
Abstract. We report a single-frequency 1-W ébre laser
source emitting at 1093 nm, composed of a distributed-
feedback ytterbium ébre laser and ébre-optic ampliéer. The
laser frequency was stabilised by side-locking to a trans-
mission peak of a Fabry ëPerot interferometer, and the
residual frequency noise spectrum of the laser was measured.
Our results indicate that the laser linewidth can be narrowed
down below 1 kHz.

Keywords: single-frequency lasers, DFB lasers, ébre lasers, ébre-
optic ampliéers, frequency noise.

1. Introduction

Distributed-feedback (DFB) ébre lasers [1] are attractive
single-frequency light sources for a number of applications
where a narrow linewidth of the laser output spectrum or,
in other words, a large coherence length is critical.
Examples include coherent optical sensors, ultrahigh-
resolution spectrometers and light sources for precision
physical experiments. In particular, frequency-doubled
ytterbium-doped DFB ébre lasers were used in iodine
spectroscopy near 515 [2] and 546 nm [3], and their fourth
harmonic was used in laser cooling of Mg� [4].

The cavity of a DFB laser is a refractive index or gain
Bragg grating induced in the active medium. Such cavities
were érst used in dye lasers [5, 6]. Early work, including that
on DFB semiconductor lasers, was reviewed in paper [7]. A
quarter-wave phase shift in the middle of the cavity ensures
selection of a single longitudinal mode [8], which makes
DFB lasers exceptionally stable single-frequency light sour-
ces. A DFB ébre laser is a ébre Bragg grating (FBG) several
centimetres in length inscribed in a single-mode optical ébre

doped with rare-earth ions (Er, Er/Yb, Yb or Tm). DFB
ébre lasers have a smaller gain, a longer cavity, and
narrower intrinsic emission linewidth in comparison with
DFB semiconductor lasers.

Consider in greater detail the optical emission spectrum
of DFB ébre lasers. Ro=nnekleiv [9] used a general laser
theory to describe their response to various perturbations,
including relaxation oscillations. He examined the effect of
pump modulation on the output power and frequency of an
erbium-doped ébre DFB laser and interpreted the results in
terms of a thermal variations in the refractive index. The
decrease in the relative intensity noise by te feedback from
the DFB laser power detector to the pump laser diode
current resulted in suppression of the relaxation oscillation
peak in the intensity and frequency noise spectra. At high
frequencies, the measured frequency noise spectrum was
consistent with the thermal noise model for heat transport
êuctuations. The 1=f dependence in the low frequency
region of the frequency noise spectra was later associated
with the random character of the heat release accompanying
spontaneous emission of the erbium ion [10].

Simonsen et al. [11] demonstrated frequency locking of
an Er-doped ébre laser to an absorption line of CO2. The
frequency was adjusted using a piezoelectric transducer
stretching the cavity and, accordingly, varying the FBG
period. A similar approach was proposed by Cranch [12]:
one of two independent optical-ébre Mach ëZehnder inter-
ferometers was used to stabilise the output phase of an
erbium-doped ébre DFB laser, and the other, to measure
the phase noise. Cliche et al. [13] reported a linewidth
reduction to 6 Hz, achieved by locking an erbium-doped
ébre DFB laser to a ébre Michelson interferometer.

In this paper, we report a single-frequency master
oscillator ë power ampliéer based on a 1093-nm ytterbium
ébre DFB laser and a ébre-optic ampliéer with an output
power of 1 W. The frequency of the master oscillator was
stabilised through feedback to the pump power, and we
studied the spectral properties of the resultant source. The
laser was designed to pump a parametric oscillator with the
aim of creating an optical frequency standard.

2. Single-frequency ébre laser source

A schematic of the single-frequency ébre laser source is
shown in Fig. 1. Its spectral properties are determined
primarily by the DFB ébre laser. The laser cavity was
produced by inscribing an about 4-cm-long Bragg grating,
with a quarter-wave phase shift in its middle, into an
ytterbium-doped optical ébre using the UV radiation from
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a frequency-doubled argon ion laser. The DFB laser was
pumped by an FBG-stabilised single-mode laser diode
(SMLD) with an output power of up to 150 mW, operating
at 976 nm, that is, at the absorption maximum of the Yb 3�

ion [14]. The laser was described in greater detail elsewhere
[15, 16].

