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A B S T R A C T

The performance of Raman fiber laser and amplifier largely depends on the temporal stability of the pump
sources. Here the relative intensity noise of three different sources are experimentally investigated and com-
pared, which are fiber laser oscillator, master oscillator power amplifier, and amplified spontaneous emission.
The amplified spontaneous emission source exhibits the lowest intensity noise. The fiber laser oscillator and
amplifier have inevitable relaxation oscillation and longitudinal mode beating, which results in higher intensity
noise and frequency dependent features. The results firmly explain the recent demonstrations in the performance
improvement with amplified spontaneous emission as pump sources and the beneficiation of backward pumping
for single frequency fiber amplifier.

1. Introduction

Noise is a central topic in laser physics and engineering since its
invention [1–4]. The laser noise property is of great importance for
laser applications in precision measurement, optical communication,
sensing and so on. It determines the final performance of those systems.
In recent years, the importance of pump laser intensity fluctuation on
the performance of Raman fiber lasers (RFLs) has received more and
more attention. It is shown that the intensity fluctuation of the pump
laser would be transferred to the Raman signal laser directly, which
influences the stability of mode-locked Raman fiber lasers [5], the
spectral purity of high order cascaded Raman random fiber lasers [6,7],
and the output linewidth of Raman fiber amplifiers (RFAs) [8].
Therefore, finding suitable pump sources of low intensity fluctuation,
i.e. low intensity noise, and detailed understanding of the pump laser
influence become crucial tasks for future RFL development.

In term of intensity noise, single-mode single-frequency fiber lasers
and amplifiers may naturally have the lowest intensity noise among
different fiber sources [9]. But the power scaling capacity is limited by
stimulated Brillouin scatting effect in optical fiber [10]. They are not
suitable as high-power pump sources. In common RFLs, standard fiber
laser oscillators formed with a pair of fiber Bragg gratings (FBGs) are
used as pump sources. But the beating between longitudinal modes
results in temporally fluctuating output, which manifests in radio fre-
quency spectrum of the output as beat notes. High performance diodes

are widely used as pump source for Raman amplifier in telecoms. But
they are not powerful enough for the studied lasers.

Fiber-based amplified spontaneous emission (ASE) sources have
lower coherence and lower noise, because they have broad spectrum
and no longitudinal mode structure [11]. They have been applied for
optical fiber sensor, fiber optic gyroscope and optical coherence to-
mography [12,13]. Recently, they have also been considered as pro-
mising pump source for RFLs because of lower temporal fluctuation
[5,7,14]. However, in these works, temporal stability of the pump
sources based on laser oscillator and fiber ASE are compared just
roughly in terms of peak to peak fluctuation and standard deviation of
the intensity. A better characterization of the temporal property of
common pump sources will facilitate a better understanding of their
influence on RFL performance.

In this contribution, we experimentally investigate the intensity
noise of fiber laser and an ASE source for comparison. The relative
intensity noise (RIN) spectrum of a 1095 nm fiber laser is measured at
different power and different configurations. The integrated rms RIN
value decreases with respect to output power. The RIN spectra of an
oscillator and a master oscillator power amplifier (MOPA) at the same
output power are compared. The RIN of an ASE source at 1064 nm is
also characterized in detail, which shows lower RIN in general because
of the mode-free nature. The implication of the experimental observa-
tion on RFL pumping is discussed. The quantitative and frequency-re-
solved measurements of intensity noise improve the understanding on
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the pump laser influence on Raman fiber devices.

2. Experiment setup

The 1095 nm fiber laser consists of an Yb-doped fiber oscillator and
a fiber amplifier, as shown in Fig. 1 (a). The fiber oscillator mainly
consists of a fiber-pigtailed multimode diode laser at 976 nm, a
(2 + 1) × 1 pump signal combiner, an Yb-doped gain fiber of 6 m
length, a piece of PM 980 fiber (Extra fiber) used to lengthen the cavity,
and a pair of homemade fiber FBGs. A cladding mode stripper (CMS) is
inserted between the gain fiber and extra fiber to remove the residual
pump laser. The gain fiber (PLMA-YDF-10/125, Nufern Inc.), whose
nominal cladding absorption is 4.8 dB/m at 976 nm, has a core and
cladding diameter of 10 μm and 125 μm, respectively. The FBGs are
written in passive fibers (PM980, Nufern Inc.). FBG 1, which is spliced
with one end of the combiner, has a peak reflectivity of 99% at
1095 nm. The full-width at half-maximum (FWHM) is 1.51 nm. FBG 2
with a peak reflectivity of 17% at 1095 nm, is used as the output
coupler and its FWHM is 0.255 nm. The output from the oscillator is
optically isolated and injected into the Yb fiber amplifier with similar
configuration for power amplification. The output end of the fiber
amplifier is cleaved at an angle of 8° to suppress the parasitic oscilla-
tion.

