the ZDW decreases [72].
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Figure 2-15: Dispersion curves for two different Erbium doped fibers (green and black line), a stand-
ard PM fiber (blue line) and a highly nonlinear fiber (red line).
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Optical fiber manufacturer in the telecommunication branch define the dispersion as [73]:

D(2)= i{z—ﬂﬁ:} [D(2)]=—2 (2.33)

4 nm-km

Where So (dD/d4) is the dispersion slope and Ao is the zero dispersion wavelength. The dis-
persion and dispersion slope relates to the physical unit of dispersion as [73]:

27C 20° o’

D=-"22p8 ; S=- £, +

2" (27z¢)’ " (27c)
The last section of the NLSE considers nonlinear effects such as self-phase modulation [74],
self-steepening, Raman scattering [75] and four wave mixing [76]. Self-phase modulation
leads to an intensity dependent phase velocity given by the intensity dependent (Kerr-Effect)
nonlinear refractive index n,. Phase modulation influences the spectral domain by shifting
and/or generating of frequency components around the carrier frequency. Self-steepening
also originates from the Kerr effect, which leads to an intensity dependent group velocity.
This results in an asymmetric balanced spectrum and pulse shape. Due to Raman induced
inelastic scattering, the pulse loses energy (4vmax=13.5 THz) and so shifts towards higher
wavelength values, where the response time zrm is taken from [75]. Four wave mixing occurs

within HNF fibers, whereas new frequencies are generated around the fiber’s zero dispersion
wavelength.

B (2.34)
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A pulse duration in the sub 100 fs domain and a pulse energy of some nJs was required to
achieve a SC for f-2f interferometry. However, the pulses from the femtosecond oscillators
were a few 100 fs long and had an energy of about 12 pJ. Due to this reason the pulses were
amplified and spectrally broadened in normal dispersive Erbium doped fiber amplifiers. Er-
bium doped fibers with anormal dispersion are not suited for this purpose, since the pulse
breaks up into multiple solitons during amplification.

If the Erbium amplifier shows a proper balance between gain, dispersion and nonlinearity a
parabolic (self-similar) pulse evolves during the amplification process [77]. For the following
condition the input pulse converges fastest from a sech- to a parabolic pulse [78].

21‘392

0

= 2.
" 27y, (239)

Where Uin is the energy of the input pulses. In Figure 2-16 the simulation results of the tem-
poral and spectral pulse evolving in a 3.5 m long Erbium fiber (OFS EDF50-PM, 50 dB/m
gain at 1530 nm) are shown.
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Figure 2-16: Temporal a, and spectral b, pulse propagation in a 3.5 m long Erbium fiber amplifier.

The EDF was pumped with a power of 700 mW from each side. A 400 fs sech pulse with an
average power of 500 uW and a repetition rate of 80 MHz is injected into the fiber. The
spectral width increases from initially 6.5 nm to 44 nm. Farther the 3.2 ps long output pulses
have a linear chirp in the central region enabling a near bandwidth limiting pulse compression
down to the sub 100 fs region [79]. The output pulses show an average power of 280 mW
and so have an energy of 3.5 nJ, sufficient for supercontinuum generation.
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3 Setup of Oscillators and Optical Interfaces

3.1 Allin Fiber Femtosecond Laser Oscillators

Figure 3-1 shows the three in-fiber femtosecond oscillators, which were studied in this work.
The PM SESAM EOM prototype oscillator (Figure 3-1 a,) was developed by Toptica Pho-
tonics and the tapered-fiber carbon nanotube opto-optical modulator (tf-CNT OOM) laser
(Figure 3-1 b,) was realized by Professor Khanh Kieu (College of Optics, Arizona, USA).
The PM tf-CNT EOM laser (Figure 3-1 c,) was built together with Professor Khanh Kieu and
the author of this thesis.

PM SESAM EOM PM tf-CNT EOM ——
980 +
Pum?)m IWDM+Tap A
980 nm Output
Pump
Q
SESAM N
PM-EDF Mirror 5
]
a, b,
tf-CNT OOM

1420 nm
Pump

C,

Figure 3-1: Femtosecond laser oscillator prototypes based whether on a SESAM or tf-CNT as satu-
rable absorber.

Blue arrows indicate the direction of the pulse propagation. Red arrows indicate the direction of the pump laser light.
WDM, wavelength division multiplexing coupler; WDM+Tap, WDM with tap output coupler: IWDM, WDM with
integrated isolator; PM-EDF, polarization maintaining Erbium doped fiber; SAM, saturable absorber mirror; EOM,
electro-optic phase modulator, O. C., optical coupler; Iso., optical isolator; tf-CNT, tapered fiber carbon nanotube
absorber.

The CNT based oscillators promise a lower level of free running noise compared to the
SESAM based laser due to the sub-ps relaxation time of the CNT absorber. Non-polarization
maintaining tf-CNT femtosecond lasers with low timing jitter and a sub 100 kHz fceo
linewidth [80] were demonstrated in literature. This suggests that femtosecond lasers based
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on tf-CNT absorbers have a high potential to outperform conventional SESAM based comb
oscillators.

Oscillator a, and b, were both equipped with a waveguide EOM for high bandwidth comb
stabilization. The optical insertion loss of the EOM was about 3 dB resulting in an intra-
cavity loss of 75% and 50% per round trip for the SESAM oscillator and tf-CNT laser, re-
spectively. Furthermore, the WDMs and the absorbers show additional losses. Hereby the
CNT absorber has a non-saturable loss in the range of 40%. Nevertheless, a 80 cm long high
gain erbium doped fiber (80 dB/m absorption at 1530 nm) helps to compensate for these
losses. About 10% and about 20% of the SESAM and CNT laser intra-cavity light is directed
to the output via the tap coupler integrated within the WDM. The output light of these oscil-
lators is linear polarized with a polarization extinction ratio better than 20 dB. A long-term
stable linear polarized output was achieved due to the utilization of a polarization filter and
polarization maintaining components with the oscillator.

The tf-CNT OOM laser (see Figure 3-1) was developed to demonstrate the opto-optical mod-
ulator principle applied to a CNT absorber. The oscillator was built from non-PM compo-
nents, since standard single mode fiber components are 5-10 times cheaper and non-PM tf-
CNT absorbers are well exploited within industrial available lasers. The tf-CNT OOM laser
has a ring cavity such as the tf-CNT EOM laser. However, an additional WDM
(1420 nm/1560 nm) was integrated to seed light from a FBG stabilized pump diode at
1420 nm into the cavity. With this light the CNT absorber is pre-saturated yielding to a
change in the absorber transmission. This in turn leads to a change in the net cavity loss and
so into a variation in the CEO frequency and repetition rate. As result the CEO frequency or
repetition rate can be controlled by changing the power of the OOM laser at 1420 nm. An
isolator and coupler prevents that light at 1420 nm propagates to the active erbium fiber. A
seed source with a wavelength of 1420 nm was selected due to availability of commercial of
the shelf components. Furthermore, the Erbium fiber shows almost no absorption at this
wavelength.
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3.2 Optical interface for Optical beat and CEO-beat detection.

A generic setup was established to generate and measure the oscillators’ CEO beat as well as
an optical beat fopts33 nm) between a narrow linewidth HeNe laser and a comb mode. By char-
acterization of fceo and fopt the free running linewidth as well as the actuators’ fixed point
frequency and modulation bandwidth were estimated. This is essential information to de-
velop an optimized feedback loop for comb stabilization. Furthermore the optical interfaces
were developed to demonstrate the hybrid stabilization of the ring laser gyroscope in sec-
tion 6.
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Figure 3-2: Optical setup of the SESAM EOM comb including (a) a femtosecond fiber oscillator, (b)
an f-2f interferometer for CEO beat detection and (c) a 633 nm interface for optical beating with a
HeNe laser.

WDM, wavelength division multiplexing coupler; IWDM, WDM with integrated isolator; EDF, Erbium doped fi-
ber; SAM, saturable absorber mirror; EOM, electro-optic phase modulator, O. C., optical coupler; O. 1., optical
isolator; C., optical circulator; BP, band pass filter; HNF, highly nonlinear fiber; PPLN, periodically-poled lithium
niobate; H. G., holographic grating; AvPD, avalanche photo diode; PD, pin photo diode; AOM, acousto optic mod-
ulator. Black solid lines indicate polarization maintaining single mode fiber.

The setup is subdivided into three modules a, b and c, (see Figure 3-2). The setup was de-
signed so that any of the oscillators from Figure 3-1 could be placed as module a, to perform
characterization and stabilization measurements.

In section b, the fceo beat of the femtosecond laser is detected. Within section c, the comb
light is converted to 633 nm to generate an optical beat signal fopte33 nm) against the HeNe
laser. The optical interfaces b, and c, are discussed in detail within the following sub-sections.
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3.2.1 Interface for CEO Beat Detection

The interface for fceo detection (see Figure 3-2 b,) consists of a self-build pre-amplifier, a
commercial module (Toptica FFPro) for supercontinuum generation [29] including a bi-di-
rectional parabolic amplifier, prism compressor and HNF as well as a self-build f-2f interfer-
ometer.

The pre-amplifier was implemented to adjust the chirp and pulse energy of the femtosecond
laser pulses for the main amplifier. Without pre-amplification, the pulse energy and chirp
was not sufficient to realize a converging parabolic amplification process within the main
amplifier. Hereby the normal dispersion of the pre-amplifier (f > 0) was slightly compensat-
ing the pulse negative chirp, introduced by the (anormal dispersive, B < 0) standard PM fiber.
The oscillators’ output power was typically below one mW, which was increased to about
10-20 mW within the pre-amplification stage. Hereby only 30% of the output light was used
to seed the main amplifier. The other 70% were used for monitoring e.g. measuring of frep
and/or generating an optical beat with a laser at 1560 nm.
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Figure 3-3: Laser pulse manipulation stages to generate a CEO-beat as well as the associated pulse
evolution in the temporal and spectral domain.
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SHG, second harmonic generation; BPF, optical bandpass filter at 1 pm

The principle of operation for the fceo interface is depicted in Figure 3-3. The oscillator
pulses were fed into the main amplifier, after passing the pre-amplifier. The output power of
the amplifier was about 300 mW resulting in a pulse energy of more than 3.7 nJ (for
frep= 80 MHZz). This was sufficient pulse energy to generate a supercontinuum in the highly
nonlinear fiber. Due to the parabolic amplification, the pulses show no break up and were
broadened in the spectral and temporal domain to more than 50 nm and 2 ps, respectively.
Afterwards, the pulses are temporally compressed by a Si-prism pair to a pulse duration less
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than 70 fs. The free space prism compressor removes the negative linear chirp of the pulses
without introducing significant non-linearity in terms of self-phase modulation. A further
advantage over in-fiber pulse compression was, that the pulse chirp and pulse length could
be controlled by adjusting the amount of Si-class introduced within the free space section.
This helped to fine-tune the pulse compression for each femtosecond oscillator individually.
A supercontinuum from about 950 nm to 2200 nm was generated within the 10 cm long HNF
fiber. For the detection of fceo a common f-2f interferometer was set-up consisting of a
10 mm long PPLN for second harmonic generation (SHG) from 2000 nm to 1000 nm.
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Figure 3-4: a, optical spectrum of the superontinuum and second harmonic signal in wavelength
range from 0.9 pym to 1.1 ym and b, frequency spectrum of the measured CEO-beat.

Figure 3-4 a, shows a part of the supercontinuum and SHG for different PPLN gratings. The
optical spectra were measured by coupling some light after the PPLN into a multimode fiber,
which itself was connected to an optical spectrum analyzer (OSA). An optimum SNR for the
fceo beat was estimated for a PLLN grating with a 30.2 um period.

The fceo signal was detected by measuring the bandpass filtered light at 1um via a Si-PIN
diode. In Figure 3-4 b, the electrical frequency spectrum of the fceo signal for the SESAM
EOM is shown. The spectrum was taken with an electrical spectrum analyzer
(Rohde&Schwarz, FSU). A SNR of 30 dB for the CEO beat in a 100 kHz resolution band-
width was obtained. A SNR of at least 30 dB is required to guarantee a robust, phase slip free
comb stabilization.
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3.2.2 Interface for Measurements at 633 nm

With this interface the oscillator light at 1560 nm is shifted to 1266 nm with a highly nonlin-
ear fiber and then converted to the HeNe laser wavelength at 633 nm via a second harmonic
generation process. The setup for the 633 nm interface is illustrated in Figure 3-2 c,. In detail,
a part of the femtosecond oscillator is feed into the self-build backward pumped normal dis-
persive amplifier [81]. WDMs with integrated isolators were selected for the amplifier to
avoid g-switching or other instabilities by blocking light, which potentially could propagate
back into the amplifier or oscillator. An output power up to 230 mW was reached, resulting
in an overall gain of 28 dB.

The pulses from the amplifier were temporally compressed within a standard PM fiber before
entering the HNF. A cut-back method was applied to optimize the fiber length so that the
shortest pulses were obtained at a maximum pump power. In this way, short pulses with tens
of kilowatt peak power and a pulse energy of more than 2 nJ were generated.
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Figure 3-5 a, pulse duration as function of the amplifier's pump power and b, corresponding auto-
correlation measurement of the pulse at a pump power of 1300 mW.
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The pulse duration as a function of the amplifier’s pump power at the standard PM fiber’s
output is depicted in Figure 3-5 a). The pulse duration was measured with an intensity auto-
correlator (APE Mini). A pulse length of approximately 57 fs was reached above a total pump
power of 1200 mW. The amplifier was pumped bi-directional with two pump diodes for this
measurement. However, similar results were obtained with a backward pumped configura-
tion. Hereby the pump light was not attenuated by optical isolators at 976 nm, which were
required for bi-directional pumped setup.

An autocorrelation trace of the pulses at a total pump power of 1300 mW is shown in Figure
3-5 b). A autocorrelation pulse length of 80 fs was estimated resulting in a pulse length of
57 fs for a sech-like pulse. The compressed pulse shows a higher soliton order, which is
indicated by the side lobes in the autocorrelation. About 50% of the pulse’s energy is located
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in the side lobes. A more efficient pulse compression, with more than 80% of the pulse energy
within its center is achievable with a prism compressor or a large mode area fiber.

The compressed pulses were injected into an elliptical core HNF to shift the spectrum to-
wards 1266 nm. The dispersive wave pulse at 1266 nm was frequency doubled via a temper-
ature stabilized 10 mm long PPLN to 633 nm. The waist beam diameter in the PPLN was
calculated to about 52 pum for an optimum SHG efficiency according to [82].

Figure 3-6 a, shows the spectrum after frequency conversion, whereas a part of the light
emerging from the PPLN was coupled into a multi-mode fiber for spectral measurements
using an OSA. The “V” shaped section at 1560 nm originates from the HNF’s seed pulse.
The spectrum of the HNF’s dispersive pulse is distinguished by the parabolic shape centered
at a wavelength of 1266 nm. The spectrum from the SHG pulse is highlighted as a peak at
633 nm. The pulses at 633 nm reached an average power of about 1 mW in a 0.5 nm band-
width. The red light from the comb and the HeNe laser (with a power of 40 uW) were super-
imposed in a fused fiber coupler. To achieve a perfect overlap between the transverse modes
of both lasers a fiber-based solution was favored over a free space beam splitter. The optical
beat fopt between the HeNe laser and the frequency comb modes was detected by an avalanche
photo diode. A beat signal with an SNR of more than 32 dB was achieved such as depicted
in Figure 3-6 b).
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Figure 3-6: a, optical spectrum after frequency conversion to 1266 nm and SHG generation to
633 nm; b, electrical frequency spectrum of optical beat between HeNe laser and a comb mode.
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4 Characterization of Femtosecond Oscillators

As described in section 3.1, the femtosecond laser oscillators shall have an all-in-fiber design
without mechanical actuators for stabilization to prevent long-term damage to the optical
fiber. Thereby, the actuators need to act on the femtosecond oscillator comb mode and/or
CEO frequency with a sufficient modulation bandwidth to achieve a phase coherent stabili-
zation. To ensure a phase coherent lock, a narrow CEO frequency and comb tooth (-3 dB)
linewidth is required, which shall be well below 1 MHz (or even below 100 kHz).
Furthermore, the femtosecond oscillator shall show a repetition rate of more than 50 MHz in
order to extract properly the CEO beat note and the optical beat note with a reference laser
from the comb spectrum with RF filters. Another requirement was, that no degradation in the
laser’s optical output power and spectral bandwidth shall be observed. This is necessary to
guarantee reliable and long-term laser operation.

In section 4.1 the oscillators’ linewidth at 633 nm and the CEO beat note are characterized
and compared against each other. Furthermore, the degradation of the PM tf-CNT absorber
is pointed out in section 0. The actuators, which are necessary to stabilize the frequency comb
oscillators are studied in detail in in section 4.3.

4.1 Linewidth of Femtosecond Oscillators

The CEO linewidth and the linewidth of a comb mode at a specific frequency gives an indi-
cation of the oscillator performance and helps to compare the comb oscillators against each
other. Modern femtosecond fiber lasers have a free running CEO linewidth of less than
100 kHz, whereas the linewidth of the comb mode depends on the optical frequency itself.
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Figure 4-1: Frequency spectrum of a, the CEO beat and b, optical beat of the SESAM EOM, tf-CNT
EOM and tf-CNT OOM laser.
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Figure 4-1 shows the frequency spectrum of the CEO beat (left) and optical beat note at
633 nm of each femtosecond oscillator. The CEO and optical beats were measured with a
spectrum analyzer in a 1 kHz resolution bandwidth.

