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We study the relative intensity noise (RIN) and timing 
jitter of a Raman soliton. We demonstrate that the RIN of 
an excitation pulse causes center-wavelength 
fluctuations of the resulting Raman soliton which 
translates by fiber dispersion into relative timing jitter 
(RTJ) between the Raman soliton and the excitation 
pulse. The Raman soliton’s absolute timing jitter is 
dominated by the excitation pulse’s timing jitter at low 
frequency and by the RTJ at high frequency. The 
experimental study reveals that RTJ can be significantly 
reduced by reducing the accumulated fiber dispersion 
(e.g., using less dispersive fibers with shorter length) 
experienced by the Raman soliton.  © 2015 Optical 
Society of America 

OCIS codes: (190.4370) Nonlinear optics, fibers; (320.2250) Femtosecond 
phenomena. 
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When a femtosecond pulse propagates inside an optical fiber with 
anomalous dispersion, interplay between intra-pulse Raman 
scattering and soliton formation results in a Raman soliton self-
frequency shift [1,2]; that is, the Raman soliton red shifts continuously 
during propagation while maintaining its transform-limited hyperbolic 
secant profile [3]. Capable of providing wavelength tunable 
femtosecond pulses at desired wavelengths that cannot be directly 
obtained from mode-locked ultrafast lasers, Raman soliton sources 
have found important applications in spectroscopy and microscopy 
[4 ̶6]. As a particular example of nonlinear wavelength conversion, 
difference-frequency generation (DFG) between a Raman soliton and 
the pulse that generates the Raman soliton has been widely used in 
obtaining femtosecond pulses in the mid-infrared (mid-IR) range 
[7 ̶13]. Since the Raman soliton and the excitation pulse share the 
same repetition rate and carrier-envelope phase (CEP) offset, the 
resulting DFG source—if the excitation pulse’s repetition rate is 
stabilized—becomes a mid-IR frequency comb with its CEP offset 
automatically set at zero. Such a mid-IR frequency comb constitutes an 
enabling tool for molecular spectroscopic applications because many 
molecules have their fingerprints in the mid-IR wavelength range.  
    Among many quantities that characterize a femtosecond source, 
timing jitter and relative intensity noise (RIN) are of particular 

importance and determine whether the femtosecond source is “quiet” 
enough for the intended applications, such as mid-IR frequency combs. 
Several groups have characterized the RIN or timing jitter of their 
Raman soliton sources [7,8,14-17]; however a detailed theoretical and 
experimental study of the transfer of an excitation pulse’s RIN to the 
resulting Raman soliton’s timing jitter and how to minimize this timing 
jitter is absent. In this letter, we carry out a detailed study on a Raman 
soliton’s timing jitter, and find that the relative timing jitter (RTJ) 
between a Raman soliton and the excitation pulse dominates at high 
frequency the Raman soliton’s absolute timing jitter. We demonstrate 
that a Raman soliton’s RTJ can be substantially reduced using fibers 
with less dispersion and shorter length. 

The timing jitter and RIN of a Raman soliton source are connected 
by soliton formation and subsequent Raman self-frequency shift, 
which can be accurately modeled by the generalized nonlinear 
Schrödinger equation (GNLSE) taking into account dispersion, self-
phase modulation, self-steepening, and Raman scattering [3]. We solve 
the GNLSE to simulate a 50-fs, hyperbolic-secant pulse centered at 
1.035 µm propagating inside a photonic crystal fiber (PCF), which is 
commercially available from NKT Photonics A/S. The fiber exhibits 
zero-dispersion at 0.945 µm with a mode field diameter of 2.8 µm at 
1.035 µm, corresponding to a fiber nonlinearity of 23 𝑊−1𝑘𝑚−1. We 
denote this fiber as PCF-945 in this paper. In the simulation, we fit the 
experimental dispersion curve provided by the manufacturer with a 
12th-order polynomial (inset of Fig. 1(a)). 

