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Femtosecond lasers based on mature Erbium-doped fiber (Er:fiber) technology have become the workhorse for 

ultrafast photonics research and applications due their stability, compactness, and ease of use. Commercial ultrafast 
Er:fiber lasers are available that have been developed specifically to exhibit ultra-low amplitude and phase noise, 
exhibiting relative intensity noise (RIN) values far below 0.1%, making them essential tools for demanding 
applications such as ultrafast spectroscopy or precision metrology [1]. 

A convenient approach of extending the excellent performance of Er:fiber lasers to other wavebands, e.g. into 
the 2 µm regime, is their nonlinear spectral broadening in nonlinear fibers, followed by amplification in a Thulium- 
or Holmium-doped fiber amplifier system. However, previous implementations using conventional nonlinear 
fibers pumped in the anomalous dispersion (AD) regime suffered from the generation of excess noise via quantum, 
technical, and polarization noise amplification by the involved nonlinear processes, resulting in RIN values in the 
range 0.3-0.7%, i.e. about an order of magnitude higher than the corresponding Er:fiber system This excess noise 
has recently been identified as the major performance limiting factor for the further development of high-power 
frequency comb sources at 2 µm [2].  

In this contribution I discuss the conditions required for suppressing this excess noise generation during 
nonlinear spectral broadening, present specialty optical fibers specifically designed for this purpose, and review 
the latest developments in their application aimed at realizing the next generation of ultra-low noise frequency 
combs and ultrashort pulse sources in the 2 µm spectral region. It is shown that ultra-low noise nonlinear spectral 
broadening and supercontinuum (SC) generation is enabled by all-normal dispersion (ANDi) fibers, which 
effectively suppress quantum and polarization noise amplification and lead to nonlinear dynamics that are 
extremely robust against technical noise [3,4]. The application of these ANDi SC sources for the coherent seeding 
of ultrafast Thulium- / Holmium-doped fiber amplifiers is demonstrated to result in an order-of-magnitude 
reduction of RIN to < 0.05%, i.e. virtually identical to the driving Er:fiber laser (Fig. 1) [5]. Therefore, neither the 
nonlinear spectral broadening nor the amplification process introduces significant excess noise, highlighting the 
potential of ANDi SC seed sources for the next generation of ultra-low noise, broadband, high-power ultrafast 
fiber amplifiers and frequency combs. 
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Fig. 1: Measured noise characteristics of the Er:fiber seed laser (red), ANDi supercontinuum (green), and Tm:fiber amplifier (blue) [5]. 
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mirror pairs, could be used for pulse compression even at high pulse energies. Higher-order
dispersion and nonlinear e�ects in the compression stage will be examined in a further study,
along with power scaling.

The amplified pulse at the end of the Tm-doped fiber is recompressed to 96± 0.5 fs with an
average output power of 350 mW and pulse energy of 3.5 nJ.

In the final stage of the work, we performed a noise characterization of the developed
amplification system. RIN measurements were performed using a 12.5 GHz InGaAs broadband
photodiode (PD) sensitive over the entire spectral bandwidth of the SC. (ET-5000F from Electro-
Optics Technology). Agilent E4443A electronic spectrum analyzer (ESA) was used to record the
Radio Frequency (RF) spectrum. The light from the amplifier system was directly coupled into
the PD using a single-mode fiber. For the linear operation of the PD, the power was maintained
around 1 mW and the DC photocurrent was monitored at the output of the photodiode using
a digital multimeter. The DC power is obtained as PDC = (IDC)2·RL, where IDC stands for the
DC current and RL is the load resistance of the ESA. Figure 8 shows the measured intensity
noise of the Er:fiber seed laser, the supercontinuum, and the Tm-doped fiber amplifier. The
relative intensity shot noise level of the PD was calculated for the seed laser and Tm amplifier as
Pshot/PDC, where Pshot is shot noise power 2qIDCRL, and q is the elementary charge. Therefore,
the RIN (shot) is determined by 2q/IDC. In our measurements, the shot noise limit was equal to
�154.13 dB/Hz, �153.85 dB/Hz and �154.08 dB/Hz for Tm amplifier, ANDi supercontinuum,
and the Er:fiber seed laser, respectively. The RIN (shot) levels are slightly di�erent due to
di�erent IDC values for the amplifier, supercontinuum and the seed laser.
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Fig. 8. Measured noise characteristics of the Tm amplifier (solid blue), Er:fiber seed laser
(solid red) and ANDi supercontinuum (solid green). The dotted lines indicate the shot-noise
limit corresponding to the Tm amplifier (blue dot), seed laser (red dot) and supercontinuum
(green dot). The black continuous line is the noise floor of the photodiode. The right y-axis
shows the integrated RIN of the Tm amplifier (blue dash), the Er:fiber seed laser (red dash)
and the ANDi supercontinuum (green dash).

The results of our RIN measurements are shown in Fig. 8. The sensitivity limit given by the
noise floor of the photodiode is indicated by the black continuous. Remarkably, the RIN of both
the ANDi SC and the amplifier are virtually identical to the RIN of the Er:fiber seed laser, apart
from some additional low-frequency noise peaks < 1 kHz attributed to mechanical vibrations at
the free-space PCF coupling port and pump diode noise from the CW amplifier used to pump the
Tm-doped fiber amplifier. Hence, neither the nonlinear spectral broadening nor the subsequent
amplification process introduce significant excess noise. Most importantly, we do not observe any
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