Furthermore, the FWHM of the CEO and optical beat note, as well as the optical bandwidth
and repetition rate of the oscillators are illustrated in Table 4-1. Hereby the oscillators’ optical
spectrum is centered at a wavelength of 1560 nm. The CEO linewidth and the optical beat
note of the SESAM EOM laser is about 10 fold higher in comparison to the tf-CNT lasers.
The lower noise of the tf-CNT lasers is given due to the higher spectral bandwidth of the
intra-cavity pulses, a net cavity dispersion closer to zero and due to the sub-ps relaxation time
of the CNT absorbers.

-3dB Afceo | -3dB Afop | -3dB AL (max) frop
SESAMEOM | 590kHz | 160 kHz 6.5 nm 80 MHz
tf-CNT EOM 51 kHz 16 kHz 10.5 nm 80 MHz
tf-CNT OOM 69 kHz 18 kHz 11 nm 70 MHz

Table 4-1: Oscillator parameters.

Strong side bumps are observed in the CEO beat at an offset frequency of about 4 MHz for
the SESAM EOM and tf-CNT EOM lasers. These side bumps were also observed in the
optical beat, but with lower amplitude. Furthermore, the offset frequency of the side-bumps
increased, when increasing the pump power to the oscillator, similar as described for wake
mode stabilities [62] and relaxation oscillations [83]. Hypothetical, these side-bumps might
be induced due to the high loss of the intra-cavity EOMs leading to an underdamped oscilla-
tor.
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Figure 4-2: FWHM linewidth as a function of pump power for a, the fcro and b, optical beat note.

The beat notes were measured at about 80-90% of the oscillators’ maximum pump power.
The lasers switch to unstable or harmonic mode locked operation when the maximum pump



Page 33

level is exceeded. As illustrated in Figure 4-2 the SESAM EOM’s linewidth of the CEO and
optical beat decreases as a function of pump power due to a decreasing intra-cavity pulse
length.

4.2 Degradation of PM tf-CNT absorber

The spectral output bandwidth of the tfF-CNT EOM oscillator decreased as a function of op-
eration time. A similar behavior was observed for self-build CNT absorber femtosecond la-
sers, which were studied in the scope of a master thesis [52]. In particular, a decrease in
spectral bandwidth was observed, when the oscillator was pumped near its maximum

power maintaining mode-locked operation.

The reason for this was a degeneration of the tf-CNT PM absorber. Due to the degeneration
of the CNTs, the absorber’s modulation depth decreases and so only can support soliton
pulses with a lower energy/spectral bandwidth. In this context the degeneration process is
driven due to graphitization of the carbon nanotubes, whereas the carbon compounds break
up. The degeneration process in CNT based femtosecond lasers is studied in [84]. Therefore,
an average intra-cavity power of 30 mW is often sufficient to initiate degradation of the ab-
sorber. However, only the evanescent field interacts with the carbon nanotubes in the tapered
fiber design, which in turns shall withstand an intra-cavity power > 30 mW. Out of this rea-
son, no degeneration shall be observed for the tf-CNT absorbers. Furthermore, no degrada-
tion of tf-CNT OOM laser was observed despite bleaching the absorber with femtosecond
pulses and light from the OOM laser, simultaneously. It is assumed, that the absorber of the
tf-CNT EOM laser shows degradation due to its non-commercial prototype design and due
to its polarization maintaining properties.

Amplitude (dBm)

1520 1540 1560 1580
Wavelength (nm)

Figure 4-3: Optical output spectrum of the tf-CNT EOM laser as a function of time.
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A detailed study of the degradation mechanism in the PM tf-CNT absorber would help to
develop a highly reliable absorber such it is already demonstrated for the non-PM tf-CNT
absorbers.

In Figure 4-3 the tf-CNT EOM laser output spectrum over a period of more than 14 h is
illustrated. After an operation of 8 h a cw peak appears at a wavelength of 1559 nm. This
peak indicated that the laser shows Q-switching, due to a degeneration of the absorber. Since
the absorber could not support the broadband intra-cavity soliton pulse anymore, a new sol-
iton pulse is formed after 14 h of operation.

4.3 Actuators and Phase Locked Loops for Laser Stabilization

The comb repetition rate and CEO frequency is each stabilized via a phase locked loop (PLL).
A sketch of a PLL to synchronize the phase of the comb repetition rate, CEO frequency or
optical beat to a reference frequency frer is shown in Figure 4-4. The femtosecond laser fre-
quency (frep, fceo OF fopt) is detected via an optical interface (see chapter 3). This frequency is
compared with frer in a phase detector. An error signal Uerror Which is proportional to the
phase difference between frer and the laser frequency is generated by the phase detector. This
error signal is fed into a PID servo controller to re-adjust the set-point of the laser actuator,
which acts on the laser frequency itself. The overall PLL feedback bandwidth is determined
by the sum of the frequency response functions of each element in the stabilization loop. In
this context, the laser oscillator, the phase detector and the driver for the actuators show low
pass like characteristics, which limits the overall the feedback bandwidth.
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Figure 4-4: Principle of a phase locked loop and transfer function of each element within the PLL.

The optical interface and electrical cables might introduce a relevant dead time, due to long
travel paths of light or electrons. This can limit the stabilization bandwidth down to the MHz
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regime®. Different actuators such as EOMs, an AOM, pump power modulation (PPM), opto-
optical modulation (OOM) and temperature tuning were used to stabilize the repetition rate
and/or the fceo frequency of the femtosecond lasers. Each of this actuator has specific char-
acteristics, which need to be adapted specifically to each phase locked loop. Therefore it is
important to determine the parameters such as,

e the modulation depth, which determines by how much the laser repetition rate or CEO
frequency changes, when the actuator set-point is varied,

¢ the fixed point frequency (see chapter 2.3)

e and the frequency and amplitude transfer functions of the oscillator, when the actuator
set-point is modulated with a chirped sine signal.

A list on actuators for frequency stabilization as well as the corresponding fixed point fre-
quency is depicted in Table 4-2. Actuators with a low value (0.1-10’s THz) for the fixed point
frequency are better suited for frep Stabilization. Whereas actuators with a higher fixed point
frequency are used to lock fceo. The bandwidth values in this table represent the maximum
achieved stabilization bandwidth to frep Or fceo in respect to the utilized actuator. These values
do not represent the modulation bandwidth of the actuator itself.

Fixed Point Fre- | Used for: Bandwidth | Ref.
quency (THz) fep | foeo (Hz)
Piezo Fiber Stretcher 1-3 X 1-10° [1]
Piezo Mirror 1-3 X 3-10° [85]
Graphene Modulator =200 X X 2:10°8 [86]
EOM (Phase) 5-50 X 3-10° [87]
EOM (polarization modu-
Iaﬁon)(p =200 X 210° | [88]
Pump Power Modulation 150-230 5
(PPM) (=200) X 9-10 [89]
Opto-Optical Modulation system .
(OOM) dependent X X 2-10 [90]
system
Temperature dependent X <0.1 -
Temperature Tuning via system
resistive gold coating dependent X <1 [91]
Acousto-Optic Modulator 5
(AOM) € X 4-10 [92]

Table 4-2: Actuators used for frequency comb stabilization.

3 E.g. an optical interface with an effective optical path of 15 m leads to a dead time of 50 ns ~ 20 MHz
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4.3.1 Pump Power and Electro-optic Modulation

In the following sub-sections the transfer function, fixed point frequency and modulation
depth of the SESAM EOM and tf-CNT EOM laser for PPM and modulation of the intra-
cavity EOMs voltage is presented. Furthermore, it is illustrated why PPM is not suitable to
stabilize the tf-CNT EOM oscillator.

4.3.1.1 Amplitude Transfer Function for PPM

The CEO frequency was stabilized by adjusting the pump power to the oscillator. Hereby,
fluctuations in the pump power lead to variations in the CEO frequency (AM to FM coupling)
and to a change in the oscillator output power (AM to AM coupling). In this context, the AM
to FM and AM to AM coupling show similar dynamics. The amplitude transfer function was
measured instead of the frequency transfer function, since it is easier to measure. The ampli-
tude transfer function was used to optimize the feedback bandwidth of the comb stabilization.
Figure 4-5 shows the setup to measure the amplitude transfer function of the SESAM EOM
laser for pump power modulation. A vector analyzer modulates the pump laser power with a
chirped sinusoidal signal (Umod). The output power is measured with a fast InGaAs photodi-
ode. The (relative) amplitude transfer function is given by the ratio between the photo diode
voltage and the modulation voltage:

HP,PPM =10Iog( Jeo } (4.1)

Mod (Ref )
UMOD
Vector Analyzer .

Unmob(rep)

Urp

Femtosecond

. InGaAs Photodiode
Oscillator

Laser Diode Drive r)(

Figure 4-5: Measurement setup to measure the femtosecond transfer function via pump power
modulation.

Pump Laser

In Figure 4-6 the amplitude transfer function (red curve) for PPM and the transfer function
of the laser diode driver (green curve) is shown. The amplitude transfer function was not
corrected by the laser diode driver’s response. The amplitude transfer function has a phase
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margin of -45 degree at a modulation frequency of 3.1 kHz. The limit response bandwidth
[93] PPM due to intra-cavity laser dynamics is described in detail in [32]. For the stabilization
of fceo via PPM a bandwidth of more than 200 kHz is required to achieve a phase coherent
lock.
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To push the bandwidth for PPM towards higher values a lead filter (see Figure 4-7 left) was
introduced within the PLL. Hereby the lead-filter was connected to the laser diode driver
(LDT) modulation port. The lead filter has a high pass like transfer function (see Figure 4-7
right) to increase the gain and phase margin towards higher frequencies.
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Figure 4-7: Lead-filter (left) and measured response function (right).
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By introducing the phase lead filter, the amplitude transfer function (see blue curve in Figure
4-6) shows a -45 degree phase margin at a frequency of 45 kHz, which is more than a decade
higher compared to the amplitude transfer function without a lead filter. Within the PLL the
servo’s active D-element was adjusted so that the in-loop -3 dB bandwidth was more than
200 kHz. However, the in-loop bandwidth was then limited by response of the laser diode
driver’s modulation bandwidth itself.

4.3.1.2 Reversal Point

A stabilization of the tf-CNT EOM laser CEO frequency was not achieved by means of pump
power modulation. The reason for this was that a reversal point [94] was observed, where a
change in pump power modulation did not affect the CEO frequency. Figure 4-8 shows the
tf-CNT EOM repetition rate as a function of pump current. At a current of 147 mA the repe-
tition rate has a reversal point where the repetition rate shows almost no change when the
pump power is varied. Within this region it is not possible to stabilize whether frep or fceo of
the comb. Nevertheless, the laser has its minimum in phase noise at the reversal point, due
to a minimum conversion of pump power noise to frequency noise. However, a frequency
stabilization of the CEOQ frequency was achieved at lower pump currents (115 mA-143 mA).
Nevertheless, a tight sub-Hz phase coherent lock was not obtained due to the broad linewidth
of the CEO beat at this pump current.

T 1 1 | 50
75725300 |- o 4

e + —_—
a".‘ N
T 75725290 7 r40 =
E B w0 Reversal Point: L c
= 5 / minimum free running 2
© 4 phase noise - 30 "(\__-f
s 75725280 F /, =
o vz -3
g I ‘ lock possible bu} longterm 20 (o]
E 75725270 £ / stab._ is an |ss>{ L>)-.
[0 c
s 7 / @
© # 10 =
¥ 75725260 % =4
/‘ )
E-B4 longterm lock could be maintained, L

T
o

but high free running phase noise

75725250 |

/)' no lock possible +
120 130 140 150
Pump Current (mA)
Figure 4-8: Tf-CNT EOM laser’s repetition rate as a function of pump current.

Figure 4-9 illustrates the phase for the amplitude transfer function of the oscillator at three
different pump current set-points. The phase margin approaches 180° at low frequencies
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when the pump current is increased. At a phase margin of 180° the laser could not be sta-
bilzed. This supports the observation from Figure 4-8.
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Figure 4-9: Phase function for the amplitude transfer function of the tf-CNT EOM when applying
pump power modulation.

4.3.1.3 Frequency Transfer Function for EOM

The intra-cavity EOM in the tf-CNT EOM and the SESAM EOM laser was used to reference
a comb mode to a HeNe laser. To obtain the response dynamics of the EOM to the comb
mode at 633 nm, the response to the optical beat (fopt=n-frep+2-fceo-VHene) between the comb
mode and the HeNe laser was determined. The response also includes the contribution of the
CEO frequency. The setup to measure the transfer function for fop is illustrated in Figure
4-10. The EOM voltage is modulated with a chirped sinusoidal signal (Umod) leading to a
modulation in the comb mode frequency and so in fopt. Frequency variations in fopt are con-
verted into voltage fluctuations by a frequency discriminator (MITEQ, FMDM-21.4/4-2B).
These voltage variations were measured by the vector analyzer and compared to the EOM
voltage to determine the transfer function:

_ I U fopt
Hfopt,EOM =10log| ———— 4.2)

EOM (Ref )

In Figure 4-11 the transfer function (blue) Hropt,eom Of the tf-CNT EOM laser and the transfer
function of the frequency discriminator (red) is illustrated. A -3 dB bandwidth of 2.5 MHz
was estimated for the EOM. Hereby the measurement was limited by the response dynamics
of the frequency discriminator itself. Out of this reason, a higher modulation bandwidth to
fopt IS expected.
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Figure 4-10: Setup to measure the response dynamics of the EOM actuator to fo:.

The response dynamics of the EOM to fopt was not measured for the SESAM EOM laser,
since no frequency discriminator was available. However, the response to the repetition rate
was measured. Hereby side-bands were modulated to the repetition rate carrier [95]. The
response function was estimated by measuring the difference in amplitude between the car-
rier and side bands. The results are depicted in [96]. Hereby, a resonance at a modulation
frequency starting from 5 MHz occurred, which was caused by the RF-impedance mismatch
of the signal generator output (50 Q) and the EOM’s input high impedance (10 kQ). This
resonance at 5 MHz limits the overall stabilization bandwidth of the laser. However, a band-
width of some MHz for both EOMSs promises a phase coherent stabilization of a comb mode
to the HeNe laser frequency.
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Figure 4-11: Transfer function of n-f.., for electro-optic modulation.
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4.3.1.4 Fixed Point Frequency and Tuning Rate

The fixed point defines the spectral position, where no variation in the comb optical fre-
quency is observed when changing the actuator set-point. The fixed point frequency [32] (see
section 2.3) for PPM and the EOM was obtained by changing either the set-point of the pump
power or the EOM bias voltage and simultaneously monitoring frep and fceo with a frequency
counter. It is given by:

VﬁX(PPM,EOM) - (_AfCEO(PPM‘EOM) /Afrep(PPM,EOM) ) ffep t fCEO (43)

Figure 4-12 shows the change in CEO frequency and repetition rate at different pump power
set-points for the SESAM EOM laser, measured at a laser temperature of 25.5°C, 27.7 C and
30.4°C. From this measurement a fixed point frequency from 150-170 THz was derived.
Typically, the fixed point frequency for PPM is observed at the laser output frequency
(=192 THz). However, the fixed point frequency might differ here due to integrated EOM.

32
30 25 5 °C 78.7
- 27.7°C 76.5
S 287 . 304ccC
E 26}
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L 24+
= I
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T 16 - Pump Power Setpoint in mW
14 - 704
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5 6 7 8 9I10I11I12I13I14I15I16
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Figure 4-12: Change in the SESAM EOM laser repetition rate and CEO frequency for PPM at different
pump power set-points and laser temperatures.

By taking equation (2.8) into account, the lumped propagation constant So and the pump
power induced self-phase modulation dgspm/dP is derived from the measurement. The theo-
retical value for fo/2m = ner-2-L-ve/c = 1.44-2:1.3 m-192.1 THz/3-10® m/s = 2.39-10° agrees
with the measurement data showing a slope of 2.33-10® @25.5°C, 2.38-10@27.7°C and
2.56:10°@30.4°C, which underlines that the fixed point frequency was properly obtained.
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Furthermore, the self-phase modulation term frep/27-( dpspm/dP) is derived from the intersec-
tion of the fitted lines with the y-axis, which is here -3.5 MHz/mW @25.5°C, -
4.6 MHz/mW @27.7°C and -4.4 MHz/mW @30.4°C.

The intra-cavity EOM of the SESAM EOM laser changes the repetition rate by about
11.86+0.3 Hz/V and the CEO-frequency by 3.65+0.67 MHz/V resulting into a fixed point
frequency from 19 THz to 29 THz. The EOM fixed point frequency indicates that a change
in the EOM bias voltage acts much stronger on frep than on fceo compared to the effect of the
pump power. For this reason n-frep was optically locked to the HeNe laser via the EOM bias
voltage, while fceo was stabilized via PPM. The EOM voltage has a total range of £20 V
allowing to change in the fundamental repetition rate by 240 Hz, making a slow piezo fiber
stretcher unnecessary to ensure the long-term stabilization of the repetition rate. A tempera-
ture sensitivity of 800 Hz/K was measured to the fundamental repetition rate. Subsequently,
the oscillators were temperature stabilized 25+0.01°C with a thermo-electrical cooler (TEC).