Fig 1. Simulation results for propagating a 50-fs pulse (initial center wavelength 
at 1035 nm) through 53-cm PCF-945 with the zero-dispersion wavelength at 
945 nm). Three input pulse energies are chosen representing a ±1% energy 
variation with respect to 300 pJ. (a) Raman soliton spectra and (b) Raman soliton 
pulses corresponding to different excitation pulse energies: 297 pJ (blue), 300 pJ 
(red), and 303 pJ (green). Inset of (a) shows the dispersion curve of PCF-945. 
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 Figure 1(a) shows the simulated Raman soliton spectra for three 
different excitation pulse energies (297 pJ, 300 pJ, and 303 pJ) after 
propagating through 53-cm PCF-945. The corresponding three Raman 
solitons have a pulse energy of 178.0 pJ, 179.2 pJ, and 180.4 pJ, 
respectively—a smaller relative energy fluctuation than the excitation 
pulses (0.67% versus 1%), which implies that a Raman soliton could 
exhibit lower RIN than the excitation pulse. As Fig. 1(a) shows, these 
three Raman solitons are centered at different wavelengths (i.e., 1.248 
µm, 1.250 µm, and 1.252 µm at the fiber’s output); therefore during 
Raman self-frequency shift, they propagate at different group velocities 
due to the fiber dispersion. Propagating in the anomalous dispersion 
region of the PCF, a Raman soliton with longer center wavelength 
travels slower than one with shorter center wavelength, and 
accumulates a larger temporal delay with respect to the excitation 
pulse at 1.035 µm. Figure 1(b) plots the three Raman soliton pulses 
corresponding to the excitation pulse energy of 297 pJ (blue), 300 pJ 
(right), and 303 pJ (green) in the time domain; they peak at 2802 fs, 
2838 fs, and 2874 fs, respectively. Note that we solve the GNLSE using 
a frame of reference moving with the group velocity at 1.035 µm 
defined by the PCF’s dispersion. The temporal peaking position of a 
Raman soliton therefore indicates the relative delay experienced by the 
Raman soliton with respect to a virtual pulse linearly propagating 
through the fiber with the center wavelength at 1.035 µm. 
    The results in Fig. 1(b) show that 1% change in the excitation pulse 
energy leads to 36-fs change of temporal delay. It suggests that the 
excitation pulse’s RIN will be converted into RTJ between the Raman 
soliton and the excitation pulse. This RTJ differs from the Raman 
soliton’s absolute timing jitter with respect to the lab, which should 
include contribution from the excitation pulse’s timing jitter. However, 
RTJ is of particular importance for nonlinear wavelength conversion 
that involves both spatially and temporally overlapping a Raman 
soliton and its excitation pulse in a nonlinear crystal. For example, DFG 
between these two pulses will transfer their RTJ to the derived mid-IR 
comb source manifesting as broadened comb lines and increased RIN. 
Minimizing RTJ of a Raman soliton is crucial for realizing a low-noise 
mid-IR frequency comb desired by molecular precision spectroscopy. 

 

Fig. 2. Schematic setup to characterize RIN and RTJ of Raman soliton source. PBS: 
polarization beam splitter, PCF: photonic crystal fiber, HWP: Half-wave plate, 
DM: dichroic mirror, D.E.: delay element, BBO: beta-BaB2O4 crystal, BPD: 
balanced photodetector, OSC: oscilloscope, SSA: signal source analyzer. 

    Raman soliton centered at a desired wavelength can be achieved by 
different combinations of fiber dispersion, fiber length, and excitation 
pulse energy and pulse duration. Guided by simulation, we carry out a 
detailed experimental study on how to optimize such a parameter 
combination. Figure 2 illustrates the experimental setup. The Raman 
soliton source is derived from a home-built Yb-fiber laser system 
including a 100-MHz Yb-fiber oscillator centered at 1035 nm, an Yb-
fiber amplifier, and a pulse compressor. The Yb-fiber oscillator 
operates in the stretched-pulse mode-locking regime enabled by 
nonlinear polarization evolution. We optimize both the mode-locking 
state and net cavity-dispersion to minimize the oscillator’s RIN, which 
is shown as the green curve in Fig. 3. The oscillator exhibits an 
integrated RIN of 0.018% from 10 Hz to 10 MHz. The Yb-fiber 

amplifier is optimized as well such that it only slightly degrades the RIN 
of the amplified pulses (red curve in Fig. 3).  The measured RIN in the 
frequency range of 10 Hz to 2 kHz is buried under the instrument noise 
floor represented by the blue curve. 