In the érst experiments, the active ébre was exposed to
air and was éxed at the ends of the distributed laser cavity.
As in the case of Er : Yb ébre lasers [17], pump power
absorption in the active ébre was accompanied by a rise in
its temperature, nonuniform along the length of the cavity,
and thermal distortion of the FBG. With increasing pump
power, this led to output power saturation at a level of
about 0.5 mW. The optimum pump wavelength was about
970 nm [16], which corresponds to the slope of the
absorption peak of the ytterbium ion. In addition, heating
the ébre inêuenced the lasing wavelength (as in the case of
Er :Yb ébre lasers [18]), with a proportionality coefécient of
� 1:4� 10ÿ3 nm mWÿ1.

Fixing the laser cavity to an aluminium heatsink
improved heat removal, thereby eliminating power satu-
ration and raising the output power to 6 mW, which was
then limited by the available pump power. At the same time,
the effect of pump power on the lasing wavelength became
markedly weaker, with a slope of 2:5� 10ÿ4 nm mWÿ1, or
40 kHz per microampere of the laser diode pump current.
When secured to the heatsink, the ébre was noticeably less
sensitive to acoustic noise and vibrations, so only this
conéguration will be considered below.

To raise the single-frequency power from several milli-
watts to 1 W, a two-stage ytterbium ébre ampliéer (YFA)
was spliced to the output of the DFB master oscillator.
Since the Yb 3� ion has a small 1093-nm absorption cross
section [14], ampliécation is possible at low pump intensity.
Increasing the population inversion of the ytterbium levels
leads to an undesirable increase in the ampliéed sponta-
neous emission at wavelengths near the maximum in the
stimulated emission cross section (about 1025 nm), thereby
reducing the signal-to-noise ratio. The optimal, low Yb 3�

excited-state population can be ensured by cladding-pump-
ing the active ébre with multimode laser diodes (MMLDs).

The two stages of the ampliéer are made from multiple-
érst-cladding ébre [19], which ensures a reliable all-ébre
conéguration requiring no tuning. A low refractive index
polymer cladding encases two silica ébres in optical contact

with one another. One ébre is for delivering a pump wave.
The core of the other ébre is doped with ytterbium and
ampliées the signal. The gain in both YFA stages is limited
by parasitic reêection and scattering (stimulated Brillouin
and Rayleigh scattering) in the ébre. To suppress the
coupling between the ampliéer stages and rule out their
inêuence on the master oscillator, the setup includes ébre-
optic isolators. The free space isolator at the output of the
source (collimator) suppresses the reêection from the Fabry
Perot interferometer in the measuring circuit.

The ampliéer conéguration ensures about 100-mW and
1-W output powers in the érst and second stages at pump
powers of 1.7 and 3 W, respectively. The relatively low
eféciency is not critical at this power level and is determined
by the following factors: The initial portion of the érst stage
operates in an unsaturated regime, and the active ébre is not
long enough to absorb all of the pump power. In some
sense, this is a compromise intended to ensure a low inverse
population of the Yb 3� levels at a limited integral gain. The
eféciency of the second ampliéer stage is determined largely
by the ébre splice loss due to imperfect mode éeld matching
of the active ébre and the ébre at the ampliéer input and
output. Both ampliéer stages operate in the saturated
regime relative to the input signal, and their output power
is a linear function of the pump power. The performance
parameters of the ampliéers and their design were described
in greater detail elsewhere [20].

Thus, using an ytterbium ébre DFB laser in combination
with a ébre-optic ampliéer, we obtained single-frequency
lasing at 1093 nm with 1-W output power.

3. Laser frequency stabilisation

To incorporate the single-frequency laser under consider-
ation into an optical frequency standard, a high laser
frequency stability is needed. We used one of the simplest
active stabilisation methods, which requires no high-
bandwidth electronics and allows for spectral noise
analysis.