SESAM EOM laser

Tf-CNT EOM laser

Viix PPM 150-172 THz 160 THz
Tuning rate to CEO via PPM 14-30 MHz/mW tbc

Viix EOM 19-29 THz 48 THz
Tuning rate to frep Via EOM 11.86+0.3 Hz/V 5.88 Hz/V
Tuning rate to frep Via temp. 800 Hz/K 800 Hz/K

Table 4-3: Fixed point frequency and tuning rates for the SESAM EOM and tf-CNT EOM laser.

The fixed point frequency as well as the tuning rate for the SESAM EOM and tf-CNT EOM
laser are depicted in Table 4-3. In this context, the tf-CNT EOM laser fixed point frequency
for PPM was about 160 THz, which is a similar value compared to the SESAM EOM laser.
The tuning rate of the CNT laser EOM is about half compared to the tuning rate of the
SESAM EOM laser’s EOM, due to a shorter lithium niobate section.

4.3.2 Opto-Optical Modulator for Carbon Nanotube Laser

The opto-optical modulation method is based on the principle that the femtosecond laser
intra-cavity loss is controlled by adjusting the saturation level of the absorber via an optical
light source. As consequence the intra-cavity loss modulation results into a change in the
laser’s frep and fceo. The OOM principle was demonstrated to stabilize the CEO-frequency
of femtosecond lasers based on SESAM absorbers [97, 90]. Here the OOM method is applied
to a femtosecond laser with a tf-CNT absorber (see Figure 3-1 c).
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Figure 4-13: Area of mode locked operation depending on the oscillator’'s pump power and power
from the OOM laser.

In Figure 4-13 the area of mode-locked operation for the tf-CNT opto-optical modulator laser
as a function of pump power (PPM) and OOM power is shown. The pump power threshold
as well as the oscillator’s optical spectral pulse bandwidth for harmonic mode-locked opera-
tion decreases towards higher OOM powers. A bandwidth of 11 nm was achieved, when the
CNT absorber was not illuminated by the OOM laser. Whereas a reduced bandwidth of
6.5 nm was obtained with a power of 155 mW from the OOM laser to the oscillator. The
reduced bandwidth emerges from the pre-saturation of the CNT absorber by the OOM laser
light. Due to the pre-saturation, the absorber’s effective modulation depth decreases. Out of
this reason the soliton pulse energy threshold (and so the spectral bandwidth) decreases,
where the absorber supports mode locking. In summary, this measurement shows that the
nonlinear transmission of the tf-CNT absorber and so the loss in the femtosecond laser cavity
are controllable via the OOM laser at 1420 nm.

4.3.2.1 Fixed Point Frequency

The fixed point frequency (see equation (4.3)) for the OOM was measured similar as in sec-
tion 4.3.1.4, by increasing the OOM pump power while simultaneously recording the CEO
frequency and repetition rate. In addition the fixed point frequency for pump power modula-
tion was measured. Figure 4-14 illustrates the change in the CEO-frequency and repetition
rate for an increase in PPM and OOM. The change in both frequencies was determined for
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OOM (PPM) as a function of different pump powers to the Erbium doped fiber (carbon nano-
tube absorber).
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Figure 4-14: Simultaneous change in fre, and fceo for PPM and OOM at different pump power set-
points of the OOM and PPM laser, respectively.
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A fixed point frequency of about 620 THz for OOM and 210 THz for PPM was determined
(see Table 4-4). Thereby the fixed point for PPM is close to the carrier frequency (192 THz)
of the laser. The high value for the OOM fixed point frequency indicates that the OOM
method suits better for CEO stabilization than controlling the repetition rate.

Fixed Point Frequeny tf-CNT OOM Laser
Viix OOM 620 THz

Viix PPM 210 THz
Vfix(0om)/ Veix(PPM) = 2l

Table 4-4: Tf-CNT oscillator fixed point frequency for PPM and OOM.

A fixed point ratio of 3:1 is given between OOM and PPM. This means that the OOM and
the PPM show a relatively strong crosstalk. Due to this a fully (low noise) stabilized comb
via OOM and PPM is difficult to realize.
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4.3.2.2 CEO Frequency Transfer Function

The tf-CNT EOM CEO-frequency transfer function was measured to compare the OOM and
PPM against each other for CEO stabilization. Figure 4-15 shows the setup to measure the
transfer function of fceo for OOM or PPM modulation. The pump power of the OOM/PPM
laser is modulated via a chirped sinusoidal signal from a vector analyzer. This modulation
leads to variations in the CEO frequency, which is converted into a voltage fluctuation via a
frequency discriminator (MITEQ, FMDM-21.4/4-2B, sensitivity=1MHz/V) and were com-
pared to modulation signal.

Af > AU

Freq.
Discriminator

UM oD
N s
Analyzer

Unmob(rep

Femtosecond
Oscillator

f-2f Interferometer

976 nm (PPM)
1420 nm (OOM)

Pump Laser Laser Diode Driver

Figure 4-15: Transfer function to measure the fcro's response for PPM or OOM.

The resulting transfer functions are depicted in Figure 4-16 and were corrected for the re-
sponse of the frequency discriminator and laser diode driver. In Figure 4-16 a, the OOM
transfer function has a similar characteristic such as the transfer function for PPM, but has a
higher gain with respect to changes in fceo. In this context, the OOM has a tuning rate of
7.5 MHz/mA, where PPM has tuning rate of 1.1 MHz/mA at 1 Hz.
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Figure 4-16: Transfer function of fczo for opto-optical and pump power modulation.
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A flat response of CEO in respect to the OOM modulation frequency with a low pass filter
like cut-off frequency limited by the LDTs bandwidth (=300 kHz, see Figure 4-6) was ex-
pected for the measurement. The reason for this assumption is that the carbon nanotube ab-
sorber reacts almost instantaneously to intensity changes in the OOM laser. Hereby it is as-
sumed that the loss modulation via OOM interacts with the low pass like intra-cavity laser
dynamics.The key parameters derived from the transfer measurements are summarized in
Table 4-5.

OOM PPM
CEO Tuning Rate (@ 1 Hz) 7.5 MHz/mA | 1.1 MHz/mA
CEO Max. Tuning +100 MHz +10 MHz
Mod. Bandwidth @ -90° Phase Margin | 120 kHz 10.3 kHz

Table 4-5: CEO frequency tuning rate, tuning range and modulation bandwidth for OOM and PPM.

A modulation bandwidth of 10.3 kHz and 120 kHz at a phase margin of -90°degrees (Figure
4-16 b,) was measured for PPM and OOM, respectively. Loss modulation has been demon-
strated via a graphene based modulator achieving a feedback bandwidth of about 1 MHz for
frequency comb stabilization [98,86,99,100]. A feedback bandwidth of 600 kHz was reached
with the OOM method applied on a SESAM absorber [90].

4.3.2.3 CNT Absorber Extra-cavity Transfer Function

The tf-CNT absorber and WDMs were removed from the laser’s cavity to characterize the
tf-CNT absorber’s response without taking the cavity’s dynamics into account. Hereby pulses
from a femtosecond oscillator were amplified and stretched to a pulse duration of about 1.5 ps
and injected into the tf-CNT absorber (see Figure 4-17). On the other side, light from the
OOM laser at 1420 nm was injected to the CNTs. Hereby no light at 1420 nm was guided
whether to the Erbium amplifier or to the power meter.

1420/1560 WDM 1420/1560 WDM

16 m SMF
l fs-laser : ‘

Frep=50 MHz Er-Amp

Powermeter

1420 nm out 1420 nm Pump

Figure 4-17: Optical setup to measure the tf-CNT absorbers transmission as function of pump
power of the opto-optical modulator laser at 1420 nm.
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By means of this setup, the change in transmission of the CNT absorber as a function of
OOM power was estimated, which is illustrated in Figure 4-18. The signal light after the
absorber increases from 43 mW to about 45.5 mW for a OOM laser power of 0 mW to
140 mW. This results into a change of 5.5 % yielding to a sensitivity in transmission of about
0.037 %/mW for opto-optical modulation. The resulting modulation depth and sensitivity is
sufficient for controlling the femtosecond oscillator’s frequency via intra-cavity loss modu-
lation.

B / 12
©

43.5 - slope = 0.037 (%/mW) |

Signal Power @1560nm
NTs (mW)
N
b
w
Change in Transmission (%)

T T T T T 0
0 25 50 75 100 125 150
OOM Laser Power at CNTs (mW)

Figure 4-18: Change in the average power of the signal light at 1560 nm, when the power to the
CNTs of the OOM laser is increased from 0 mW to about 140 mW.

In a next step the amplitude transfer function was measured to estimate how fast the trans-
mission of the tf-CNT can be changed via OOM. Therefore the power meter in the setup was
replaced with a fast InGaAs photodetector and the power of the 1420 nm laser was modulated
via a vector analyzer (see Figure 4-19). The transfer function was then determined by the
ratio between the frequency dependent change in the photodetector voltage and the modula-
tion voltage from the vector analyzer.

1420/1560 WDM 1420/1560 WDM

Photodiode

16 m SMF
fs-laser } ‘

Frep=50 MHz Er-Amp

Upp
1420 nm out 1420 nm Pump

)\ 4
Vector Analyzer
( )

Figure 4-19: Setup to measure the tf-CNT absorber’s extra-cavity response to opto-optical modu-
lation.
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The amplitude transfer function was measured for pump power set points of the OOM laser
ranging from 7.5 mW to 91 mW. The gain and phase as function of modulation frequency is
depicted in Figure 4-20 a, and b, respectively. Hereby the normalized gain decreases from
1 Hz to 30 Hz indicating temperature induced transmission changes of the CNT absorber.
This observation is also supported by a drop in the phase margin. A resonance in the gain
curve occurs at about 1 kHz, before the phase and so the gain of the laser drops further. The
transfer function reveals a slow response of the CNT absorber, which highly probably is here
dominated by temperature induced changes at the tapered fiber section. In this context the
heat from the CNTSs is dissipated into the tapered fiber. Tapered fibers itself are applied in
the field of temperature sensing as their spectral transmission changes as function of temper-
ature. However, a slight increase in phase margin is observed for frequencies higher than
10 kHz when the OOM power is increased. For frequencies > 1 kHz, the impact of tempera-
ture induced changes decreases, while the impact on the transmission due to saturation of the
CNTs increases.
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Figure 4-20: Normalized response in the tf-CNT absorber transmission within (a) the amplitude and
(b) phase spac

For a proper measurement of the CNT absorber’s response, temperature and “electrical” in-
duced transmission fluctuations need to be separated. One method to reduce the temperature
impact might be to seed the CNT absorber with ultra-short pulses for OOM.

Due to the short “adiabatic” interaction with the CNTs less heat would be generated. Never-
theless, this technique is complicated, since the pulses of the OOM seed laser and tf-CNT
femtosecond laser need to be temporal synchronized. Another method would be to change
the CNT’s transmission by applying an external electrical field such as demonstrated for
graphene- or electro-optic modulators.
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However, both techniques would require extensive technological development to establish a
measurement setup. An open question is still, why the amplitude transfer function (see Figure
4-20) and the CEO transfer function (see Figure 4-16) show a different behavior.
Nevertheless, the CEO frequency transfer function shows that a stabilization via the OOM is
possible, which is underlined by the results shown in chapter 5.3. Furthermore, the charac-
terization results demonstrate the realization of an OOM modulator within a tf-CNT laser to
vary its CEO-frequency and repetition rate.
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5 Stabilization of Oscillators

In this chapter the stabilization of the SESAM EOM (section 5.1), tf-CNT OOM (section 5.3)
and tf-CNT EOM (section 5.2) comb oscillator (see Figure 3-1) to a HeNe laser at 473 THz
is studied.

Hereby, it shall be investigated if the SESAM EOM and tf-CNT EOM can be fully stabilized
to the HeNe laser with a fractional in-loop Allan deviation better or equal than 10° at an
integration time of 1 s. This performance is required for the in-fiber comb module to poten-
tially transfer the stability of an optical clock to a frequency comb without significant loss.
“Full” stabilized means that the repetition rate and the CEO frequency need to be locked at
the same time. Furthermore, the femtosecond oscillators shall be locked to the HeNe lasers
for a period of at least a day to show technical reliability.

Furthermore, the stabilization of the tf-CNT OOM oscillator shall show if a phase coherent
lock to an optical reference is achieved, when applying the opto-optical modulation method
to a femtosecond laser based on a tf-CNT absorber. Besides the demonstration of the proof
of principle of the OOM method, information on the in-loop stabilization bandwidth and
phase noise are gathered. By these information the performance of the OOM method is esti-
mated.

The stabilization to an optical reference is more challenging in contrast to referencing the
comb to a radio frequency standard such a H-maser or a RF-rubidium source. In the optical
domain repetition rate variations are levered by n-frep yielding to a higher sensitivity in respect
to environmental perturbations.

Phase locked loop and the actuators for frequency comb stabilization are discussed in section
0. In this context the response dynamics of actuators were measured to determine the system
limits for comb stabilization. In section 5.3 the femtosecond laser results are discussed and
compared against each other.

The stability of the comb lasers were measured with two different types of counters, depend-
ing on which counter was currently available. Hereby one counter from K&K (FXE) and
counters from Keysight (53230a) were used. The K&K system is based on a time discrete
measuring principle with a « (pi) or A (lambda) averaging window [48], which is favorable
over the period based counting method from Keysight, since a “true” Allan deviation is ob-
tained from the data. Due to the specific internal averaging algorithm of the Keysight counter,
a modified like Allan deviation is determined from the measurement data, when applying a
standard Allan deviation algorithm for evaluation.
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5.1 SESAM EOM Comb Stabilization

The stabilization setup for the SESAM EOM comb is depicted in Figure 5-1.

A ( 9.1 MHz H H-Maser )—»( 885 MHZ)

eI‘t:er EOM )ﬁ—b( HeNe Beat Detection )

A feeo
v LD Oscillator ) f-2f Interferometer )
h P

f opt(633nm)

C_\ Slow
TEC < L PID Servo + Digital Phase Detector

A

v ( 14 MHz )(—( H—Maser)

Figure 5-1: Phase locked loops for fceo and fop: stabilization. Rf-filters and RF-amplifiers are not
depicted.

fopt(633nm) PLL

Hereby the setup consists of two phase locked loops. Within one PLL the fceo frequency was
stabilized to a H-maser. In the other PLL, fopt Was locked to the HeNe laser, whereas the same
H-maser was also used as reference.

The fceo frequency was stabilized via pump power modulation. A long-term stable lock with
an analogue PLL was ensured by dividing fceo with a frequency division factor of 100, vir-
tually enhancing the capture range of the PLL from n/2 to + 100 /2. Without frequency
division of fceo it was not possible to stabilize fceo with an analogue PLL. Due to the high
frequency division factor it was necessary to up-convert fceo (fceo=25 MHz) with a H-maser
referenced synthesizer signal at 885 MHz to about 910 MHz. The up-converted fceo signal
was bandpass filtered before being divided to about 9.1 MHz.

An error signal was generated by comparing the divided fceo signal to the 9.1 MHz of a
synthesizer within an analogue phase detector (double balanced mixer). An active loop filter
build from a lag (low pass filter/integrator) and lead element (high pass filter/derivator) as
well as an passive lead filter (such as shows in Figure 4-7) was implemented in the PLL to
achieve a locking bandwidth of more than 200 kHz. Since the free running CEO-beat has a
linewidth of about 600 kHz a stabilization bandwidth of some 100 KHz was required to guar-
antee a phase locked operation.
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A home build FPGA (Virtex 5 1x30, 250 MHz clock rate) based digital phase frequency
detector (PFD) with an integrated PID controller was used to stabilize fopt via the EOM. A
PFD has the advantage that it is not sensitive to amplitude fluctuations and has a higher cap-
ture range with respect to the analogue phase detector. Further the digital servo was used to
control the set-point of the comb temperature to obtain long-term operation.

5.1.1 CEO Beat Stabilization

Figure 5-2 shows the frequency spectrum of the CEO-beat, while being stabilized to the H-
maser. The small coherent peak at 23.5 MHz with a SNR of about 5 dB (RBW=1kHz)/ 30 dB
(RBW=10 Hz) with respect to the “non-coherent” part of the fceo beat indicates that a phase
stabilization was obtained.
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Figure 5-2: Frequency spectrum of the phase locked CEO beat.

The phase noise measurement of the phase and frequency (frequency) stabilized CEO beat is
depicted in Figure 5-3. The frequency lock was realized by reducing the locking bandwidth
of the PLL to some kHz. This was achieved by removing all lead filter elements within the
PLL, so that the PLL is only adjusted via a proportional gain factor (P-element).
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Figure 5-3: Phase noise measurement and integrated phase noise for frequency and phase locked
fceo beat from 1 Hz to 3 MHz.

The frequency locked CEO-beat has an integrated phase noise of 12.1 rad (integrated from
3 MHz to 1 Hz), while the noise for the phase locked beat was reduced by a factor of 5 down
to 2.4 rad. The servo loop bandwidth for fceo stabilization was about 260 kHz, which was
estimated by the small bump within the phase noise spectrum. Hereby the overall stabiliza-
tion bandwidth was mainly limited by the modulation bandwidth of the laser diode driver.
A coherent peak was observed despite showing high frequency noise above the 3-separation
line, which theoretically contributes to the linewidth of the laser. Nevertheless, a sub-Hz sta-
bility for fceo still was achieved with an integrated phase noise of a few rads [101].

