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We theoretically and numerically study the influence of the Raman gain profile on the noise dynamics of the 
supercontinuum generation in a standard all-normal dispersion silica fiber using the scalar generalized nonlinear 
Schrödinger equation. In particular, we investigate the effect of the different secondary resonance gain peaks on 
the evolution of the SC coherence by comparing the coherence obtained when using the measured Raman gain of 
silica with that obtained using different analytical approximations. We demonstrate that the strongest secondary 
peak at 14.8 THz has a significant influence in that it leads to an early development of a decoherence band on the 
long wavelength side of the SC. In contrast, the decoherence is strongly dominated by the short wavelength side 
below the pump for all analytical models not taking this 14.8 THz gain peak into account. We demonstrate that this 
is due to the 14.8 THz peak being spectrally much narrower than the other gain peaks. © 2018 Optical Society of 
America 

OCIS codes: (320.6629) Supercontinuum generation; (190.4370) Nonlinear optics, fibers; (190.5650) Raman effect.  

 

1. INTRODUCTION 
Supercontinuum (SC) sources using all-normal dispersion (ANDi) 

silica fibers are promising candidates to combine the broadband 
performance of the anomalous dispersion pumped SC with excellent 
coherence and low noise [1-3]. This is because noise sensitive 
mechanisms, such as scalar modulation instability (MI) and soliton 
collisions can be suppressed [4-6]. Coherent ANDi SC based on self-
phase modulation (SPM) and optical wave breaking (OWB), which are 
coherent processes [6-7], can be achieved under certain conditions. 
For instance, the pump pulse duration and fiber length are important 
parameters in the coherence of the SC, and the limits were explained 
by Heidt et al. [8] assuming scalar single-polarization propagation. In 
the regime of low absolute dispersion and high pump peak powers, the 
noise-seeded dynamics from stimulated Raman scattering (SRS) can 
be suppressed by parametric four-wave mixing (FWM) resulting in a 
coherent SC when the fiber length is shorter than the coherence length 
[8]. When longer fiber lengths are used, exceeding the coherence 
length, decoherence takes place due to noise arising from SRS. In these 
conditions, ANDi SC generated with short femtosecond pump pulses 
(≲ 600 fs) is the broadest possible and could be coherent up to around 
1 m for 100 kW peak pump power [8]. However, for picosecond pump 
pulses (≳ 1.6 ps) the degradation due to SRS occurs before the 
broadest possible SC is generated and shorter fibers are needed for 
coherent SC. Furthermore, when polarization effects are taken into 

account, polarization modulation instability (PMI) strongly reduces the 
regime of operation for coherent ANDi SC [9]. For instance, the 
broadest possible and coherent SC at 1 m of a standard ANDi fiber 
could only be achieved with pump pulses shorter than 120 fs for 44 
kW [9]. 

In this paper, the polarization effects are neglected in order to 
better focus on the interplay between FWM and SRS as the main 
mechanism that affects the coherence properties in ANDi SC. We 
theoretically and numerically investigate the role that the Raman gain 
profile plays in the strength and spectral distribution of the noise and 
the overall dynamics of the ANDi SC. The simulations are done using 
the scalar GNLSE model, and the noise performance is investigated 
with the first-order coherence function using 600 fs and 1.6 ps long 
pump pulses as appropriate examples.  

In particular, we investigate the effect of the different secondary 
resonance Raman gain peaks on the evolution of the SC coherence by 
comparing the coherence obtained when using the measured Raman 
gain with that obtained using different analytical approximations. We 
demonstrate that the strongest and spectrally narrow secondary peak 
at 14.8 THz has a significant influence in that it leads to an early 
development of a decoherence band on the long wavelength side of the 
SC. In contrast, the decoherence is strongly dominated by the short 
wavelength side below the pump for all analytical models not taking 
this 14.8 THz gain peak into account.  
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2. NUMERICAL MODEL  

A. Generalized nonlinear Schrödinger equation and coherence 
calculation 

We use the scalar approximation of the generalized nonlinear 
Schrödinger equation (GNLSE), where single-mode single-polarization 
is assumed [4]. In this way, polarization effects are neglected and SRS is 
known to be the main source of noise [8]. The GNLSE is solved in the 
frequency domain using the interaction picture formulation and a 
fourth-order Runge-Kutta method [10]. The GNLSE is written as 
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where  t,A z is the field envelope in the time domain and 

 0 ,A z   is its Fourier transform. The fiber dispersion, 

included in      0 1 0        , and total loss     are 

taken into account in the first line of Eq. (1) and shown in Fig. 1(a). The 
dispersion profile of the ANDi silica fiber (corresponding to the widely 
used and commercially available NL-1050-NEG-1 from NKT 
Photonics) and the confinement loss of the fiber are calculated with 
COMSOL Multiphysics. The total loss includes the confinement loss and 
the material loss of silica [11]. The nonlinear part includes a constant 

nonlinear parameter  
1

34 W km


 for simplicity. The Raman 

response function of silica in the frequency domain,  Rh  , is also 

added. The measured Raman gain profile and two of the analytical 
Raman gain models used in this study are shown in Fig. 1(b), which is 
explained more in detail in the next section.  