Fig. 3. RIN spectra of oscillator (green curve) and amplifier (red curve). 
Instrument noise floor is shown as blue curve. The corresponding integrated RIN 
curves are obtained by integrating the RIN spectra from 10 MHz to 10 Hz. 

    The laser system provides 3-nJ, 110-fs pulses, which are then split 
into two arms using a half-wave plate and a polarization beam splitter 
(PBS). By rotating the half-wave plate, we can continuously vary the 
optical power coupled into the PCF, and hence obtain a Raman soliton 
at a desired wavelength. At the fiber output, a dichroic mirror (DM) is 
used to spatially combine the Raman soliton pulse and the reference 
pulse before sending them into a balanced optical cross-correlator 
(BOC) [18] to measure their RTJ. More specific, the power of the input 
pulse pair is first separated into two branches by a PBS. In each branch, 
the pulse pair is focused into a 10-mm Type-I phase-matched beta-
BaB2O4 (BBO) crystal (cutting angle: 21.9 )̊ for sum-frequency 
generation (SFG). A delay element (DE) that consists of two half-inch 
cubes made of N-SF1 glass is inserted into one branch to provide a 
150-fs delay offset. The two SFG signals are then filtered out by band 
pass filters (centered at 555 nm, bandwidth 40 nm) and finally 
detected by a balanced photodetector (BPD). The BOC curve—the BPD 
output voltages with respect to the time delay of the two input pulses 
at the DM—is measured and shown as the inset of Fig. 2. Apparently, 
BOC converts the timing fluctuations between the two pulses to 
voltage fluctuations at BPD output. In each BPD channel, the RIN of the 
Raman soliton or the excitation pulse also contributes to the voltage 
change, which as the common-mode noise is cancelled out in the 
balance detection. A delay line in the reference arm before the DM 
guarantees that the timing fluctuations are within the detection range 
of the BOC. BOCs have been widely used in ultra-low timing jitter 
characterization [19,20], timing error detection in timing distribution 
systems [21,22], and pulse synthesis from independent mode-locked 
lasers [23].    
    Figure 4(a) plots the RIN of Raman solitons centered at 1200 nm 
(red curve) and 1300 nm (blue curve) generated from 205-cm PCF-
945. Comparison between Fig. 4(a) and Fig. 3 shows that a Raman 
soliton’s RIN and the excitation pulse’s RIN share similar frequency 
dependency in the frequency range between 1 kHz and 10 MHz. The 
spiky structures in the Raman soliton’s RIN in the range between 100 
Hz and 1 kHz might be also caused by the excitation pulse’s RIN, which 
is buried under the instrument noise floor in this frequency range.  
Additionally, ambient acoustic noise may contribute as well.   
    Figure 4(b) presents the measured RTJ for these two Raman solitons. 
Clearly these RTJ curves follow exactly the same frequency 
dependency as the Raman soliton’s RIN curves in Fig. 4(a), implying 
that the RTJ is mainly caused by the excitation pulse’s RIN. Note that 
the RTJ differs from the excitation pulse’s timing jitter, which is 
determined by the mode-locked Yb-fiber oscillator and is ultimately 
limited by quantum noise. For a free-running Yb-fiber oscillator 
operating in the stretched-pulse mode-locking regime, the main 
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quantum noise arises from the amplified spontaneous emission, which 
adds to the intra-cavity circulating pulse when it propagates through 
the Yb-fiber. Consequently, the temporal center-of-gravity of the 
circulating pulse undergoes a random walk, leading to a timing jitter 
with a power spectral density proportional to 𝑓−2[24]. In contrast, the 
RTJ between a Raman soliton and the excitation pulse begins to flatten 
out beyond the Yb-fiber’s relaxation oscillation frequency (~1 kHz), 
closely following the tendency of the excitation pulse’s RIN. Since a 
mode-locked laser’s RIN remains finite at any frequency, the resulting 
center-wavelength fluctuation of a derived Raman soliton is limited 
within a certain range, which in turn results in a bounded RTJ via fiber 
dispersion.     
    Unbounded at zero frequency, the timing jitter of a free-running Yb-
fiber oscillator is dominated by low-frequency jitter. For example, the 
experimental results in Ref. [19] show that, for an Yb-fiber oscillator 
mode-locked in the stretched-pulse regime, the contribution of high-
frequency timing jitter integrated from 10 kHz to 40 MHz is only ~0.2 
fs. As a comparison, the main contribution in a Raman soliton’s RTJ 
concentrates at from high frequency. The two curves corresponding to 
the RMS timing jitter in Fig. 4(b) clearly indicate that the jitter 
contribution below 1 MHz is negligible. A Raman soliton’s absolute 
timing jitter includes both the excitation pulse’s timing jitter and the 
RTJ between these two pulses.  For a Raman soliton excited by pulses 
produced from a free-running oscillator, its timing jitter is dominated 
by the excitation pulse’s timing jitter at low frequency, exhibiting 
𝑓−2character; RTJ contributes mainly at high frequency. 