A PLL bandwidth of more than 550 kHz would be required to maintain a sub-rad integrated
phase noise for fceo. This was estimated from the intersection between the f-separation line
and the phase noise of the frequency locked beat.

5.1.2 Stabilization to HeNe Laser

In Figure 5-4 the phase locked beat fopt between the SESAM EOM comb HeNe is illustrated.
The coherent delta peak at 14 MHz emerges from an u-shaped valley, which originates from
the integral part of the servo loop. Hereby the integrators corner frequency was set to 100 kHz
leading to robust lock. It was not possible to compensate for the bump occurring at about
270 kHz from the delta peak. This bump is introduced from the fceo stabilization due to the
cross influence of both servo loops.
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Figure 5-4: Spectrum of the phase locked optical beat note via the SESAM EOM'’s intra-cavity EOM.

Further the servo bump at 610 kHz from the carrier indicates the servo loop bandwidth of the
for optical beat stabilization. The stabilization bandwidth is hereby limited by the FPGA
based controller itself but not by the response of the integrated EOM (see section 4.3.1.3).

The phase noise measurement of the phase and frequency locked optical beat note is depicted
in Figure 5-5. Hereby an integrated phase noise of 2.7 rad and 1.1 rad was measured in a
bandwidth from 3 MHz to 1 Hz, respectively.
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5.1.3 In-loop Stability

The frequency stability of fceo and fopt (See Figure 5-4 and Figure 5-2) was measured with a
frequency counter (K&K FXE) in a gate time of 1 s and is depicted in Figure 5-6. No phase
slip was observed over a period than 46 h, which is indicated by the sub-Hz frequency sta-
bility. An in-loop stability of 7.6 mHz (t = 1 s) and 21 mHz (t = 1 s) was measured for fopt
and fceo, respectively. The fractional Allan deviation in respect to the HeNe laser frequency
is below 10 @ 1= 1 s for fceo and fop (see Figure 5-7).
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Figure 5-6: Frequency stability of fop: and fceo measured (mt-counter gate time = 1 s) over a period
of 45 h.

The fceo beat was also stabilized with a digital PLL using the FPGA based controller. This
PLL was later optimized for the All-in-fiber frequency comb system discussed in chapter 7.
The Allan deviation for the digital phase locked fopt and fceo beat decreases with a slope of
L. Further the analogue locked fceo beat has a similar slope but shows a bump at an integra-
tion time of about 30 s. It is assumed that the analogue phase locked loop is sensitive to
amplitude fluctuations of the fceo beat, which could be caused by temperature and/or pump
power variations.
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Figure 5-7: Overlapping Allan deviation of measurement shown in previous figure and for the fcro
frequency stabilized with the FPGA based controller.

5.1.4 Stabilization via Balanced Optical Cross Correlator

By means of a balanced optical cross-correlator (BOC) [102] the timing jitter for femtosec-
ond frequency comb oscillators down to the attosecond regime can be characterized. In this
work the BOC was used to synchronize the pulse train of the SESAM EOM laser with a low
noise femtosecond laser. Synchronization between femtosecond frequency combs is neces-
sary in the field of frequency and time distribution/transfer to and between (optical) atomic
standards.

Here we want to demonstrate the limit in optical stabilization of the SESAM EOM frequency
comb to an optical reference laser, which is here the low noise femtosecond laser. The BOC
measurement was done in cooperation with the company “Toptica Photonics” [103] at their
facilities.

The principle of the BOC measurement is shown in Figure 5-8. Hereby two orthogonal po-
larized laser pulse trains, one from laser A (e.g. SESAM EOM laser) and one from laser B
(e.g. Toptica low noise laser), are injected into a PPKTP (type Il) crystal. At the output of
the crystal only the light of the SHG pulses pass a dichroic mirror, whereas the fundamental
pulses are reflected by this mirror. Hereby the reflected pulses generate another SHG pulse
train, propagating into backward direction. This pulse train is again coupled out by another
(45° tilted) dichroic mirror. The intensity of the forward and backward propagating SHG
pulses is measured each with a photodetector.

The intensity of the SHG pulses depends on the temporal overlap between the orthogonal
polarized fundamental pulse trains. The fundamental pulse trains experience a different group
delay due to the birefringence of the PPKTP crystal. This means that the overlap between
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both pulse trains varies as function of passed crystal length. The backward propagating pulse
trains experience twice the relative group delay compared to the forward propagating ones.
Due to this fact there is only one temporal offset between both fundamental input pulse trains
which leads to the same intensity of the forward and backward propagating SHG pulses.

— 1560 nm
to detector 2 group delay — 780 nm
A between
% orthogonal
’ polarizations

" to detector 1
PSP I]]]]]" "I- - - - >

Dichroic Mirror PPKTP Dichroic Mirror
HR 780/AR1560 HR 1560/AR780

Figure 5-8: Principle of a balanced optical cross correlator [104].

Figure 5-9 shows the signal from the photo diodes when both femtosecond lasers show a
slightly different repetition rate. Due to the slightly different repetition rate, a temporal cross
correlation signal between both pulses is retrieved. The temporal distance between two con-
secutive correlated pulses is given by the difference in repetition rate.

— < AT:]./Afrep >
\>, zero crossing as setpoint for
Q repetition rate stabilization
©
35
gt
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E 378 fs/V — PD2
< — Balanced Out — Error Signal

Time (s)>

Figure 5-9: Signal of photodetector 1&2 as well as resulting balanced signal for laser stabilization.

By taking the difference between the two photodiode signals, an error signal is retrieved.
This error signal has a zero crossing with a linear slope when both diode signals are equal at
the same time. This zero crossing was used as set-point to stabilize the pulse train from the
SESAM EOM laser to the low noise femtosecond laser. A sensitivity of 378 fs/VV was meas-

ured for the error signal.
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Figure 5-10: Setup to stabilize SESAM EOM laser on low noise comb laser via a balanced optical

cross correlator.

The error signal was fed through a loop filter to synchronize the SESAM EOM laser to the
femtosecond laser from Toptica (see Figure 5-10). Hereby the repetition rate was controlled
via the intra-cavity EOM of the SESAM laser. The in-loop phase noise spectrum of the bal-
anced photo diode signal was measured via a baseband RF-spectrum analyzer.

The in-loop timing jitter noise was obtained by multiplication of the phase noise by the error

signal sensitivity (378 fs/V)
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Figure 5-11: In-loop timing jitter of balanced photodetector signal from BOC.

Figure 5-11 shows the spectrum of the in-loop timing jitter noise as well as the integrated
timing jitter. A integrated phase noise of 970 as in a bandwidth from 40 MHz (Nyquist) to
1 Hz was obtained. This means that the SESAM EOM oscillator is capable to transfer the
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stability of oscillators with a pulse to pulse timing jitter down to the sub-fs range. Unfortu-
nately, the impedance of the loop filter didn’t matched to the EOM impedance. This resulted
into a small resonance within the noise spectrum at 30 MHz adding some excessive noise of
about 100 as. An integrated noise of 866 as was achieved in a bandwidth from 20 MHz to
1 Hz, which excludes the noise of the resonant peak at about 30 MHz.

5.1.5 In-fiber Graphene-Modulator

Graphene modulators were demonstrated as actuators whether to stabilize fceo or frep Of @
frequency comb with a 3 dB modulation bandwidth of up to 2.5 MHz [105]. The graphene
modulator consists of a layer of graphene on top of a high reflective surface acting as mirror.
The absolute modulation depth of the graphene layer is around 2%, whereas the transmission
value of the absorber can be changed by a total maximum of 0.2% by applying an electric
field (=+10 V supply voltage) to the graphene layer. This change is small but has an impact
on fceo and frep, When used as intra-cavity modulator. The reflective GM suits perfect for a
femtosecond laser with a linear cavity such as the SESAM EOM laser. In this thesis an in-
fiber graphene modulator was provided by C. C. Lee (University of Colorado, USA), which
was implemented in a similar oscillator as the SESAM EOM laser but without an EOM (see
Figure 5-12). The repetition rate of this oscillator was 50 MHz.

so. _A_

980 nm

Pump Output
SAM
PM-EDF Graphene Modulator
(In-fiber)

Figure 5-12: Linear cavity SESAM femtosecond oscillator with a graphene modulator for stabiliza-
tion.

In particular the stabilization of fceo benefits from the high bandwidth GM to suppress the
CEO beats broadband noise. Figure 5-13 shows the setup to stabilize the fceo via PPM and
GM. It was necessary to support the stabilization via PPM, since the modulation depth of the
GM is not sufficient to keep the CEO-frequency in lock for more than some seconds. The
CEO beat was locked via the FPGA based controller to a signal generator with a frequency
of 15.5 MHz. Unfortunately, just one PID element within the FPGA controller was available,
which made it difficult to optimize the PLL for PPM and the GM.
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SESAM GM Laser H f-2f Interferometer

Figure 5-13: Setup to stabilize the CEO beat via PPM and the GM.

Figure 5-14 a, shows the frequency spectrum of the CEO beat when stabilized via PPM and
when stabilized via PPM and the GM. A coherent peak was observed when both, PPM and
the GM were applied for stabilization. Hereby a feedback bandwidth of 100 kHz for PPM
was achieved. This bandwidth was enhanced to 425 kHz when the GM was added for stabi-
lization, this was estimated from the divided CEO-beat in Figure 5-14 b,. Theoretically a five
time higher bandwidth could be achieved with an optimized PLL. Nevertheless, here we
demonstrate that an in-fiber GM has the potential to improve the performance of the linear
cavity SESAM based femtosecond laser but would require development of the FPGA con-
troller.
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Figure 5-14: Frequency spectra of (a) the original and (b) divided CEO beats, when stabilized with
PPM or stabilized via PPM and GM.
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5.1.6 Summary

In Table 5-1 the results for the fully stabilized SESAM EOM laser are summarized. A sub-
Hz stability for more than 42 hours was shown, while the comb was referenced to the HeNe
laser. Hereby the frequency comb shows an in-loop stability better than 1-107, which meets
the requirements for OAC operation. In this context, a technical reliable, high stable, and
long-term operating frequency comb oscillator was successfully demonstrated. These results
verify that the SESAM EOM oscillator is a proper candidate for the in-fiber frequency comb
module.

Furthermore, the stabilization of the SESAM EOM comb to an ultra-low noise femtosecond
laser via a BOC yields to a pulse to pulse timing jitter below 1 fs. Within another SESAM
based linear femtosecond laser cavity, the fceo stabilization via an in-fiber graphene modu-
lator was presented. The GM has a high potential to enhance the feedback bandwidth from
some hundreds of kHz to the MHz regime.

fCEo fopt
Integrated Phase Noise 2.4 rad 1.1rad
from 3 MHz — 1 Hz
Stabilization Bandwidth 260 kHz 610 kHz
Allan Deviationt=15s 21 mHz 7.6 mHz
(z-Counter)
Rel. Allan. Dev. to 473 THz 4.4-10Y7 1.6-10Y7
t=1S§
Timing Jitter BOC measurement in- 970 as (866 as)
tegrated from 40 MHz (20 MHz) to
1Hz

Table 5-1: Overview on the stabilization results for the SESAM EOM frequency comb oscillator.

5.2 Tapered fiber CNT laser with integrated EOM

The setup for stabilization of fceo and fopt is illustrated in Figure 5-15. For fceo stabilization
an AOM (acousto-optic frequency shifter modulator) was selected, since CEO stabilization
via PPM was difficult to realize due to a reversal point in frep and fceo (see section 4.3.1.2).
A voltage controlled oscillator at 805 MHz was driving the AOM. The (two channel) home-
build digital phase detector was implemented to stabilize fceo and fopt €ach to a RF-synthe-
sizer. The two RF-synthesizer were referenced to a rubidium clock. The optical beat note was
locked to the HeNe-laser via the intra-cavity EOM.
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Figure 5-15: Phase locked loops to stabilize fceo and fopt of the tf-CNT EOM laser.
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5.2.1 CEO Beat Stabilization

The frequency spectrum of the CEO beat, while stabilized via the AOM is depicted in Figure
5-16. A coherent peak with a SNR of about 20 dB in a 1 kHz resolution bandwidth was ob-
served. The CEO beat has an integrated phase noise of 1.71 rad (1.63 rad) within 10 MHz
(3 MHz) to 1 Hz from the carrier frequency (see Figure 5-17). Further, an in-loop stabiliza-
tion bandwidth of 121 kHz was estimated from the phase noise measurement.

o—rT———T—

RBW 1 kHz

-10

20}

Amplitude (dBm)
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Frequency (MHz)
Figure 5-16: Frequency spectrum of phase locked CEO-beat.
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Figure 5-17: Phase noise spectrum and integrated phase noise of the phase locked CEO-beat.

5.2.2 Stabilization to HeNe Laser

In Figure 5-18 the frequency spectrum of the locked optical beat note is illustrated. The co-
herent optical lock shows a SNR of more than 30 dB in respect to its carrier frequency at
58 MHz.
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Figure 5-18: Frequency spectrum of phase stabilized f,,: beat.

An integrated phase noise of 287 mrad (197 mrad) was determined for the optical beat note
in a bandwidth from 10 MHz (3 MHz) to 1 Hz (see Figure 5-19). This is the lowest in-loop
phase noise measured within this thesis, which underlies the potential of the tf-CNT laser
technology combined with a fast actuator such as an EOM for frequency stabilization. A
stabilization bandwidth of 423 kHz via the EOM was reached.
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Figure 5-19: Phase noise and integrated phase noise of the optical beat from Figure 5-19.

In Figure 5-20 The optical beat note shows a peak to peak stability better than +10 mHz for
more than 10 hours. Farther, no phase slips were observed during this measurement time.
After 10 hours of operation, the stabilization was switched off, since the comb was used for
other experiments.
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Figure 5-20: Frequency deviation of f,;: measured in a gate time of 1 s over an interval of 10 hours.

An Allan deviation of 3.3 mHz (K&K FXE counter) in a gate time of 1 s was estimated from
the frequency stability measurements. This is a relative in-loop stability better than 107" at
1 s in respect to the HeNe lasers frequency. The in-loop Allan deviation decreases with a
slope proportional to t™.
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Figure 5-21: Overlapping Allan deviation of the stabilized optical beat.

5.2.3 Summary

An overview on the stabilization results is given in Table 5-2. The stabilization of fceo and
fopt Was successfully shown. No frequency stability measurements for fceo were applied. Due
to the small locking range of the EOM (x5 MHz) it was not possible to maintain a stabilized
CEO beat for more than some seconds. It has to be noted that fopt and the CEO-beat were not
stabilized simultaneously. Due to the laser degradation no more work was invested to demon-
strate a fully stabilized tf-CNT EOM laser. Out of this reason, the goal was not achieved to
demonstrate a reliable tf-CNT EOM laser suitable for integration within an in-fiber frequency
comb module. Nevertheless, the phase coherent stabilization and phase noise measurement
of the CEO- and optical beat indicate a performance, which is sufficient for OAC operation.

fceo Topt

Integrated Phase Noise 1.71 rad 287 mrad
from 10 MHz (3 MHz) — 1 Hz (1.63 rad) (197 mrad)
Stabilization Bandwidth 121 kHz 423 kHz
Allan Deviationt=1$§ not 3.3 mHz
(n-Counter) measured

Rel. Allan. Dev. to 473 THz not 6.5-1018
T=1S5 measured

Table 5-2: Summary of the tf-CNT EOM femtosecond laser stabilization results.
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5.3 Tapered fiber CNT laser with Opto-Optical Modulator

The OOM method for frequency comb stabilization was demonstrated for SESAM mode-
locked laser systems in the past. Here we investigate the stabilization of fceo and fopt via the
OOM technique applied to a carbon nanotube absorber. Furthermore, the OOM technique is
compared to the PPM method for comb stabilization. The setup to stabilize fceo or fopt via the
OOM or PPM method is sketched in Figure 5-22.

O(;T\ACLNT Polarization f-2f Interferometer/
aser :
PPM 00M Controller HeNe Beat Detection

A 976 nm A 1420 nm

LDD foe-eceoeeeeeees
\ PID Servo + Digital Phase Detector

: PPM Stab,
LDD jd------ Lead Filter J®------------ X A
y A
( 20 MHz H Rb-clock)

Figure 5-22: Stabilization setup to stabilize the fCEO or fopt beat whether with OOM or PPM, re-
spectively.

fCEO/fopt

>

fCEO/.fapt PLL

<&

A manual polarization controller was required to guarantee a linear input polarization (along
the PM fiber’s slow axis) for the f-2f interferometer and the optical interface at 633 nm (HeNe
beat Detection).

Either the fceo or the CEO beat note was fed into the FPGA based phase detector. Hereby a
synthesizer at 20 MHz, which was locked to a rubidium clock, served as a reference. For
PPM the servo’s output voltage was feed through a lead filter, which was connected to the
modulation port of the laser diode driver.

5.3.1 CEO Beat Stabilization

Figure 5-23 a, and b, shows the spectrum of the CEO beat note when stabilized via OOM and
PPM, respectively. A phase coherent lock was achieved for both stabilization methods.
Hereby, a coherent peak with a SNR of 20 dB for OOM and 15 dB for PPM in a 1 kHz
resolution bandwidth was observed. A stabilization bandwidth of approximately 200 kHz
was reached for the OOM method, which is about twice as high as the bandwidth for the
PPM technique. As consequence the CEO beat showed a lower phase noise when stabilized
via OOM.
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Figure 5-23: Frequency spectrum of the stabilized CEO beat via OOM (a) and PPM (b).