The schematic of the ASE source is illustrated in Fig. 1 (b). The ASE
seed is built with an all open cavity. Two isolators (ISO 1, ISO 2) are
spliced at both ends to avoid parasitic lasing. All polarization-main-
taining (PM) active and passive fibers with a core diameter of 10 μm
and numerical aperture of 0.080 are used. An optical circulator is in-
serted to provided additional isolation. After that, a filter (Filter 1) with
2 nm bandwidth centered at 1064.0 nm is used to narrow the linewidth.
Then two home-made all-fiber linearly polarized YDFAs (YDFA 1, YDFA
2) are adopted to amplify the ASE seed with an isolator (ISO3) and a
filter (Filter 2, 10 nm bandwidth) in between. The isolator and the filter
are used to prevent the self-oscillation. Another isolator (ISO4) is
spliced at the output to stop back reflected light.

The RIN properties of the light sources are measured with an InGaAs
detector of 15 MHz bandwidth and a spectrum analyzer (Rohde&
schwarz FSV4).

3. Experiment results and discussion

The 1095 nm fiber laser is investigated firstly. The output spectra
directly from the oscillator at different powers are measured and shown
in Fig. 2(a). The 3-dB linewidth with respect to output power is plotted
on Fig. 2(b). The spectrum broadens from 0.07 nm at 1 W to 0.62 nm at
9 W nonlinearly. The linewidth at high power is much larger than that
of the output FBG (0.255 nm). The broadening is a result of nonlinear
processes inside the fiber laser oscillator, which indicates fluctuating
laser emission.

In the experiment, the RIN spectra of the fiber laser oscillator at
different output power from 100 Hz to 10 MHz Fourier frequencies are
measured and shown in Fig. 3(a) and (b). At frequencies lower than
100 Hz, any power fluctuation can be easily stabilized by active control.
So low frequency noise is of no importance in practice. The up bound of
10 MHz is limited by the electronics bandwidth in the experiments.
Nevertheless, noise at higher frequencies have limited effect anyway for
high performance Raman fiber lasers or amplifiers, since most of them
work in backward pumping scheme. In backward pump scheme, the
walk-off between the pump and signal light results in a low-pass fil-
tering effect in pump noise transfer [15]. The bandwidth is inversely
proportional to the propagation time along the gain fiber. 10 MHz
corresponds to a gain fiber length of 10 m, which is much shorter than
that in reported Raman fiber devices. Therefore, a RIN measurement up
to 10 MHz is enough for studying backward pumped Raman fiber de-
vices.

From 100 Hz to 3 kHz Fourier frequencies, the RIN decreases with
increasing output power, which is caused by gain saturation in the gain
medium [9]. The broad peak at several hundred kHz is due to relaxa-
tion oscillation [16], which shifts from about 100 kHz to 700 kHz with
the output power increasing from 1 W to 10 W. The sharp peaks at
about 4.77 MHz and 9.54 MHz are the beat notes between the long-
itudinal modes of the laser oscillator, which relate to the length of the
oscillator cavity of 21.5 m. As the output power increases, the beat
peaks become flatter and decrease in height. However, in the valleys
(2.40 MHz and 7.12 MHz) between the beat peaks of the RIN spectra,
an opposite characteristic is exhibited, in which the RIN raises with the
increase of the output power. Nevertheless, the overall RIN decreases
with output power. The integrated rms RIN value drops from 0.75% to
0.56% when the output power increases from 1 W to 10 W.

In practice, there are two ways to obtain the same laser output
power, directly from a laser oscillator or a MOPA. In even higher power
application, MOPA is a necessary approach to achieve the power level.
Here we compare the RIN characteristics at 10 W output power ob-
tained by these two methods. In Fig. 4, the blue and black lines illus-
trate the RIN spectra directly from the oscillator at 2 and 10 W, re-
spectively. Also shown in Fig. 4, the red line depicts the RIN spectrum at
10 W by amplification of the oscillator with 2 W output. In low fre-
quency (< 4 kHz) range, extra noise is introduced during the amplifi-
cation process, possibly due to a noisy pump diode source. A RIN
spectrum of a pump diode laser at low frequency is shown in Fig. 5.
From 4 to 100 kHz, the RIN is suppressed during the amplification. But
the relaxation oscillation peak and beat notes are the same as in the RIN
spectrum of the 2 W master oscillator. As seen in Fig. 4, the RIN spectra
for the two different configurations at the same output are totally dif-
ferent. The integrated rms RIN value of MOPA source at 10 W is 0.71%,
close to the rms RIN of oscillator at 2 W.