 

 

Fig. 4. (a) RIN measurement of Raman solitons at 1200 nm (red curve) and 1300 
nm (blue curve). (b) Relative timing jitter of Raman solitons at 1200 nm (red 
curve) and 1300 nm (blue curve). These two Raman solitons are generated from 
205-cm PCF-945. RS: Raman soliton, I-RIN: integrated RIN, ITJ: integrated timing 
jitter. 

    As Fig. 4(b) shows, the integrated RTJs from 50 MHz to 10 Hz are 
33.8 fs and 59.7 fs, which are comparable to the pulse duration (~100 
fs) of the two Raman solitons at 1200 nm and 1300 nm. If a Raman 
soliton and the excitation pulse are employed in nonlinear wavelength 
mixing (e.g., DFG, SFG, four-wave mixing etc.), such a huge RTJ will be 

converted into large RIN and timing jitter of the newly derived pulse. 
For example, we measure the RIN of the SFG signal at the output of one 
of the two BBO crystals. This RIN spectrum resembles the RTJ 
spectrum, and the integrated RIN is ~10%, about two orders of 
magnitude higher than the RIN of the Raman soliton pulse and the 
excitation pulse. 

 

Fig. 5. Timing jitter spectra of the 1250-nm Raman soliton generated by (a) PCF-
945 with different fiber lengths: 28 cm (blue curve), 100 cm (green curve), and 
205 cm (red curve), and by (b) 28-cm fibers with the zero-dispersion wavelength 
at 710 nm (red curve), 825 nm (green curve), and 945 nm (blue curve). ITJ: 
integrated timing jitter.  Inset of (b) shows the dispersion curves of these three 
fibers: PCF-710 (red), PCF-825 (green), and PCF-945 (blue). 

    Reducing timing jitter of a pulse train can be achieved by a feedback 
loop. For example, locking a fiber oscillator’s repetition rate to a 
microwave reference using a feedback loop can significantly suppress 
the low-frequency timing jitter, which constitutes the main 
contribution to a free-running oscillator’s timing jitter. The bandwidth 
limitation (<1 MHz) renders a feedback loop incapable of removing the 
high-frequency (1-50 MHz) components in the RTJ between a Raman 
soliton and its excitation pulse. We have to rely on optimizing the 
system parameters to efficiently reduce a Raman soliton’s RTJ. We first 
investigate the effect of fiber length. Using shorter fiber length with 
higher excitation pulse energy can generate Raman solitons at the 
same wavelength, but with different RTJs. Figure 5(a) plots the RTJ 
spectra of Raman solitons centered at 1250 nm generated by fiber 
PCF-945 with different fiber lengths: 28 cm (blue curve), 100 cm 
(green curve), and 205 cm (red curve); the corresponding integrated 
RTJs are 6.7 fs, 26.3 fs, and 63.9 fs, respectively.  The Raman soliton 
generated by 28-cm PCF-945 shows the lowest RTJ. These 
experimental results are expected because, for the same amount of 
wavelength shift, a Raman soliton experiences less dispersion effect in 
a shorter PCF and therefore accumulates less timing jitter.  
    Raman solitons at a desired wavelength can also be obtained using 
fibers with different dispersions. Besides PCF-945, we choose two 
more commercially available PCFs—PCF-825 and PCF-710 with their 
zero-dispersion wavelength at 825 nm and 710 nm—for a 
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comparison. We fix the fiber length at 28 cm and adjust the excitation 
pulse energy to tune the center wavelength of a Raman soliton. Figure 
5(b) shows the RTJ spectra of the 1250 nm Raman solitons generated 
by these three fibers. Their dispersion curves (inset of Fig. 5(b)) show 
that, in our interested wavelength range of 1035-1300 nm, PCF-945 
has the least dispersion and PCF-710 has the largest dispersion. As we 
expect, the Raman soliton generated from 28-cm PCF-945 exhibits the 
least RTJ (blue curve in Fig. 5(b)) while PCF-710 generates the Raman 
soliton with largest RTJ (red curve in Fig. 5(b)).   
    To further investigate the RTJ dependence on fiber length and 
dispersion, we measure the RTJ of Raman solitons centered at 1200 
nm, 1225 nm, 1275 nm, and 1300 nm as well. Figure 6(a) summarizes 
the integrated RTJ of these Raman solitons generated by PCF-945 at 
different fiber lengths, demonstrating that shorter fiber length leads to 
less RTJ at all Raman soliton wavelengths. Figure 6(b) presents the 
integrated RTJs corresponding to different PCFs all at the same fiber 
length of 28 cm, showing that fiber with less dispersion results in less 
RTJ for Raman solitons centered at the same wavelength. 