The CEO beat for the OOM method has an integrated phase noise of 1.06 rad (1.04 rad)
integrated in a bandwidth from 10 MHz (3 MHz) to 1 Hz (see Figure 5-24). An integrated
phase noise of 1.45 rad (1.42 rad) integrated from 10 MHz (3 MHz) to 1 Hz was estimated
for the CEO beat, when stabilized via PPM.
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Figure 5-24: Phase noise and integrated phase noise of the phase stabilized fCEO beat via PPM and
OOM.

The frequency stability of the CEO beat notes from Figure 5-23 were measured with a A-
counter (Keysight 53230a) and are illustrated in Figure 5-25. Unfortunately, it was not pos-
sible to maintain a phase slip free fceo lock via PPM for more than one minute. The cause for
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this was the limited tuning range of the CEO via PPM, which was just a few MHz (see Table

4-3).

Frequency Deviation (mHz)

10

[$)]

|
[$)]

N
o

— Af ., Opto-Optic Mod.
—— Af ., Pump-Power Mod.

0

180

360 540 720

Time (s)

9200

Figure 5-25: Frequency deviation of the CEO beat stabilized via OOM or PPM.

The peak to peak stability for both stabilized fceo beat notes was below +5 mHz. Also a
similar Allan deviation with about 2 mHz at T = 1 s for the OOM and PPM locked CEO beat
was estimated (see Figure 5-26). The in-loop (modified) Allan deviation decreases with a
slope of T0° which is typical for in-loop stability measurements based on a A-type counter.
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Figure 5-26:0verlapping Allan deviation of the counter measurements presented in Figure 5-25.
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5.3.2 Stabilization to HeNe Laser

Despite that the tf-CNT OOM femtosecond oscillator was not actively temperature stabilized
nor had any slow actuator such as a fiber stretcher to compensate for a drift in repetition rate,
it was possible to stabilize a comb mode to the HeNe laser frequency for some seconds.

In Figure 5-27 a, and b, the frequency spectrum of the optical beat note when, stabilized via
OOM and PPM is depicted. A coherent lock with a SNR of about 30 dB (RBW =1 kHz) in
the carrier was obtained for both, the PPM and the OOM lock.

a, 1 0 b,
1 kHz RBW 1 kHz RBW

Amplitude (dBm)
Amplitude (dBm)

2 1 o 1 2 T o 1 2
Frequency Offset (MHz) Frequency Offset (MHz)
Figure 5-27; Frequency spectrum of the stabilized optical beat note via (a) OOM and (b) PPM.

A sub-rad in-loop integrated phase noise with 467 mrad (449 mrad) and 549 mrad
(528 mrad) in a bandwidth from 10 MHz (3 MHz) to 1 Hz was measured for the OOM and
PPM stabilized optical beat (see Figure 5-28), respectively.
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Figure 5-28: Phase noise and integrated phase noise of the phase stabilized fopt beat via PPM and
OOM.
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Hereby neither the noise spectrum of the OOM or PPM locked fopt frequency exhibits the -
separation line, which is an indication for a sub-rad stability. An overlapping Allan deviation
of about 3 mHz (K&K m-counter) at T = 1 s was observed both for the OOM and the PPM
stabilized fopt frequency.

5.3.3 Summary

It was demonstrated that it is possible to stabilize either the optical beat or the CEO frequency
of a tf-CNT laser oscillator via the OOM method. A higher feedback bandwidth and lower
in-loop phase noise of fopt/fceo Was reached via OOM compared to the PPM approach. An-
other benefit is, that the OOM shows a wide tuning range for fceo, showing a high potential
for reliable long term stabilization measurements. In conclusion the OOM method for phase
coherent stabilization of tf-CNT laser was successfully demonstrated as a proof of principle.
Hereby a sub-Hz phase noise and sub-rad stability for the referenced optical beat note and
CEO beat depicts the tf-CNT OOM oscillator’s potential for OAC applications. The results
for the PPM and OOM stabilization are summarized in Table 5-3.

A fully optical stabilized comb to lock fopt and fceo simultaneously via OOM and PPM could
not demonstrated. Hereby, the comb’s fixed point measurement indicates a strong crosstalk
of about 3:2 between the OOM and PPM method (see section 4.3.2.1). This makes a simul-
taneous high bandwidth stabilization difficult. A controller would be required to orthogonal-
ize the OOM and PPM feedback loops. The orthogonalization reduces the crosstalk between
the OOM and PPM. Furthermore, the utilization of the OOM method for a polarization main-
taining CNT based laser would be further step to realize a robust and long-term stabilization.

fCEo fopt
Integrated Phase Noise PPM 1.45 rad 549 mrad
from 10 MHz (3 MHz) — 1 Hz (1.42 rad) (528 mrad)
Integrated Phase Noise OOM 1.06 rad 467 mrad
from 10 MHz (3 MHz) — 1 Hz (1.04 rad) (449 mrad)
Stabilization Bandwidth PPM 102 kHz 162 kHz
Stabilization Bandwidth OOM 210 kHz 266 kHz
OOM/PPM Allan Deviation = 3 mHz = 3 mHz
=15 (A-Counter) | (n-Counter)

Table 5-3: Overview on the stabilization results for the tf-CNT OOM frequency comb oscillator.
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5.4 Laser Comparison and Trade-Off

The stabilization results of the tf-CNT OOM, SESAM EOM and tf-CNT EOM oscillator are
summarized in Table 5-4. All these oscillators show a potential for a robust comb system due
to their in-fiber design. Nevertheless, only the SESAM EOM femtosecond oscillator fulfilled
all requirements for the development of a reliable and compact in-fiber comb module.
Thereby the SESAM EOM laser was fully phase locked to the HeNe laser reference for sev-
eral days, while showing an in-loop stability of some mHz, sufficient to read out a clock
laser.

A fully phase locked operation of the tf-CNT OOM and tf-CNT EOM laser could not be
realized. Furthermore a degeneration of the tf-CNT EOM laser absorber was observed and a
stable long-term linear polarization of tf-CNT OOM was not maintained due to its non-PM
design.

t-CNT OOM | SESAM EOM | tf-CNT EOM |
Degeneration No No Yes -|
Fully Phase Locked (feeo™ fopt) No IRORE Yes .
Polarization Maintaining No -| Yes Yes
fceo integrated phase noise 1.04 | 1.42

2.4 1.63

from 1Hz-3MHz (rad) OOM | PPM
Stability fceo (MHz) @ t=1s =3 (A) 21 N/A
fopti h i 44 52
opt integrated phase noise 0.449 | 0.528 11 0.197
from 1Hz-3MHz (rad) OOM | PPM
Stability fopt (MHz) @ =1 = & 7.6 3.3
Pulse to Pulse Timing Jitter (fs) - =1 -

Table 5-4: Comparison of femtosecond laser oscillators.

Nonetheless, the OOM principle was successfully demonstrated for the tf--CNT OOM laser.
Hereby the OOM stabilized CEO-beat of the tf-CNT OOM laser shows the lowest phase
noise in respect to the other two oscillators. Furthermore, the best performance for the optical
stabilization of a comb mode to the HeNe laser was achieved via tf-CNT EOM laser resulting
to an integrated phase noise of just 197 mrad. In comparison to the SESAM laser, a lower
phase noise was achieved for the referenced CEO and optical beat notes of the CNT lasers.
This points out, that CNT based femtosecond lasers have still a high potential to replace
SESAM lasers while having a better performance. Technical issues such as the degradation
of the absorber and the reversal point, which prohibit a fully phase locked long-term stabili-
zation could highly probably be solved by an improved design.
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6 Measurement Application — G-Laser Stabilization

In this chapter the characterization (section 6.1) and stabilization (section 6.2) of the gyro-
scope laser at the Geodatic Observatory Wettzell is presented. In this context the SESAM
EOM oscillator with the setup from section 5.1 was utilized as a measurement tool.

Until now, the big "G" ring laser is the most precise instrument to measure the Earth rotation
inertial with a usable sensitivity of 12 prad/s/v/Hz. With the G ring laser, measurements of
the polar motion, solid Earth tides, the Annual and the Chandler wobble as well as local tilts
have been successfully detected. These results are a fundamental input for applications and
scientific studies within the field of seismology, geodesy and geophysics [21].

The goal in this work was to measure the ring laser’s free running frequency stability and to
stabilize the G laser to an active H-maser reference. With the help of a hybrid stabilization
approach, drifts of the ring laser frequency shall be compensated, while the laser’s stability
and low frequency noise are transferred to the frequency comb. A compensation in the ring
laser frequency drift leads to a reduction in the drift and so in the uncertainty in measurements
of physical effects related to variations in the Earth rotation.

Beam splitter prism Detector
- L

Mirror mount

Mirror enclosm_g tube

e

P
Zerodur base plate

uHv-" |
Interface |

Laser excitation

Figure 6-1: Ring laser setup [107].

In Figure 6-1 a sketch of the G laser is shown. Each side of the laser cavity has a length of
4 m which defines a free spectral range (FSR) of 18.75 MHz and an enclosed area of 16 m?.
The laser cavity is mounted on a massive Zerodur plate to provide a high mechanical stability
and zero thermal expansion properties. Two laser beams propagate trough the laser cavity,
one in clockwise (CW) and the other in counter clockwise (CCW) direction. Due to the earth
rotation the laser frequency of both beams experience a Doppler shift. Hereby the sign of the
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Doppler shift depends on whether the beam is propagating against or with the earth rotation.
The frequency difference between the CW and CCW beam is called Sagnac frequency. By
superimposing the CW and CCW laser with a beam splitter and a photo detector at the output
of one of the four cavity mirrors the Sagnac frequency is estimated. The Sagnac frequency
of the G is about 348.5 Hz and is given by [107]:

:%ﬁ-ﬁ (6.1)

Where A is the enclosed area of the ring laser geometry, P is the optical beam path length, A

of

is the optical wavelength in vacuum (here 632.8 nm), 1 is the normal vector to A and Q is
the rotation vector. The center frequency of the ring laser is estimated by an optical reference
which is here a referenced optical frequency comb or an iodine stabilized HeNe laser.

6.1 Characterization Measurement

In this section the free running ring laser frequency is measured. Hereby, the stability of the
ring laser is measured in the optical domain via a commercial frequency comb (Menlo-Sys-
tems FC1500) and simultaneously measured in the radio frequency domain by the SESAM
EOM comb. By means of this measurements, the SESAM EOM comb property as an (opti-
cal) frequency divider is demonstrated.
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Figure 6-2: Setup to measure the G laser free running frequency stability.

The setup of the free running G's frequency stability is sketched in figure 6-2. The same
HeNe laser, which is depicted in figure 3-2, was used as a transfer laser. As indicated by the
name, the HeNe laser transfers the frequency of the ring laser to the SESAM EOM comb or
further devices such as to the FC1500. The HeNe laser's output light is phase locked to the
longitudinal mode of the ring laser's CCW beam by using an acousto-optic modulator. The
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frequency offset lock had a fractional in-loop Allan deviation of 3-108 @ t =1 s, which is
about 5 orders better compared to the stability of the H-maser and ring laser frequency. It
was not possible to use the light directly from the ring laser for frequency comb measure-
ments. This is because the output power of each G's cavity mirror is quite low (about 10 nW),
to generate an optical beat between a comb line and the laser line with an adequate SNR.

A comb tooth of the SESAM EOM laser was optically locked to the HeNe transfer laser such
as it is illustrated in section 5.1.2. Hence, the comb tooth follows the frequency drift of the
G laser, also the comb repetition rate follows the ring laser frequency in a quasi-proportional
manner. For this reason the ring laser frequency drift was estimated by measuring the comb
repetition rate. The fundamental repetition rate is given as:

frep = (Vo = fopt =2 fceo ) /N, (6.2)

Where v is the ring laser frequency and n is the mode number of the referenced comb tooth.
Hereby fopt, fceo, N is fixed due to the comb stabilization to the ring laser. Here the 11" har-
monic of the comb’s repetition rate frep11™ Was measured in order to determine the change in
the ring laser’s frequency.

The 11™ harmonic of the comb repetition rate frep 11" was detected via an InGaAs photodiode
and filtered by a SAW (Surface Acoustic Wave) bandpass filter at about 880 MHz. The har-
monic signal was mixed down to about 4.5 MHz using a double balanced mixer and a local
oscillator signal at 884.5 MHz. The sinusoidal signal at 884.5 MHz was generated by a syn-
thesizer, which was referenced to the H-maser. It was necessary to mix down the frequency
to 4.5 MHz, since the counter is only able to measure frequencies up to 350 MHz.

The 11" harmonic of the repetition rate instead of the fundamental was used for measure-
ments, since it has a lever which is eleven times stronger to absolute changes in frequency
compared to the fundamental repetition rate. Nevertheless, the fractional change in frequency
is for all harmonics the same.

By the use of the down-mixing technique, the measurement resolution was enhanced. Let’s
assume that a relative stability of 1-10™® (@t = 1 s) needs to measured, which cannot be re-
solved by our frequency counter having a limit of about 1-10? (@t =1 s). A stability of 103
would mean that a frequency deviation less than 88 uHz needs to be determined at 880 MHz.
However, the down mixed signal at 4.5 MHz experiences the same absolute shift in fre-
quency. This results in a relative stability of 88 pHz/4.5 MHz = 1.96:10"'*, which yet can be
resolved by the counter itself.

On the other hand, the frequency stability was measured in the optical domain by the FC1500
comb. The FC1500’s frep and fceo were referenced to the H-maser standard, leading to a fixed
optical ruler. Hereby an optical beat fopt(rc1s00) Signal between a comb tooth and the HeNe
transfer laser was generated. The change in frequency of the optical beat equals the drift in
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the G’s frequency. The optical beat was measured with a frequency counter (K&K FXE),
which was included in the FC1500’s hardware.
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Figure 6-3: Change in the SESAM EOM'’s harmonic repetition rate (blue curve) and change in the

G's frequency (red curve) as a function of time.
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In figure 6-3 the change in the 11" harmonic of the SESAM EOM comb°‘s repetition rate
Afrep 11 and the change in the optical beat frequency Afoptrcisoo) is shown as a function of
time. The left and right y-axis were slightly offset, so Afopt(rc1500) and Afrep11™ can be distin-
guished from each other. Hereby the change in Afopt(rciso0) and Afrep 111 show a very similar
behavior. The ring laser’s frequency (Afopt(Fcis00)) Varies less than 75 kHz during an obser-
vation time of 75 h, whereas the repetition rate has a frequency excursion less than 150 mHz.
The relation between Afrep 11" and Afoptrcasoo) is given by:

n
%.'Afrepn‘“ =Ny 'Afrepn‘h . Afopt(FClSOO) (6.3)

In Figure 6-4 ni; was calculated by the ratio between Afoptrcisoo) and Afrep 11", Whereas the
measurement of Afoptrcis00)and Afrep11™ is depicted in figure 6-3. As result, a value of 540122
with a standard deviation of 3459 was determined for ni1. The relatively high standard devi-
ation results from the fact that foptrciso0) and frep 11™ were measured with two different fre-
guency counter types, whereas each counter uses internally another algorithm to calculate
the frequency. Further, both frequency counters were not synchronized and had a different
time interval settings. Counter 1 (K&K FXE) measured the frequency within a gate time and
time interval of 1s. On the other hand counter two (Keysight 53230a) measured the fre-
quency each 3 s with a gate time of 1 s.
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Figure 6-4: Divison factor n11 estimated from the ratio between Afoptrcis00) and Afiepr7en derived
from Figure 6-3.

The division ratio ni1, which is the number of the SESAM EOM comb modes at the transfer
laser’s frequency divided by a factor of 11 was also estimated as follows:

Ve — fCEO(SAM) - fOPT(SAM) + fG/HeNe

11 f sy
_ 473.612701THz — 2IMHz —14MHz +15MHz
- 11.79.99985007 MHz

Ny =
(6.4)

=538197

With: V¢ =G laser’s frequency, feeosa) = CEO frequency of SESAM EOM comb, fopr sa)
= optical beat frequency between HeNe transfer laser and comb, fG,HeNe = beat frequency
between HeNe and G laser, frep(SAM) = repetition rate of comb. The initial G’s frequency was

estimated by the FC1500 comb in another measurement. Since, all values in equation (6.4)
were well known, the error in nuiqiy is less than one comb mode. As result ni1gy agrees within

one standard deviation with nizqi, which underlies the SESAM EOMs comb’s basic function
as a harmonic optical frequency divider.
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6.2 Hybrid Stabilization

The stationary comb system FC1500 at the geodetic observatory Wettzell was used to refer-
ence the G ring laser to a H-maser. This technique helps to improve the ring laser’s perfor-
mance in the mid-term to long-term view due to the compensation of the laser’s frequency
drift [106].

