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Abstract— The linewidth of single modes in fibre-laser mode-
locked laser is typically substantially higher than those derived
from bulk solid-state mode-locked lasers. Active frequency
stabilization of fibre combs has been hampered by the long
lifetime of the population inversion in the fibre that prevents
high bandwidth control of dispersion fluctuations. We present
the means for external stabilization of the comb using an
acousto-optic modulator.

l. INTRODUCTION

The output of a mode-locked laser consists of a train of
optical pulses with a repetition frequency of f, . Examined in
the frequency domain this pulse train appears as a comb of
spectral lines with the frequency of the nth line given by f, =n
fi + feeo Where feo is the carrier-envelope offset frequency. The
development of stabilization techniques for these two
parameters and the subsequent application of the stabilized
combs to high precision spectroscopy and optical clockwork
has been one of the recent highlights of experimental physics.

There has been much effort in recent times to developing
frequency metrology technology based around fiber mode-
locked lasers rather than previously employed solid-state laser
materials e.g. Titanium:sapphire. This effort is motivated by
the lower cost, smaller size and the long-term turnkey
operation of the fibre laser systems when compared with the
solid-state alternative. However, until very recently fibre laser
systems have exhibited higher frequency noise and broader
linewidths for the comb members than, for example,
Ti:sapphire lasers [1,2]. This recent work modified the pump
laser diodes output fluctuations to passively reduce the
linewidth of a comb element from the typical level of 1-5
MHz down to a few hundred kilohertz. These researchers then
employed an active second order phase-locked loop with 100
kHz bandwidth to collapse the phase fluctuations so that the
integrated phase noise is of the order of 1 rad [2]. This comb is
then suitable for accurate frequency measurement applications
such as shown in [1].

In this letter we have taken a different approach that does
not require modification of the fiber laser or the pump diodes.
It can be readily applied to commercially available fibre laser
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devices without modification to the laser or amplifier stages.
Our approach is to make use of a fibre-based acousto-optic
modulator (AOM) to directly shift the frequency of all the
comb elements in order to suppress dispersion-related
fluctuations in f.o. Since the bandwidth of the AOM is
potentially substantially higher than the free-running linewidth
of a comb member it is possible to directly collapse all of the
energy of a comb member into a well-defined “delta-
function”.
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Figure 1: Experimental setup

A standard commercial mode-locked laser fiber laser
system (Toptica Er:fibre in this case) drives a periodically-
poled KTP crystal. The laser delivers a 100 fs duration pulse
at 1560nm with 94MHz repetition rate, which will be passed
through an AOM crystal. The signal then passes through an
Er:fibre amplifier before being focused into a PP-KTP crystal,
generating 80 mW of radiation near 780 nm while
simultaneously giving 4uW of 520 nm (the third harmonic of
1560nm). The 780nm radiation then passes through special
intersection points in the cladding of a microstructured fibre
with an underlying Kagome structure [3,4,5]. The high degree
of confinement at these intersection points leads to strong
spectral broadening of the light that can be exactly tailored to
meet our requirements. Figure 2 illustrates launching the laser
into different intersection points to create different output
colour.
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Figure 2: Cross section of Kagome fibre

We select a particular intersection point in which the
majority of the power of the broadened spectrum spectrally
overlaps the third harmonic radiation from the nonlinear
crystal (illustrated as ‘Green’ above), the resulting spectrum is
shown in figure 3.
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Figure 3: Spectrum comparing output from Kagome fibre and third
harmonic. The Kagome fibre delivers the majority of the power of the
broadened spectrum to overlap the third harmonic.

We have inserted a variable temporal delay at the output
of the fibre so that the third harmonic 520nm pulse arrives at
the same time as the fibre-broadened 780nm pulse on the
photodiode. If the frequency of the nth mode of the 1560 nm
comb is written as

frisso = Ny + feeo + faom (1)
then the 520nm comb modes will be
fmps20 = My + 3feeq + 3faom )
while the 780 nm comb can be written as
firso = Jfr + 2fceo + 2faom 3)

where faom is the driving frequency of the AOM. The
difference frequency generated by interference of the
broadened 780 nm comb and the 520nm comb on the
photodiode will contain the following frequencies;

frmps20 = firso = (M = j )y + feeo + faom (4)

After stabilizing the repetition rate, the beat note on the
photodiode will be stabilized by holding

fceo + fAOM (5)

constant. This holds all the frequency of the modes of all
three spectra at a stable value irrespective of the fluctuations
of the pump power.

Il.  RESULTS

A. Repetition Rate

Figure 4 shows the scheme we use to measure fluctuations
of the repetition rate. We reduce the repetition rate from
95MHz to below 300Hz by heterodyning it against a high
quality synthesizer in order to reduce counter noise.
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Figure 4: Measurement and control of repetition rate

Rep Rate

Fibre Laser and Agilent E4428C

Second Harmonic

Generation
PZT input

We employ the PZT internal to the laser to control the
repetition rate. We employ a SRS 560 with gain of 10x and
low pass filter bandwidth of 10kHz, followed by a gain of 15x
in the PZT driver. The locked repetition rate SRAV is shown
in figure 5 and is measurement system limited.
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Figure 5: SRAV of repetition rate

We have measured the transfer function of the PZT by
phase-locking a high quality synthesizer to the repetition rate
and applying a periodic chirp to the PZT and measuring the
transfer function on an FFT, as shown in figure 6.
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Figure 6: Setup to measure transfer function of PZT

The performance of the PZT in Hz/V is shown in figure 7.
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Figure 7: Transfer function of PZT

B. Offset Frequency

We have extracted f., and obtain a signal to noise ratio of
30dB in a bandwidth of 9 MHz. The 3dB linewidth of this
signal is around 400kHz in our case. This is limited by the
amount of power present in the third harmonic arm of the
interferometer.
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Figure 8: Offset frequency

Free running offset frequency fluctuations are shown
in figure 9, measured by suitable filtering to select the offset
frequency and logging f., On a counter.
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Figure 9: Fluctuations of the offset frequency
The conventional method to control the offset
frequency is via pump laser current modulation. We have

measured the transfer function of this control system (figure
10). We note that the bandwidth of the pump diode control is
only around 30kHz whereas the free running line width of f..,
is around 400kHz. In order to collapse all the power into a
well-defined carrier signal it will be necessary to have a
control bandwidth around 10 times greater than the linewidth
of feeo.
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Figure 10: Transfer function of pump power control

Also shown on figure 10 is the manufacturer-provided
transfer function of the AOM we plan to use, which has a
modulation bandwidth of 4MHz.

Initial measurements with a free space AOM to
control the offset frequency are shown in figure 11. This
figure shows that tuning of fg, is possible with an AOM but
variations in the pointing of the output signal of the AOM led
to variations in the efficiency of the ., signal.
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Figure 11: Double pass free space AOM, illustrating how a change in AOM
driving frequency shifts fe,

We configured the free-space AOM in a double pass
configuration to reduce the beam pointing variations but the
output power was then inadequate for our requirements. The
solution is to make use of a fibre-coupled AOM inserted into
the laser before the amplification stages (rather than after the
amplification as was done with the free space device). In this
case the fibre amplifier will compensate the insertion loss of
the AOM.

Il.  FUTURE WORK

We plan on installing an IntraAction AOM FCM-401E5C
and anticipate that this will meet our requirements. The
bandwidth of the AOM (4MHz) is substantially higher than
the free-running linewidth of a comb member as well as that
of pump laser current modulation (30kHz). It should be
possible to directly collapse all of the energy of a comb
member into a well-defined delta-function.
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