 

Fig. 6. Integrated RTJ of Raman solitons generated by (a) PCF-945 with different 
fiber lengths: 28 cm (blue circles), 100-cm PCF-945 (blue triangles), 205-cm PCF-
945 (blue squares) and by (b) 28-cm of PCF-945 (blue circles), PCF-825 (green 
circles), and PCF-710 (red circles). 

The results presented in Fig. 6 suggest that substantial reduction of 
RTJ of a Raman soliton can be achieved by minimizing the accumulated 
dispersion in a PCF. In practice, however, we have to keep the 
accumulated dispersion beyond a certain value. For an excitation pulse 
at a given duration, shifting a Raman soliton to a desired wavelength 
using less dispersive fiber with shorter length necessitates increasing 
the excitation pulse energy. With enough pulse energy, the excitation 
pulse forms a higher-order soliton at the beginning and then breaks 
into N fundamental solitons mainly caused by higher-order dispersion. 
These N fundamental solitons experience different amount of Raman 
self-frequency shift, leading to multiple Raman solitons appearing at 
different center wavelengths. If the accumulated dispersion is too 
small, these N Raman solitons spectrally merge together manifesting as 
a supercontinuum. Consequently access to a specific Raman soliton 
using an optical bandpass filter becomes impractical. Furthermore, 
increased excitation pulse energy causes stronger nonlinearity during 
soliton fission, which is more sensitive to the excitation pulse’s RIN. As 
a result, a resulting Raman soliton may suffer from higher RIN, which 
offsets the benefit of reducing the accumulated dispersion. Indeed, we 
have measured the RIN and RTJ of Raman solitons generated from 18-
cm PCF-945; these Raman solitons have RTJs ~2 times larger than 
their counterparts obtained from 28-cm PCF-945 due to the increased 
RIN. The limitation imposed by increased excitation-pulse energy can 
be mitigated using shorter excitation pulses. For fixed excitation-pulse 
energy, short pulse duration leads to a soliton with smaller order (i.e., 
smaller N); the resulting Raman solitons also have shorter duration 
and red shift with a much faster rate. For example, for a 10-fs excitation 
pulse centered at 800 nm with 325 pJ pulse energy, 15-cm PCF-710 
causes >300 nm wavelength shift, generating a spectrally well-isolated 
Raman soliton at 1120 nm [25].        

    In conclusion, we demonstrate that the RIN of an excitation pulse 
causes center-wavelength fluctuations of the resulting Raman soliton 
and then translates into the RTJ between the Raman soliton and the 
excitation pulse by fiber dispersion. A Raman soliton’s absolute timing 
jitter is dominated at low frequency by the excitation pulse’s timing 
jitter and at high frequency by the RTJ. Our experimental results 
suggest that RTJ can be significantly reduced by minimizing the 
accumulated fiber dispersion experienced by the Raman soliton using 
fibers with less dispersion and shorter length. Ongoing work is to 
further optimize our laser system (e.g., shorten the excitation pulse 
duration) to achieve a Raman soliton with attosecond-level RTJ, which 
is crucial for implementing a low noise mid-IR frequency comb via DFG 
between the Raman soliton and the excitation pulse. 
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