One goal was to establish a hybrid stabilized comb system, which benefits from the short
time stability (t < 2 s) of the ring laser as well as from the long term stability of the H-maser.
Hereby the setup for the hybrid stabilization (see Figure 6-2) was very similar to the one
shown in the section before (see Figure 6-2). The SESAM EOM comb is optically locked to
the G laser via the HeNe transfer laser. As result, the SESAM EOM comb mode overtakes
stability of the ring laser. In order to stabilize both, the comb and ring laser to the H-maser,
an error signal was generated by comparing the 11" harmonic of the SESAM EOM comb
against a synthesizer at 880 MHz using an analogue phase detector. The error signal voltage
was fed into a slow servo controller to generate a feedback signal. This signal was applied to
two of the piezo mounted mirrors of the G laser to control its frequency. Further, the ambient
pressure of the ring laser was controlled to maintain long-term operation and keeping the
piezos within working range. To achieve this, the ambient pressure set-point was changed
after the voltage at the piezo reached a certain threshold. The servo itself was implemented
within a LabView based software.

Pset  pressure control

( 11th harmonic of frep

A

Y\ locked to
—>( SESAM EOM Comb ) -
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\‘)(Comm ercial Comb System)(—/_

measure fopr

Upiezo to piezo

Figure 6-5: Hybrid stabilization of the ring laser and the SESAM comb laser.

The frequency stability of the ring laser was measured out-of-loop with the FC1500 comb
and is illustrated in Figure 6-6 a. The ring laser showed a stability of 206 Hz (t = 1 s) during
a period of about 18 h. No outlier were observed during this period. The Allan deviation of
the hybrid stabilized and free running G-ring laser is depicted in Figure 6-6 b. Hereby, the
Allan deviation of the free running laser was derived from the measurement of the optical
beat between the FC1500 comb and the ring laser shown in Figure 6-3 (red curve). Further,
the projected and specified Allan deviation of the H-maser reference is illustrated in Figure
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6-6 b. The H-maser stability was estimated in another experiment, whereby the H-maser’s
signal was compared against a cryogenic sapphire oscillator [108].

The Allan deviation of the hybrid stabilized laser starts at 6 103 (t = 1 s), which is about
twice the value of the free running ring laser at an integration time of 1 s. However after an
integration time of 2.5 s the referenced ring laser starts to outperform the free running laser.
The worse performance at integration times lower than 2.5 s is probably caused by the noise
of the high voltage piezo amplifier. The bump at an integration time of 265 s was caused by
the pressure stabilization. Towards a longer integration time a minimum fraction Allan sta-
bility of 5.4 107® (t = 16384 s) was reached. Hereby the ring laser’s stability is limited by
the H-maser’s performance itself.
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Figure 6-6: (a) Out-of-loop relative frequency stability of the hybrid stabilized “"G" ring laser as well
as (b) Allan deviation for the free-running and stabilized ring laser and for the H-maser.

The goal was to measure the ring laser free running stability and to reference the ring laser
frequency to an active H-maser to improve its mid- to long-term measurement performance
of physical effects related to earth rotation.

As result, the comb adopted the short-term stability of the ring laser while showing the sta-
bility of the H-maser by applying a hybrid stabilization approach. Hereby, the hybrid stabi-
lization scheme leads to a significant reduction of the ring laser drift by more than four orders
of magnitudes (see Figure 6-6 b, red vs blue curve), which yields to a potential improvement
in the measurement of physical effects.

Furthermore, the optical lock to the narrow linewidth ring laser allows the comparison to an
ultra-stable cavity referenced laser. By this comparison the short-term stability of the G-laser
could be determined, which is expected to be below the stability of the H-maser.
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7 In-Fiber Frequency Comb

The idea on the development of an-in fiber comb system was to reach a higher technical
readiness level [109] towards future space borne payloads. Due to this, the SESAM EOM
oscillator was equipped with an optical in-fiber module to detect the CEO beat frequency.
The fiber optical setup was integrated within a compact and temperature controlled mechan-
ical housing. Hereby, the in-fiber comb module was stabilized to an optical reference for
several days to demonstrate its reliable operation with a performance sufficient for utilization
in the field of optical atomic clocks. On the basis from this in-fiber design, the gained expe-
rience and knowledge builds a solid fundament for:

e work on system level basis in co-operation with potential partners in the photonics
sector

e and subsequent development steps such as environmental tests (cosmic radiation,
thermal-vacuum, mechanical vibrations, end of life tests) as well as critical compo-
nent tests (Erbium doped fiber, optical isolators).

The all-in-fiber design is described in section 7.1. The characterization and insight on the
optical interfaces is given in section 7.2 In section 7.3 the stabilization of the in-fiber comb
is demonstrated.

7.1 Optical Setup

A scheme of the in-fiber optical setup is illustrated in Figure 7-1. The setup consists of the
SESAM EOM femtosecond oscillator (see Figure 3-1 a,) and an optical interface (f-2f inter-
ferometer) to generate and detect the CEO beat signal.

976 nm Out/In 1560 nm LD
LD ISO - \‘ [ Outl (50%) 976 nm
sronm FC/APC  IWDM EDF IWDM

SAM
-i Mirror
PD 1560/1064
.fCEO : 45°PBS  |nterferometer 1064 nm BP WDM HNE
PD 45° Splice ,7 PPLN Modul
1560 nm Out 2 2128 nm -> 1064 nm

Figure 7-1: In-fiber frequency comb setup.
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Hereby the f-2f interferometer is similar to the design from NIST [1, 101], which was demon-
strated for the first time in-fiber frequency comb in the year 2014. The f-2f interferometer has
the same functional configuration such as explained in Figure 3-3. The oscillator pulses are
amplified within an Erbium doped fiber amplifier. After that, the pulses are temporally com-
pressed in a standard PM fiber. Consequently, a highly nonlinear fiber (Sumitomo, Azow =
1492 nm) is seeded with the short femtosecond pulses to generate a supercontinuum with a
dispersive wave pulse at 1064 nm and a soliton pulse located at 2128 nm. Hereby, the soliton
pulse was frequency doubled in a fiber coupled waveguide PPLN (NTT, WH-1064-000-F-
B-C). Space-environmental tests of this PPLN type promise reliable operation [110]. Most
of the light above 1.7 um is not transmitted by the PPLN towards the output. Further, light
at 1560 nm (-200 nm/+100 nm) is coupled out viaa WDM (1064/1560). The residual light is
filtered by a 1064 nm (+/- 2 nm) bandpass filter. Within an inline interferometer the temporal
delay of the fundamental dispersive wave pulse from the SC and SHG pulse at 1064 nm is
compensated. Without an temporal overlap between the SHG and fundamental pulse no CEO
beat would be observed. Hereby the delay is compensated by projecting the pulses to both,
the slow (50%) and fast axis (50%) of a standard PM fiber. Due to the birefringence
(Anr=10") of the PM fiber, the pulses in the fast and slow axis experience a different group
velocity, which allows for time delay compensation (please see [1] for a detailed description).
At the inline interferometer’s end a 45°degree polarization beam splitter is projecting the
light from both axis whether on the slow axis (output port 1) or fast axis (output port 2).

Figure 7-2: All-in-fiber frequency comb module.
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The light from both output ports was measured via two balanced InGaAs photodiodes. The
CEO beat frequency was obtained from the signal of both photodetectors. On the top, fiber
optical components such as WDMs, the waveguide PPLN module can be distinguished from
the f-2f assembly. Further a balanced photodetector board was integrated on the aluminum
plate. The fiber optical components were covered by a 5 mm thick conformal coating (Dow
Corning 3140) to enhance the setup’s robustness against thermal fluctuations and mechanical
vibrations such as acoustic noise. The module has several electrical connections (SMA or
Sub-D connectors) for temperature sensors, Peltier elements (oscillator and PPLN), the
EOM’s modulation port as well as for the balanced photodetector board.

The optical module has a size of (69.9x251x189.6) mm and a weight of 2.8 kg (Figure 7-3).
A modular approach was chosen to guarantee a high flexible setup, which could be custom-
ized depending on the application. The idea hereby was to integrate the optical module to-
gether with other electrical or optical modules in a hardware mainframe (see Figure 7-3).
These modules could be laser diode drivers, temperature controllers, optical frequency con-
version device or a FPGA based control unit for phase stabilization.

Figure 7-3: All-in-fiber frequency comb module (left) and mainframe for frequency comb module
(right).

7.2 Interface for CEO-Beat Detection
7.2.1 Amplification and Pulse Compression

Two different PM Erbium doped fibers, with an peak absorption of 50 dB/m at 1530 nm
(EDF50, D = -25 ps/(nm-km)) and 30 dB/m @1530 nm (EDF30: IXF-EDF-FGL-PM-S013,
D =-7 ps/(nm-km)) were studied for the f-2f interferometer’s amplifier. The EDF50 fiber has
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a proper balance between gain, nonlinearity and dispersion to allow a fast asymptotic con-
vergence towards parabolic pulse amplification such as shown in the simulation in Figure
2-16. However, due to the EDF50 fiber’s elliptical core, low loss splicing to the standard PM
fiber was difficult to achieve. Furthermore the high peak absorption required bi-directional
pumping of the EDF50 (3.3 m fiber length) fiber to avoid a rapid depletion of the pump power
along the Erbium fiber. In addition, high gain fibers tend to have a significant ASE level
within the first centimeters of the gain fiber. This due that the weak input seed light only
converts a part of the Erbium fiber excited population state into stimulated emission.

The balance between the EDF30’s gain, nonlinearity and dispersion was not perfect to
achieve parabolic amplification. In particular the dispersion of the EDF30 fiber is low and
fringes in the simulated optical spectrum were observed, which probably were caused due to
self-phase modulation. Nevertheless, due to the lower gain it was sufficient to pump the
EDF30 fiber with just one pump diode at 976 nm in backward direction. Furthermore, due to
the normal dispersive Erbium fiber, no pulse break up was observed during the amplification
process. The EDF30 amplifier was used within the in-fiber comb design due to its lower
power consumption, which is an important driver for spaceborne payload. An average output
power of up to 293 mW was reached for the 4.5 m long EDF30 fiber (see Figure 7-4).
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Figure 7-4: Output power and gain of the EDF30 amplifier as a function of the pump laser’s current.

The 976 nm pump diodes, which were used for the amplifiers had a maximum output power
of 1 W at a supply current of 1.5 A.

In Figure 7-5 the output spectrum for the EDF50 (a, b,) and EDF30 (c) amplifier is shown.
The spectrum in a, was measured after the pulse propagated in about 50 cm of standard PM
fiber (Fujikura, PM15-U25A) (including the WDM’s fiber), which was spliced to the EDF.
Through the self-similar amplification process, the seed pulse evolves from a sech-like spec-
tral shape with a FWHM of 6 nm to a parabolic shaped spectral pulse with a FWHM of
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40 nm. A bandwidth of 40 nm is sufficient to generate sub-100 fs pulses for supercontinuum
generation.
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Figure 7-5: Pulse spectrum after (a, b) the EDF50 and (c) EDF 30 amplifier.
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After a propagation of 159 cm in the standard PM fiber, the pulse was compressed down to
55 fs. The spectrum and associated autocorrelation measurement is depicted in Figure 7-5 b,
and Figure 7-6 (blue curve).

Furthermore, the spectrum and autocorrelation for the compressed pulses from the EDF30
amplifier is shown in Figure 7-5 ¢, and Figure 7-6 (red curve). Hereby a pulse length of 42 fs
was achieved. In comparison to the EDF50, the compressed pulses from the EDF30 have a
worse ratio (~50%) between the pulse’s energy located in the central part in respect to the
energy, which is located in the higher order solitons (side-lobes). Nevertheless, the com-
pressed pulses from the EDF30 amplifier show sufficient energy to generate a supercontin-
uum within the highly nonlinear fiber.
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Figure 7-6: Intensity Autocorrelation of the temporal compressed pulses.

7.2.2 Supercontinuum Generation and CEO Beat Detection

In Figure 7-7 the supercontinuum generated within the HNF as a function of the EDF30
amplifier pump current is depicted. This supercontinuum was optimized so that the dispersive
wave pulse and soliton pulse had it maximum spectral power at 1064 nm and 2128 nm, re-
spectively.
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Figure 7-7: Optical spectrum after the highly nonlinear fiber as a function of pump current from
the amplifier’'s pump laser.

In this context, the best results were obtained with a 313 mm long HNF fiber despite a su-
percontinuum was generated even with 5 centimeters of HNF. Within a pump current ranging
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from 800 mA to 1000 mA the soliton and dispersive wave pulse were located at 2128 nm and
1064 nm. This means that the amplifier’s pump power could vary in this range, while still
maintaining a CEO beat signal. Same also accounted for the oscillator output power. The
CEO beat signal kept stable in amplitude and SNR, while the oscillator’s set-point was var-
led. About 50 pW of average power (at 1064 nm) reached each photodiode of the balanced
detector board. A CEO beat with a SNR of about 33 dB was obtained from the balanced
photodetector signal (see Figure 7-8).

-30 — :
_ . 20 kHz RBW |

CEO -
frep fCEO .

-40

rep

SNR ~ 33 dB

Amplitude (dBm)

70

0 | 20 l 40 I 60 80
Frequency (MHz)

Figure 7-8: Frequency spectrum of the CEO beat note measured with the balanced photodetector
board.

Despite using a balanced photodetector no improvement in the CEO’s SNR was observed in
comparison to a single photo detector. The same result was reached with a commercial bal-
anced photodetector. By means of a balanced detector an improvement in the SNR for optical
beats up to 6 dB was obtained, due to the cancellation of noise. It is not clear, why no im-
provement was observed here. A SNR better than 33 dB was not achieved, even when the
inline interferometer’s length and the PBS output fiber length was optimized. The limitation
might origin from the oscillator performance itself (ASE limited quantum noise). However,
the repetition rate was suppressed due to common mode rejection. In this context the ampli-
tude of the repetition rate is about 10 dB lower with respect to the CEO beat amplitude. This
leads to a suppression of the frep’s amplitude of more than -30 dB, when comparing this to a
CEO-beat measurement with a single photo diode (see Figure 3-4). As a consequence, just
one RF-band pass filter was required to extract and amplify the CEO beat note while sup-
pressing a contribution of frep. Rf-filters can reduce the phase margin and so the locking band-
width within the PLL for fceo stabilization.
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7.3 Stabilization Results

To verify the comb’s functionality it was fully optically stabilized to the HeNe laser. Hereby
the FPGA based digital phase detector was integrated to lock both, the optical and CEO beat
note. The setup for comb stabilization is illustrated in Figure 7-9. For fopt beat generation the
optical conversion interface from Figure 3-2 ¢, was used. Further, the out-of-loop CEO beat
was measured via the free space from Figure 3-2 b,.

A 56 MHz Rb-Clock

\ 4

E Lead F||terH PID Servo + Digital Phase Detector
2
o3
.fCEO

v Oscillator f-2f Interferometer }

A CPeltier) (eom )

HeNe Beat Detection }

v fopt(633nm)
“=»  fego (Out-of-Loop)

€ PID Servo + Digital Phase Detector

—\, Slow
( Tec )e
X
v C 20 MHz H Rb—CIock)

Figure 7-9: Phase locked loops to stabilize fceo and fope of the all-in-fiber comb.

fopt(633nm) PLL

The all-in-fiber comb was referenced to a Rb-clock, whereas fceo was stabilized via PPM
and fopt was locked via the EOM.

7.3.1 CEO- and Optical Beat Stabilization

Figure 7-10 shows the referenced in- and out-of-loop CEO beat. Both signals have a coherent
peak at 56 MHz, which is an indication for a phase stabilized CEO frequency. Due to a better
optimization of the in-fiber comb’s f-2f interferometer, a higher SNR (about +10 dB) was
achieved for the in-loop CEO beat in respect to the out-of-loop measurement. The phase
noise measurement for the in-loop fceo and fopt is depicted in Figure 7-11. Hereby an inte-
grated phase noise of 2.01 rad and 809 rad was estimated in a bandwidth from 1 Hz to 3 MHz
for the CEO- and optical beat, respectively. The integrated phase noise was slightly better in
comparison to the stabilization measurements for SESAM EOM oscillator (¢ceo= 2.4 rad,
dopt = 1.1 rad) shown in section 5.1. This is due the fact, the PLL parameters were further
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optimized for stabilization and to the use of the FPGA controller for CEO stabilization. Fur-
thermore, the oscillator was less sensitive towards environmental fluctuations due to its pack-
aging within the comb housing.
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Figure 7-10: Frequency spectrum of the out-of-loop and in-loop phase stabilized CEO beat note.
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7.3.2 In-Loop Stability

The frequency stability of fceo and fopt was measured with two A-counters (Keysight 53230a)
and a multi-channel n-counter (K&K FXE) in a gate time of 1 s, consecutively. Figure 7-12
shows the frequency deviation (A-counter measurement) of fceo and fopt Over a period of
more than 9 days of the fully stabilized comb.

20 T T T T T T T T T T T T T T T T T T

CEOQ

Frequency Deviaton (mHz)

-20 N L 1 M| . [ -
0 48 96 144 192
Time (h)

Figure 7-12: Frequency stability of fo,: and fceo (T = 1 s) over a time period of more than 228 h.

Hereby, no phase slips were observed, while maintaining a stability better than £15 mHz. It
has to be noted that the fceo frequency was divided by a factor of 10 before being fed to the
frequency counter’s input port. Without frequency division, no feasible measurement was
obtained. In this context the frequency division was necessary to improve the signal’s SNR.
The measurement of the fceo frequency was later multiplied by 10 to compensate for the
frequency division factor.