The laser beam (Fig. 1) was directed through a matching
lens to a confocal Fabry Perot interferometer with a 53-cm
base and a resonance linewidth of about 1 MHz. The laser
frequency was side-locked to a transmission peak of the
interferometer at its steepest slope point. The power of the
beam passed through the interferometer was measured by a
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Figure 1. Schematic diagram of the single-frequency ébre laser source: (WDM) wavelength-division multiplexer; (SMLD) and (MMLD) single-mode
and multimode laser diodes; (FOI) polarisation insensitive ébre-optic isolator; (TC) low-ratio tap coupler; (YFA) ytterbium ébre ampliéer; (PC)
polarisation controller; (C) collimator; (FSI) free space isolator; (L) matching lens; (M) mirror; (FPI) Fabry Perot interferometer; (PD) photodiode;
(DA) differential ampliéer; (ADC) analogue-to-digital converter; (AFC) automatic frequency control.
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photodiode. Another photodiode detected the beam
reêected from the lens and was used to monitor the input
power. Adjusting the gains of the channels in the differential
ampliéer (DA), we were able to suppress the power
êuctuation contribution to the difference signal between
the laser frequency and stabilisation point. The frequency
detuning signal was fed to an automatic frequency control
(AFC) system.

As shown earlier [15], the output frequency of the laser
under consideration depends on the pump power. This effect
was used to stabilise the frequency: the AFC system
controlled the current through the SMLD that pumped
the DFB ébre laser. Figure 2 shows the frequency response
of the laser to SMLD current modulation. As seen, the AFC
bandwidth may reach several tens of kilohertz, which is
comparable to parameters achievable when the laser fre-
quency is controlled by a piezoelectric transducer. One
advantage of pump power control is that the ébre is free
of mechanical inêuences.

Pump radiation may inêuence the refractive index of the
active ébre and, hence, the laser output frequency through
several mechanisms. The nonlinear effects in silica glass are
too weak to be responsible for the observed behaviour.
Besides, one would expect an almost êat frequency response
in the frequency range studied. Ytterbium ion redistribution
between energy levels is of importance for optical ampliéers
[21]. The round-trip saturated gain of the laser and, hence,
the fraction of excited ions are determined by the total loss
in the cavity. DFB lasers may exhibit effects related to the
inêuence of the pump power on the longitudinal mode
proéle and cavity loss. Moreover, pump power absorption
followed by longer wavelength emission may lead to heating
of the ébre. This mechanism is supported, e.g., by the
above-mentioned weakening of the temperature effect with
increasing heat removal and by the agreement with the
thermal model for erbium lasers [9].

One common approach for tuning the laser wavelength
over the range 0.5 ë 1 nm and the slow AFC loop is to
control the temperature of the heatsink to which the DFB
laser cavity is éxed. The increase in the refractive index of
the ébre with increasing temperature and the contribution
from the linear expansion of the heatsink with the laser
cavity give the dependence represented in Fig. 3.

Thus, we developed a DFB ébre laser frequency control
system with a fast loop based on pump SMLD current

control. Slow frequency tuning can be performed by varying
the temperature of the laser cavity.

4. Spectral characteristics

The key parameters of lasers for spectroscopic and
metrological applications are the emission linewidth,
determined by residual frequency êuctuations, and the
frequency noise spectrum, which provides more information
about the AFC system and allows one to analyse the
mechanisms of emission line broadening.

We studied the relative frequency stability of the laser
locked to an external reference cavity. Achieving the
ultimate absolute frequency stability was beyond the scope
of this study.

When the laser frequency is side-locked to a transmission
peak of a Fabry ë Perot interferometer, residual frequency
noises convert to power êuctuations at the interferometer
output, which offers the possibility to determine the above
characteristics. The proportionality factor between power
changes and the frequency detuning was evaluated from the
slope of the transmission spectrum of the interferometer at
the lock point. The time variation of the power at the
interferometer output, corresponding to the laser frequency
detuning, Dv, was recorded using an L-Card E14-440 ADC
at a sampling rate of 100 kHz (10-ms intervals), which
allowed us to detect frequency noises up to fN � 50 kHz.
Custom-written software made it possible to real-time
monitor the frequency noise spectrum as the fast Fourier
transform of the series Dnk � Dn(kt) and to store the Dnk
values for subsequent analysis.