The output characteristics of the fiber ASE source is investigated as
well. The output spectra at different powers are shown in Fig. 6.
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Fig. 1. Experimental configuration of the fiber laser oscillator and amplifier (a) and the fiber ASE source (b).
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Different from the fiber laser oscillator, the 3-dB linewidth of the fiber
ASE source retains in the range of experimental errors at different
output powers from 1 W to 9 W. The observation indicates a quiet
output from the ASE source, since no nonlinearity induced linewidth
broadening takes place.

In Fig. 7, we show the measured RIN spectra of the ASE source at
different output power and the background noise from 100 to 10 MHz
Fourier frequencies. There are a large amount of discrete noises in the
low frequency range (< 3 kHz), which may be caused by mechanical
vibration and sound waves in the experimental environment. These
spikes are absent in the measurements of the laser sources, because they
are done in a different lab. The RIN at 100 Hz decreases from −95 to

−120 dBc/Hz when the output power is scaled from 1 to 10 W. This
reduction originates from both the pump noise reduction at higher
current operation and the gain saturation in the gain medium [9].
Different from the fiber laser source, the RIN spectra are flat around
−120 dBc/Hz without peaks, because the ASE source is free of long-
itudinal modes and relaxation oscillation. The rms RIN value of the ASE
source integrated from 100 Hz to 10 MHz drops slightly from 0.19% at
1 W output power to 0.15% at 10 W. Therefore, indeed the ASE source
has a few times lower temporal fluctuation than the fiber laser, which
firmly explains the observation in literatures [5–7].

To compare the RIN properties of the fiber laser oscillator, MOPA
and ASE, their RIN spectra at the same power of 10 W are plotted to-
gether in Fig. 8. As discussed in previous paragraphs, the rms RIN in-
tegrated from 100 Hz to 10 MHz are 0.56%, 0.71%, and 0.15%, re-
spectively. The ASE source is surely quieter and therefore is beneficial
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Fig. 2. Output spectra (a) and 3-dB linewidth (b) of the fiber laser oscillator at different powers.
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in pumping Raman fiber laser or amplifier. As shown in literatures, the
use of ASE as pump source has improved the pulse stability of a mode-
locked Raman fiber laser [5], and the spectral purity of a high order
cascaded Raman random fiber laser [6,7].

However, ASE sources are more complex and expensive than stan-
dard fiber lasers, since it requires more amplification stages to achieve
the same power level. As one can see from the RIN spectra in Fig. 8, the
higher integrated RIN for the fiber oscillator and amplifier is mainly
contributed by the longitudinal mode beating in MHz and higher fre-
quency. When one pumps a Raman fiber amplifier in the backward
configuration, the influence of these giant noise components can be
suppressed with proper design, since a backward pumped Raman fiber
amplifier behaves like a low pass filter [15]. For example, fiber lasers
with shorter cavity length is preferred, since the beat noises move to
higher frequency which can be more effectively filtered. In fact, back-
ward pumping has been widely used in optical telecommunication to
improve the noise figure and in single frequency fiber amplifiers to
avoid the linewidth broadening.

Also seen in Fig. 8, although the overall noise is lower for ASE, there
are frequency ranges where the fiber laser source has lower noise.
Therefore, for applications where forward pumping is necessary, one
should choose proper pump source by considering the range of fre-
quency that is interested.

4. Conclusion

The RIN characteristics of a standard fiber laser oscillator, a MOPA
and a fiber ASE source are compared in detail. For the fiber oscillator,
the integrated rms RIN drops from 0.75% to 0.56% when the output

power increases from 1 W to 10 W. The integrated rms RIN of the
MOPA source at 10 W is 0.71%, close to that of the oscillator at 2 W.
Different from the fiber laser source, the RIN spectra of the ASE are flat
without peaks, because it is free of longitudinal modes and relaxation
oscillation. The ASE source has the lowest RIN of 0.15% at 10 W. The
results firmly explain the recent experimental demonstrations in the use
of ASE source as pump sources for performance improvement of Raman
fiber lasers and amplifiers. The revealed noise distribution in the fre-
quency domain for fiber oscillator and amplifier explains well why
backward pumping is beneficial for single frequency fiber amplifier.
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