The Allan deviation for fceo and fopt is illustrated in Figure 7-13. A modified Allan deviation
with a slope of T%°and a stability of 3.4 mHz and 1.6 mHz (@ t = 1 s) was determined for
fceo and fopt from the A-counter data, respectively. The overlapping Allan deviation deter-
mined from the n-counter data shows a worse stability with 18.9 mHz and 7.2 mHz (@ t =
1 s). However, due to the v characteristics the overlapping Allan deviation shows lower val-
ues than the modified Allan deviation after a integration time of 30 s.

Furthermore, the in-loop Allan deviation of the Rb clock’s 10 MHz signal is depicted in Fig-
ure 7-13. Hereby the comb stabilization is not limited by the Rb clock’s stability (4.29 pHz
@ 1 =1 s) itself, which is more than two decades better than the comb’s stability.
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Figure 7-13: Overlapping Allan deviation of the stabilized fCEO and fopt beat note determined from
1 and A- counter measurements.

7.3.3 In-Fiber Comb Summary

An all-in-fiber frequency comb was developed, characterized and stabilized to a narrow lin-
ewidth laser to demonstrate its functionality. The stabilization results are summarized in Ta-
ble 7-1. Hereby, no mechanical actuators were required for long-term stabilization hence the
EOM’s and temperature’s modulation depth are sufficient to keep frep in lock. This shows a
significant advantage over other comb systems requiring a fast and slow actuator e.g. based
on a piezo stretcher, to stabilize a comb mode to an optical reference.

fceo Topt

Integrated Phase Noise 2.01 rad 0.809 rad
from 3 MHz (10 MHz) — 1 Hz (0.820 rad)
Stabilization Bandwidth 264 kHz 639 kHz
Allan Deviationt=1$§ 21 mHz 7.6 mHz
(n-Counter, A-Counter) 3.4 mHz 1.6 mHz
Rel. Allan. Dev. to 473 THz 4.4-10Y7 1.6-10°Y
1= 1 s (n-Counter)

Table 7-1: Summary of the all-in-fiber femtosecond laser’s stabilization results.

The performance of the frequency comb system is similar to the in-fiber frequency comb
system from NIST [1] (Phase Noise fceo = 2.9 rad, fopt(192THz) = 0.22 rad) and is compara-
ble to the performance of laboratory based setups. The resulting in-loop stability
(< 1018 @ t=1 s) is sufficient for applications in the field of optical atomic clocks. The phase
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slip free stabilization for over a period of 9 days proves the comb’s reliable long-term oper-
ation.
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8 Summary and Outlook

The goal of this work was to develop a robust frequency comb towards an engineering mod-
ule for space applications. The performance of the frequency comb system shall be sufficient
to transfer the stability of radio- and optical frequency standards without significant loss.

To achieve this goal a robust and compact in-fiber polarization maintaining Erbium fre-
quency comb module was developed, characterized and stabilized. The engine of the comb
module was a SESAM based femtosecond fiber laser with an integrated waveguide EOM. A
fractional in-loop stability of less than 1026 at an integration time of 1 s was demonstrated by
phase-locking the comb to a HeNe laser over a period longer than 9 days. This stability is
sufficient to cope with the performance of optical atomic clocks. The performance is compa-
rable to (bulky) lab based comb systems, while having a ruggedized in-fiber design with a
mass of just 2.8 kg and no need of mechanical actuators for stabilization.

As a measurement application the big ring laser gyroscope at the Geodetic Observatory Wet-
tzell was stabilized with the SESAM EOM comb laser to a H-maser. Hereby the ring laser
serves as a narrow linewidth passive stable optical resonator, which has similar properties as
the interrogation laser of an optical atomic clock. Out of this reason, this application is adapt-
able to scenarios within the field of optical clocks.

A hybrid stabilization scheme was presented to reduce the drift of the ring laser by more than
four orders of magnitudes leading to a potential improvement in the measurement of physical
effects linked to earth rotation. A fractional Allan deviation of 5-10° was reached at an in-
tegration time of 16384 s, limited by the H-maser stability.

Besides the SESAM EOM oscillator two femtosecond lasers with a tf-CNT absorber were
studied. These lasers were also realized in an all-in-fiber design to fulfill the requirement on
a compact and robust system. The linewidth of the free running tf-CNT lasers’ comb tooth at
633 nm as well as the CEO beat was about 10 times narrower compared to the SESAM EOM
laser. Hereby the low phase noise resulted from the sub-ps relaxation time of the tf-CNT
absorbers.

One of the tf-CNT laser had an integrated waveguide EOM, such as the SESAM EOM laser.
A phase coherent stabilization to the HeNe laser was realized via the EOM yielding to a sub-
rad phase noise of 287 mrad (integrated from 1 Hz-10 MHz) for the optical beat note. Despite
the better performance of the tf-CNT laser it was not a candidate for replacement of the
SESAM EOM oscillator, since a degradation of the CNT absorber was observed.
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The opto-optic modulator method has been applied to the other tf-CNT femtosecond laser as
a proof of principle. Characterization measurements have shown that the CNT absorber is
saturated by the OOM laser at 1420 nm and that the femtosecond oscillator has a fixed point
at 600 THz for the OOM. Both, the phase stabilization of the CEO beat and a comb mode to
the HeNe laser via the OOM were demonstrated. Hereby a lower integrated phase noise for
the stabilization via OOM was achieved compared to a stabilization via pump power modu-
lation. Hereby the feedback bandwidth of OOM was about 100 kHz higher in respect to PPM
to suppress the phase noise of the stabilized beats.

In conclusion, optical interfaces have been built to measure and compare the CEO frequency
and the comb tooth at 633 nm of different all-in-fiber Erbium femtosecond lasers . Phase
locked loops with a non-commercial FPGA controller have been realized to study the high
bandwidth stabilization of all-in-fiber frequency comb oscillators. Non-commercial electron-
ics such as laser diode drivers, temperature controllers and balanced photodetectors were
adapted to the characteristics of each femtosecond oscillator. The SESAM EOM oscillator
was manufactured as a prototype by Toptica Photonics. The tf-CNT femtosecond lasers have
been developed in cooperation with the College of Optics, Arizona (Professor Khanh Kieu).
In summary the following contributions and outlook to research have been generated by this
work:

e An all-in-fiber frequency comb module with a SESAM femtosecond oscillator

(frep=80 MHz) with an integrated waveguide EOM was developed. A sub-fs pulse to
pulse timing jitter and a stability below 1-10® was demonstrated.
For space-borne operation such a frequency comb module needs to be equipped with
a PM radiation hard Erbium fiber and a proper shielding against cosmic radiation.
Consequent development steps would be to realize a qualification module, which is
tested in space environmental conditions in consideration of mechanical vibrations,
cosmic radiation, vacuum and temperature. Furthermore the comb system power con-
sumption could be reduced by silicon nitride technology and a fiber resistive modu-
lator [111].

e Thering laser gyroscope at the Geodetic Observatory Wettzell was stabilized via hy-
brid stabilization approach to a H-maser with the SESAM EOM comb oscillator lead-
ing to a fractional Allan deviation of 5-107° at an integration time of 16384 s.
This setup could be used to reduce the frequency drift of other ring-lasers (such as
the ROMY gyroscope located at Fiirstenfeldbruck) significantly. Due to the active
stabilization a performance might be achieved, which is similar to the high-end G
laser even when the ring laser shows a worse passive stability.
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The optical phase stabilization of a tf-CNT femtosecond oscillator with an integrated
waveguide EOM to a HeNe laser was demonstrated. This is a step forward towards a
fully optical stabilized frequency comb based on a CNT absorber.

To realize a full stabilization, the PM tf-CNT oscillator’s reversal point in frequency
tuning needs to be removed, which could be achieved by an optimized oscillator de-
sign. The PM tf-CNT absorber in this thesis was a prototype. In this context, the deg-
radation of the PM tf-CNT absorber could highly probably be prevent (such as already
shown by the non-PM CNT absorber) due to an improved manufacturing process un-
der consideration of the optimization and purification of the PMMA CNT composite.

The opto-optical modulator method was successfully demonstrated for the stabiliza-
tion of a tf-CNT femtosecond oscillator.

A following development step would be to demonstrate a fully stabilized comb oscil-
lator based on a polarization maintaining design. Nevertheless, the heat dissipation
within the tf-CNT absorber probably limits the stabilization performance. To circum-
vent this, other methods could be studied to change the CNT absorber transmission
e.g. by applying an electric field to the CNT section.



Page 94

Acknowledgment

This work was supported by OHB System, Kayser-Threde GmbH and the Technical Univer-
sity Munich (E11, FESG) in the frame of following DLR projects:

e OCTAGON 2 (Optical clock technologies and their application for globally op-
timized navigation 2, FKZ DLR 50 NA 1301)
e Frequenzkamm EM (FKZ 50 RM 1222)

A special thanks is given to Professor Khanh Kieu (OSC, University of Arizona, USA) for
the contribution of the ultra-low noise tapered fiber carbon nanotube femtosecond oscillators.
These CNT lasers were a great benefit for this thesis. Hereby the stay at the College of Optical
Sciences in Tucson was one of my highlights during the PhD!

I am very grateful for the support from colleagues, scientists and supervisors. Hereby, a spe-
cial thanks is given to:

e Professor Reinhard Kienberger (TUM, E11) for the supervision of my thesis and
the constant support throughout my journey. | appreciated your help very much
also in non-physical matters! Your welcoming, open minded and easy going E11-
group made me almost forgot being an “external” PhD candidate.

o the staff at the Chair for Laser and X-ray Physics, E11. Thanks to Iglev Hristo,
Daniel Hutzler and Klara Stallhofer for the loan of measurement equipment.

e Professor Ulrich Schreiber (TUM, FESG) for his frequent and helpful feedback
during my thesis and the encouraging words. Furthermore, | thank Ulrich
Schreiber, André Gebauer (TUM, FESG), Jan Kodet (TUM, FESG) and the BKG
for support at the “G” ring laser laboratory located at the Geodetic Observatory
Wettzell.

e Professor Urs Hugentobler (TUM, FESG) for an introduction to challenges in
GNSS and the support during the OCTAGON project. In this context, | thank
Stefanie Daurer (TUM, FESG) for her quick and pragmatic help with project ad-
ministration.

e Stéphane Schilt (University of Neuchatel, Swiss) for being a mentor to me in the
field of frequency combs and for the loan of measurement equipment.



Page 95

OHB System AG/ Kayser-Threde GmbH for giving me the possibility and the
facilities to work on my PhD. In particular, | thank Norbert Lemke for granting
me a high degree of flexibility from my day job at OHB.

the engineers at OHB/Kayser-Threde GmbH for support in the field of electrical-
and space engineering. Kudos to Philipp Putzer, Andreas Hurni, Martin Hutterer,
Andreas Kdlnberger, Tobias Lamour, Bastian Eder and Markus Plattner.

the master students, working students and interns at OHB! Your work was a major
support. It was a pleasure to introduce you to the world of fiber frequency combs
and to learn from you as well in many aspects! Thanks are given to Sebastian
Wick, Maximilian Breuer, Stefan Mayerhofer, Luna Dimitrio, Thomas
Wheaterby, Maxime Delgrange and my sister Anna.

the electrical engineering students Thomas Unterholzer, Johannes Obermaier and
Markus Roner for the development of laser diode drivers, temperature controllers
and the FPGA based phase detector.

the AK Quantum at OHB for interesting talks/discussions on frequency comb
technology for space applications.

Armin Zach, Robert Herda and Christoph Skrobol from Toptica Photonics for
fruitful discussions in the field of fiber optics, loan of laser equipment and the
characterization of the SESAM EOM oscillator via a balanced optical cross cor-
relator.

Chien-Chung Lee (University of Colorado, USA) for the loan of the high-band-
width graphene in-fiber modulator and the instruction in its use.

Jochen Kuhnhenn (Fraunhofer INT) for exposing a highly nonlinear fiber with a
high dose of y-radiation.

the excellent scientists Craig Benko (S2 Corporation, USA), Hajime Inaba
(AIST,JP), Laura Sinclair (NIST, USA), Carsten Langrock (Stanford University,
USA), Pavel Peterka (UFE Prague, CZ) and Steve Lecomte (CSEM, CH) for help-
ful conversations via phone and/or mail.



Page 96

Publications and Conference Contributions
Following publications were generated from this work and are not (all) cited formally:

Journal publication:

e S.Schweyer, B. Eder, P. Putzer, M. Mayerbacher, N. Lemke, K. U. Schreiber, U. Hugentobler, and R.
Kienberger, "All-in-fiber SESAM based comb oscillator with an intra-cavity electro-optic modulator
for coherent high bandwidth stabilization," Opt. Express 26, 23798-23807 (2018)

Conference contributions (first author):

e S.Schweyer, K. Kieu, P. Putzer, M. Hutterer, T. Lamour, N. Lemke, R. Kienberger and U. Schreiber,
"All-in-fiber polarization maintaining tapered fiber carbon nanotube erbium frequency comb with an
integrated electro-optic modulator”, Conference on Lasers and Electro-Optics Europe & European
Quantum Electronics Conference (CLEO/Europe-EQEC), Munich, 2017

e S.Schweyer, P. Putzer, B. Eder, A. KdInberger, M. Breuer, N. Lemke, A. Sell, A. Zach, R. Kienberger
and U. Schreiber, “Stabilization of a SESAM Mode-Locked Erbium Laser Frequency Comb with an
Integrated Electro-Optic Modulator to an Optical Reference®, European Frequency and Time Forum
(EFTF), York, 2016

e S. Schweyer, K. Kieu, P. Putzer, B. Eder, A. KdInberger, N. Lemke, R. Kienberger and U. Schreiber,
“First Results for the Offset Frequency Stabilization via Opto-Optical Modulation of an All-in Fiber
Single Walled Carbon Nanotube Erbium Femtosecond Laser“, European Frequency and Time Forum
(EFTF), York, 2016

e S. Schweyer, B. Eder, P. Putzer, L. Pedrosa, J. Obermaier, T. Unterholzer, S. Wick, N. Lemke, R.
Kienberger, and U. Hugentobler, "Fully Phase Stabilized SESAM Mode-locked Erbium Fiber Laser
Frequency Comb Oscillator with an Integrated Electro-optic Modulator", 2017 Conference on Lasers
and Electro-Optics Europe & European Quantum Electronics Conference (CLEO/Europe-EQEC),
2015

e S. Schweyer, R. Kienberger, B. Eder, P. Putzer, A. Kélnberger and N. Lemke, "Characterization of a
SESAM mode-locked erbium fiber laser frequency comb with an integrated electro-optic modulator”,

European Frequency and Time Forum (EFTF), Neuchatel, 2014



Page 97

Conference contributions (co-author):

P. Putzer, S. Schweyer, N. Lemke, "Fiber based optical frequency comb: technical challenge for space
applications", Proc. SPIE 10562, International Conference on Space Optics — ICSO 2016, 1056246,
25 September 2017

B. Eder, M. Hutterer, T. Unterholzer, S. Lindner, A. Fischer, P. Putzer, S. Schweyer. N. Lemke. R.
Kienberger, U. Schreiber and U. Hugentobler, “Highly Dynamic Distance Measurement for GNSS
Using the Frequency Domain Distance Measurement, for Time and Frequency Transfer®, 2014 Euro-
pean Frequency and Time Forum (EFTF), York, 2016

B. Eder, M. Hutterer, L. Pedrosa, S. Schweyer, P. Putzer, N. Lemke, R. Kienberger, and U. Hugento-
bler, "Frequency Domain Distance Measurement for Formation Flights in Space”, 2017 Conference
on Lasers and Electro-Optics Europe & European Quantum Electronics Conference (CLEO/Europe-
EQEC), 2015

Supervised Student Theses

Following theses were supervised by the author of this work and are not cited formally:

Sebastian Wick, “Characterisation and Modelling of an in-fibre Ultra-Short Pulse Amplifier for a Fre-
quency Comb Device,” Master Thesis, University of Applied Sciences, (2015).

Maximilian Breuer, “Setup of an all-in-fiber f-2f interferometer for the carrier-envelope offset detec-
tion of a fiber comb,” Master Thesis, University of Applied Sciences Munich, (2016).

Stefan Mayerhofer, “Development and Characterisation of an Erbium-Femtosecond-Fibrelaser based
on Carbon Nanotubes,” Master Thesis, University of Applied Sciences Munich, (2016).

Maxime Delgrange, ‘“Dispersion measurement using white light interferometry,” Master Thesis,

ENSSAT Graduate Engineering School in Lannion (France), (2017).

Theses which were not supervised by the author of this work (support only), but generated
helpful output in terms of hardware for this work:

Markus Roner: “Digital Temperature Stabilization of Laser Diodes,” Bachelor Thesis, Technical Uni-
versity of Munich, 2013

Johannes Obermaier, “Development and Evaluation of an FPGA-based digital phase-locked loop for
stabilizing an Optical Frequency Comb,” Advanced Seminar MST, Technical University of Munich,
2014.



Page 98

A Appendix

A.1 HeNe Laser Frequency Stability

This section describes the measurement of the HeNe laser free running frequency stability,
which was performed with the measurement setup shown in chapter 7.3. Hereby the fre-
quency stability was estimated by measuring the in-fiber comb repetition rate, while a comb
mode was referenced to the HeNe laser (see Figure 7-3).