Figure 4 compares the spectral noise of the master
oscillator [curve ( 1 )] and that at the output of the ébre
ampliéer [curve ( 2 )] with an AFC bandwidth narrower than
1 kHz. Distinctions occur mainly at low frequencies, where
the ampliéed signal has harmonics that are multiples of
100 Hz. These peaks are related to the insufécient suppres-
sion of mains harmonics in the power supplies of the
MMLDs and result from changes in the refractive index
of the active ébre due to the pump power variations [21].
After thorough éltration of the mains harmonics in the
MMLD current, the optical ampliéer will not distort the
emission spectrum of the laser at the given sensitivity level of
the measuring circuit. Spectrum ( 3 ) is the result of
extending the AFC band to � 10 kHz, which ensured
low-frequency noise suppression. The increase in the spec-
tral noise in the range 10 ë 20 kHz can be understood in
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Figure 2. Frequency response of the laser to SMLD pump current
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terms of the phase characteristics of the AFC used. Note
that the characteristics of the laser (Fig. 2) suggest that the
AFC band can be extended further.

The constant background in the three spectra is due to
the fact that, when digitised, the noise at frequencies above
fN and within the boundary of the band of the photodiodes,
ampliéers and AFC input circuits (above 1 MHz) is trans-
ferred to the frequency range 0ÿ fN.

The emission spectrum of a laser can be transferred from
the optical range to radio frequencies, e.g. by obtaining
heterodyne beating with a more stable laser close in
frequency. In this way, one can determine the spectral
bandwidth of the laser. Similarly, using the time dependence
of laser frequency detunings, Dnk, one can reconstruct the
electromagnetic wave éeld at a frequency v0 in the range
from 0 to fN:

Ej � E� jt� � E0 cos

�
2pt
�
v0 �

Xj
k�0

Dvk

��
.

The spectrum of the éeld, obtained via Fourier trans-
formation, corresponds to the laser output spectrum shifted
to radio frequencies. Squaring it (to obtain the power
spectrum) and averaging the result within the spectral
ranges, we obtain the spectra displayed in Fig. 5. The
output spectrum of the DFB laser with the ampliéer
switched off [spectrum ( 1 )] is well represented by a
Lorentzian [curve ( 2 )] with a full width at half maximum
of 0.61 kHz. Switching on the ampliéer pump diodes
[spectrum ( 3 )] leads to spectral distortions due to the mains
harmonics in the MMLD current. Suppressing the 100, 200,
and 300 Hz harmonics by digital éltration before recon-
structing the electric éeld phase reproduces the original
laser output spectrum [spectrum ( 4 )].

The observed spectral shape and width are determined
not only by the laser frequency noise but also by the noise
transfer from the frequency range above fN, nonoptimality
of the phase characteristic of the AFC system and slow drift
of the AFC and ADC levels. The contribution of laser
amplitude noise to the measured frequency noise is small,
about 7.7 Hz2 Hzÿ1.

It is also worth noting that laser frequency locking and
spectral noise measurements using the same Fabry ë Perot

interferometer allow one to assess only the stabilisation
accuracy and frequency noise suppression. The actual
linewidth and long-term stability are determined by the
parameters of the reference cavity. To achieve the ultimate
performance, frequency locking of the single-frequency laser
to a quantum reference is planned.

Thus, residual frequency noise spectra were measured
using a Fabry ë Perot interferometer, and the output spec-
trum of the laser was shown to be less than 1 kHz in width.
Within the sensitivity level reached, the ébre ampliéer
makes no contribution to the noise provided there is
sufécient stabilisation of the current through the ampliéer
pump diodes.

5. Conclusions

The described distributed-feedback ytterbium ébre laser
provides a single-frequency output at 1093 nm, and the
two-stage ébre-optic ampliéer raises the output power to
1 W. To demonstrate frequency stabilisation, the frequency
of the laser source was side-locked to a transmission peak
of the Fabry ë Perot interferometer and was adjusted by
controlling the pump power. To assess the spectral
characteristics of the source, we measured frequency
noise spectra. The results demonstrate that active stabilisa-
tion ensures a residual laser linewidth below 1 kHz.

The output wavelength and power of the laser source are
suitable for pumping a parametric oscillator to give narrow-
band radiation near 3.28 mm, corresponding to the R(2) v3
methane line. Our results suggest that the single-frequency
source is suitable for spectroscopic applications and for
designing a next-generation optical frequency standard
based on methane transitions.
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