In Figure A-1 the comb’s repetition rate drift and so the HeNe laser’s frequency change Afqene
is illustrated over a measurement period of 13 days (A-counter). The frequency counter gate
time was 1 s. The repetition rate did not changed more than £0.6 Hz, which equals £3.6 MHz
in the optical domain (at 473 THz).
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Figure A-1: Frequency drift of the free running HeNe laser measured against a rubidium clock.

The Allan deviation (see Figure A-2) is 20 mHz (40 mHz) for the A-counter (n-counter) at
1=1 s. This equals a relative stability of 2.5-1072 (5.4-10"1%), which is a typical value for a two
mode stabilized single mode HeNe laser.
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Figure A-2: Overlapping Allan Deviation of the free running HeNe laser.

A.2 Home-built Carbon Nanotube Lasers

Several femtosecond lasers were built with homemade CNT absorbers in the scope of a mas-
ter thesis, which was supervised by the author of this thesis. The goal was here to use a home-
built CNT femtosecond laser as frequency comb oscillators. However, a degradation of some
of these lasers was observed. As consequence these lasers have not further been developed
for frequency comb studies. Nevertheless, interesting results emerged from this master thesis,
which are depicted here in the appendix.

A.2.1 Carbon Nanotube Absorber Types

Carbon nanotubes were discovered in 1952 by L.V. Radushkevich [112] and were studied in
a multi-wall (MWCNT) structure in 1991 [113]. Farther graphene, which is basically an un-
fold CNT, gained a lot of attention in research [114] due to its outstanding electrical proper-
ties. The first CNT based mode-locked fiber laser was demonstrated in 2003 [115]. Since
then femtosecond lasers with carbon based absorbers such as CNTs, MWCNT [116] and
graphene [98] were developed. Carbon nanotubes are “rolled” from a 2d layer of graphene
as illustrated in Figure A-3. Hereby the chiral vector éh defines in which direction the layer

is rolled, resulting into different CNT types such as zigzag, armchair or chiral. Depending on
the CNT type, the CNT has conducting (armchair) or semiconducting (zigzag, chiral) prop-
erties.
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Figure A-3: On the left a layer of graphene is illustrated. On the right the graphene laser is rolled
along three different chiral vectors Cj, resulting into SWCNTSs with a different structure (left) [117].

The bandgap and so the spectral absorption wavelength of the CNTSs is defined by the diam-
eter of the CNTs, which is here 0.8-1.2 nm. According to Figure A-4 this results into a
bandgap of 0.7-1.0 eV, which lies within the photon energy E=h-c/1=0.785 eV of the Erbium
lasers wavelength at 1560 nm. Hereby only CNTs with semiconductor properties are suitable
as absorber.
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Figure A-4: Bandgap energy for (a) armchair (10,10), (b) chiral (11,9) and (c) zigzag (22,0) CNTs. In
the right the transition energy as function of the CNT's tube diameter is illustrated [118].
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There are four different ways to realize a saturable absorber based on carbon nanotubes (see
Figure A-5) [112]. The “transmission type” and “reflection type” absorbers are used for op-
tical free space applications. Out of this reason they are mostly implemented within solid
state lasers [119]. Nevertheless, this two types show the benefit that the spot-size and so the
fluence on the absorber is adjustable leading to an additional degree of freedom to optimize
mode-locked operation.

The fiber end type architecture was selected for the self-build-CNT lasers, since it was the
cheapest and simplest method to implement CNT absorbers. Hereby, the CNTs are placed
in-between two fiber-end facets.

Evanescent field type absorbers require a tapered or D-shaped fiber as basis. In a D-shaped
fiber, a part of the fiber’s cladding is removed. CNTs are embedded into this section, which
are exposed to the evanescent field of the light mode. The absorber’s characteristics such as
modulation depth is adjusted by the length and depth of the D-shape.

Tapered fiber CNTs were used two different femtosecond lasers in this thesis. Within the
tapered area, a lot of the mode’s light is located within the evanescent field. The tapered
section is covered with the carbon nanotubes, which are bonded in a polymer composite.
Parameters such as modulation depth, saturation fluence and non-saturable losses depend on
the length and diameter of the taper. Evanescent field type absorbers have a higher damage
threshold compared to the fiber end type absorbers. The reason is that the CNTs are exposed
to a lower level of light intensity due to evanescent field interaction.

— Transmission Type Reflection Type =——g— Fibre End Type Evanescent Field Type=

D-Shaped Fibre

Out CNT
Mirror__- 1 Tapered Fibre
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Substrate  emhedded embedded

Figure A-5: Different CNT absorber types [112].

CNT absorbers with a fiber end type architecture can be produced by different methods such
as optical deposition, thin coating or CNT layers. Within the optical deposition method, light
at 1560 nm is injected into a fiber. Hereby the fiber end facet is located within a CNT solu-
tion. The CNT solution is heated locally at the fiber end facet leading to a thermodiffusion
process. Due to this process, the CNTSs deposit to the cold core surface of the fiber. By meas-
uring the reflected light from the fiber end, the number of deposited CNTs is estimated. An
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attempt was given to produce CNT absorbers via optical deposition. However, it was not
possible to produce a proper absorber. The CNT coating was not thick enough to achieve a
sufficient modulation depth for mode-locking.

Another approach is to place a flake of CNTs between two fiber end facets/connectors (CNT
thin layer). Nevertheless, the thin coating method was used for this work, where CNT are
directly coated on the fiber’s surface. Thereby a fiber connector was dipped into a polymer
CNT solution and was dried out. This process was repeated (20-30 times) until a certain
coating thickness was achieved. With just one solution 10’s to 100’s of CNT absorbers could
be manufactured, which makes it a cheap method to produce CNT absorbers.
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Figure A-6: Different methods to produce a fiber end type CNT absorber.

The CNT solution was fabricated by solving 5 mg of CNTs with 50 ml of chloroform in a
small glass bottle. The solution was then ultra-sonicated for 30 minutes in an ultrasonic bath.
Finally the polymer P3HT (poly3-hexylthiophen-2.5-diyl) was added to the solution and was
ultra-sonicated for another 30 minutes.

The CNTs were produced by the company Nanolntegris by applying a high-pressure carbon
monoxide (HIPCO) method [120]. The CNT powder had a residual iron (Fe) catalyst of
< 15 wt% and a thermal stability (TGA) temperature of about 440°C. The polymer PH3T
was selected as a compound for the CNTs since it has a relatively high meting point with
238°C compared to other polymers such as chitosan, polycarbonate (PC), polymethyl meth-
acrylate (PMMA).

A.2.2 Carbon Nanotube Lasers

In total two CNT based femtosecond lasers (FSL,O0M) were setup and tested. The FSL laser
was operated at a repetition rate of 48.9 MHz (FSL1) before the standard PM fiber in the
oscillator was cut down to reach precisely a repetition rate of 79.1 MHz (FSL2). This oscil-
lator was used for other experiments in the field of time and frequency transfer of femtosec-
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ond lasers. The oscillator design is illustrated in Figure 3-1 b, and is similar to the laser stud-
ied in [67], whereas a high gain (90 dB/m @ 1530 nm) PM Erbium fiber (nLight ER80-
4/125-HD-PM) was introduced into the laser cavity to compensate for the non-saturable
losses of the CNTs. Mode-locking of the FSL2 is initiated at a pump power of 67 mW with
a spectral output bandwidth of 5.7 nm (see Figure A-7). A maximum spectral bandwidth of
13.5 nm at a pump power of 143 mW was achieved resulting into 190 fs long soliton pulses.
The autocorrelation measurement in Figure A-7 ¢, was done after the output pulse propagated
in half a meter of fiber.

The side lobes in the output spectrum at 1537 nm and 1579.4 nm are called Kelly sidebands
[121]. Kelly sidebands occur due to a periodic perturbation of the intra-cavity pulse shaping
process. Hereby a part of the pulse light is dissipated into background radiation as dispersive
wave. When the wave vector of the dispersive wave and soliton pulse matches 27 or n times
2w a periodic exchange of energy is given, resulting into narrow peaks in the optical spectrum.
The wavelength-spacing between Kelly sidebands increases, when the cavity net dispersion
decreases. Kelly sidebands have no technical use and are rather unpractical, when it comes
to pulse amplification within active fibers.
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The OOM laser had a similar architecture like the FSL laser, but a further WDM was em-
ployed in the cavity to study the optical-optic modulation method. However, this method was
later not investigated with this laser due to degradation issues of the CNT absorber. The
results and specifications of the FSL and OOM laser are depicted in Table-A-1.

FSL1 FSL2 OOM1 | OOM2
frep (MHZ) 48.9 79.1 718 62.8
EDF Length (m) 0.4 0.4 0.6 1
PMF Length (m) 3.82 2.35 2.29 2.29
Net dispersion (ps?) -0.0684 | -0.0390 | -0.0338 | -0.0258
Afceo (kHz) - = 380 125
Afopt(633 nm) (KHZ) - - 125 52
AX (nm) 5.3-9.2 | 5.7-135 | ~104 | ~10.4
fadB-pump (KHZ) - - 11 4.7

Table-A-1: Measured parameters for the CNT femtosecond lasers.

The OOM’s Erbium fiber was cut down from 1 m to 0.6 m increasing the net cavity disper-
sion from -0.0258 ps?/m to -0.0338 ps?/m. The optical comb linewidth at 633 nm (Afop) and
the fceo linewidth was measured to evaluate the impact of the net cavity dispersion on the
laser’s performance. As result the linewidth of the OOM2 laser is smaller compared to the
OOML1 laser, since it shows a lower net cavity dispersion. Also the 3 dB frequency for cou-
pling pump noise into amplitude fluctuations of the femtosecond oscillator decreases, which
on the other side means that less amplitude noise is coupled into frequency noise resulting
into a smaller linewidth. The free running linewidth of the self-build CNT oscillator probably
could be further decreased by optimizing the net cavity dispersion towards zero. This would
result into a sub-100 kHz linewidth for fceo such as was demonstrated for the tf-CNT lasers.
However, this was not further studied due to degradation issues of the self-build CNT ab-
sorbers.

A.2.3 Characterization of Carbon Nanotube Absorbers

The absorber’s spectral transmission as well as the absorber transmission as function of flu-
ence are important information for building a femtosecond lasers. The transmission or rather
loss of the absorber defines how much gain is needed to obtain laser operation. Furthermore,
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parameter such as the saturation fluence and modulation depth determine the intra-cavity’s
soliton pulse energy and so the pulse length.

The spectral transmission was measured with a simple setup consisting of an Erbium ampli-
fier source generating ASE, the absorber and an optical spectrum analyzer. The amplifier
consisted of a 2 m long backward pumped PM Erbium fiber (Nufern PM-ESF-7/125).

. w SWCNT Optical
Erbium
Amplifier Spectrum
P J Analyzer

Figure A-8: Optical setup the measure the transmission of the single walled carbon nanotube
absorbers.

The transmission of the absorber was estimated by taking a reference measurement of the
ASE light with the uncoated FC/APC fiber connection. After that one connector was coated
with CNTs. Hereby the ASE output level was kept low to omit saturation of the CNTs. The
transmission is given as:
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Figure A-9: Optical ASE spectrum of the unseeded Erbium doped fiber amplifier.

1530

In Figure A-10 the spectral transmission for different coatings is shown. In this context every
coating has a flat spectral transmission profile. The CNTs embedded within the P3HT solu-
tion have a transmission of about 66 %, which is relatively low compared to SESAM absorb-
ers. However, fiber lases can cope with high intra-cavity losses due to the availability of high
gain Erbium doped fibers. Solid State lasers on the other side are not functional with losses
of more than some percent. Further the CNT absorbers were coated with a layer of Siloxane,
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which shall prevent that the CNTs oxide with air during operation. Together with the Silox-
ane layer a transmission of just 26 % was determined.
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Figure A-10: Spectral transmission for different coatings of the FC/APC connector.

The same amplifier as above was seeded with pulses from a femtosecond oscillators to meas-
ure the CNT absorbers transmission as function of fluence. Hereby the seed pulse duration
was temporally stretched (or chirped) from 0.4 ps to 1 ps in a 6 m long PM fiber before en-
tering the anormal dispersive amplifier. The pulses were pre-chirped to avoid any pulse break
up during or after amplification. Also here reference measurements were taken to consider
the loss of the FC/APC connectors. The fluence is described in section 2.5 by equation (2.30)

Femtosecond | Erbium I ¢ Power

Oscillator 6 m PM SMF Amplifier Meter

Figure A-11: Setup to estimate the carbon nanotube absorber’s transmission as function of fluence.

The transmission as function of fluence for the CNT absorber without and with Siloxane
coating is depicted in Figure A-12. The modulation depth is 10.6% and 8.9% for the uncoated
and coated CNT absorber, respectively. This modulation depth is sufficient for stable mode-
locked operation. It has to be notified that the difference in modulation depth between both
absorbers most probably occurs due to reproducibility of the CNT absorber. The saturation
fluence is with 16.5 pJ/cm?and 2.3 pJ/cm? quite low, which helps to start mode-locked op-
eration without over-pumping the laser oscillator. A comparable SESAM absorber (Batop-
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SAM-1550-10-2ps) has a saturation fluence of 70 ud/m?. The Siloxane coated absorber has
a high non-saturable loss of 65.4%, which is 41.6% more compared to the uncoated CNT.
Further the coated absorber starts to degenerate at a fluence of 160 pJ/cm? probably caused
due to the higher absorption induced heat dissipation.
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Figure A-12: Transmission as function of fluence for the (a,) uncoated and (b,) coated CNT absorber.

On the other side the uncoated absorber degenerates upon a fluence of about 900 pJ/cm?. The
low degradation fluence shows a major drawback of the siloxane coated absorber. However,
the siloxane coating prevents the CNT layers from oxidation.

Some of the self-built CNT absorbers degenerated very quickly right away the laser was
operated about more than 70% of the maximum pump power. On the one side the absorber
has to withstand some hundreds of Watts peak power. Therefore an average intra-cavity
power of 30 mW is often sufficient to initiate degradation of the absorber [84]. In this context
the degeneration process is driven due to graphitization of the carbon nanotubes. Further it
was assumed that the degeneration is supported by oxidation of the absorber.
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Figure A-13: Relative output power as a function of time of a femtosecond laser with a CNT ab-
sorber which is sealed with a layer of Siloxane and for a CNT absorber which is unsealed.
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Figure A-13 illustrates the output power of a CNT femtosecond laser with a P3HT/CNT
absorber and a CNT absorber coated with siloxane. The uncoated CNT absorber decreases
in output power from the start, where the coated CNT absorber shows an almost constant
output power during operation. This means that the risk for degeneration of a femtosecond
laser with an uncoated P3HT/CNT absorber is very high. Out of this reason only Siloxane
coated absorbers were employed in the laser cavity, despite having a tremendously higher
loss.

In Figure A-14 the output spectrum and output power of the femtosecond laser with the
coated CNT absorber was continuously measured for more than 20 days. Hereby the output
spectrum was stable until day 18, where a cw peak occurred resulting into g-switching like
disturbances of the laser output. In a previous characterization the cw occurred when the laser
reached a bandwidth of 10.4 nm. Here, the cw peak occurs at a bandwidth of 9.7 nm probably
resulting in a degeneration in the absorber’s modulation depth.
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Figure A-14: Results of the second long-term test with (a) relative in-and output power, (b) spectral
FWHM, (c) spectral evolution as function of time and (b) spectrum with cw-peak at day 20.
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Nevertheless, the rate of degeneration could be slowed down by operating the laser at an
bandwidth lower than 8 nm resulting into a lower intra-cavity power. In this context it has to
be notified that the FSL2 oscillator is in laboratory use without degeneration since 1.5 years.
However, no effort was made to stabilize fceo and frep Of the femtosecond oscillator, since
the degeneration mechanism of the absorbers needs to be studied further and so the manu-
facturing of the absorbers had to be optimized to guarantee a robust and long life time femto-
second laser operation. Therefore it made no sense to take the risk to use the self-build CNT
laser as engine for the all-in-fiber frequency comb system.

The benefit on the other side was that cheap PM femtosecond oscillators for a price less than
500 € each (excluding pump diode and pump diode driver) could be manufactured serving
for other laboratory experiments.
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Abbreviations
AOM Acoustic Optic Modulator
ASE Amplified Spontaneous Emission
CCwW Counter clockwise
Ccw Clockwise
cW Continuous wave
CEO Carrier Envelope Offset
CNT Carbon Nanotubes
EDF Erbium doped fiber
EOM Electro ontic modulator
ESA Electrical Spectrum Analvzer
FRM Fiber Resistive Modulator
FWHM Full Width Half Maximum
GM Graphene Modulator
HNF Hiahly Nonlinear Fiber
IWDM WDM with intearated isolator
LDD Laser Diode Driver
NPE nonlinear polarization evolution
0.C. ontical coupler
OAC Optical Atomic Clock
OoOoM Opto-Optical Modulator
OSA Optical Spectrum Analyzer
PBS Polarization Beam Splitter
PID Propotional-Intearator-Derivator
PLL Phase Locked Loop
PM Polarization Maintaining
PMMA Poly(methyl methacrylate)
PPKTP Periodic Poled Kalium Tassium Phosphore
PPLN Periodic Poled Lithium Niobate
PPM Pump Power Modulation
RF Radio Frequency
RIN Relative Intensity Noise
SC Supercontinuum
SESAM Semiconductor Saturable Absorber Mirror
SHG Second Harmonic Generation
TEC Thermo Electric Cooler
tf Tapered fiber
WDM wavelength division multiplexing coupler
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