 

Fig. 1. (a) Calculated dispersion (black) and total loss (blue), including 
material and confinement loss, of the ANDi fiber ( 1.44  ,m   

/ 0.39d   ). (b) Raman gain measured at 526nm 
R

p
[12, 13] (full 

blue), Lorentzian model (dotted red) and Q. Lin model (dashed green) 
used in the simulations. The inset in (b) shows the peak at around 14.8 
THz in the measured Raman gain, which is missing in the analytical 
models. 

The initial conditions for all the simulations are the following: the 
pump is a Gaussian pulse with central wavelength at 1 µm and field 

envelope in the time domain
2 2

00
/(0, ) exp 2   A T T TP . The 

peak power 
0

P  is fixed to 100 kW and 
0 / (2 ln2)FWHMT T , 

where 
FWHMT is the full width at half maximum of the power.  

To evaluate the coherence properties of the SC we include 
quantum noise semi-classically in the input field envelope using the 
one-photon per mode model [4, 14]. To characterize the shot-to-shot 
fluctuations, an ensemble of 20 simulations with different noise seeds 
is used to calculate the first-order coherence at zero-path difference 
given by [4, 15, 16] 
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where angle brackets indicate an ensemble average over independent 
SC pairs    [ , ]i jA A  generated from the 20 simulations with 

different quantum noise.  

B. Raman gain of silica 

The nonlinear response function of silica can be written as 
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where
Rf represents the fractional Raman contribution [17]. The first 

term is the instantaneous electronic response and the second is the 
delayed nuclear response of the material. In Eq. (3), the delayed Raman 

response ( )Rh  consists of the isotropic ( )aR   and anisotropic 

( )bR  contributions [5, 12, 18]. The copolarized Raman gain is given 

by     
   2 Im ( )RR Rg f h [5, 12], where 2eff 2     

R

p
nA  

with 20 2
2 2.6 10 m W


n . The orthogonally polarized part of the 

Raman gain is excluded in the simulations. Figure 1(b) shows 3 of the 
Raman response functions used in the study, which are explained in 
the following: 

- Lorentzian model: this is the simplest single-resonance model, 

which only considers the isotropic part ( ( ) 0)bR   . This model has 

been used extensively in the literature on nonlinear pulse propagation 
in optical fibers and has the form [19] 

2 2

1 1 2 2 1( ) ( )exp( / )sin( / ),Rh        
 

  
  (4) 

where 
1 12.2 fs  ,

2 32 fs  and 0.2Rf  [19]. This model 

overestimates the Raman gain in the frequency shift range above 15 
THz and underestimates it below 10 THz as shown in Fig. 1(b).  

- Q. Lin model: this model corrects the underestimation below 10 
THz of the Lorentzian model by including the anisotropic contribution 
to the copolarized Raman gain, and is given by [12] 
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where 96 fsb  , 0.75,af  0.21,bf  0.04,cf  and 0.245.Rf

The isotropic part ( ) ( ) a a aR f h corresponds to the Lorentzian 

model, and the anisotropic part of the Raman gain is included as 

( ) ( ) ( )b c a b bR f h f h    , which dominates in the low frequency 

region. In this way, the Boson peak at around 3 THz is considered, in 
contrast to the Lorentzian model (Fig. 1(b)) [12]. 



- Measured Raman gain: The Raman gain of silica measured at 

526nm 
R

p
 is shown in Fig. 1(b) [12, 13], which differs from the Q. 

Lin model at frequency shifts above 14 THz. In particular, the 
measured Raman gain has a strong sharp peak at around 14.8 THz, 
which is not included in the Lorentzian and Q. Lin models. Similar 
Raman gain profiles have been measured at other pump wavelengths 

[5, 20]. The fractional contribution used here is 0.21Rf  . This value 

is chosen instead of the commonly used 0.18 [17] because it allows us 
to have a fair comparison between Raman gains by normalizing them 
to the Raman gain peak at 13.2 THz. Other values of the fractional 
contribution can be also found in the literature [21]. 

In the Raman response functions summarized above, the
Rf  is 

estimated for each model by fitting the Raman gain ( )Rg   to the 

measured peak Raman gain 13
( )13.2THz 1.81 10 m W


  R Rg .  

This normalization to the measured peak Raman gain (Fig. 1(b)), 
which is needed in order to implement a fair comparison between the 
different Raman gains, was also used before in the literature [5, 12]. In 
addition, the Raman response function is always normalized in the 

simulations, such that 0 ( ) 1

 Rh t dt [19].  

3. NOISE DYNAMICS   

A. Mixed parametric-Raman gain 

As shown by Heidt at al [8], the Raman gain in ANDi SC can be 
suppressed under certain conditions due to the coupling between 
FWM and Raman. The suppression of the Raman gain by FWM is well 
known and it has been investigated before theoretically and 
experimentally [22-24]. The effective Raman gain when the FWM and 
SRS are taken into account is called mixed parametric-Raman (MPR) 
gain, and is given by [8, 22-24] 

 
0

*( ) ,2 Re (2 )g P K q K     (6) 

where 
0/ (2 P )  K is the linear phase mismatch normalized to 

the nonlinear contribution to the mismatch, with 
2 4

42 12 ...        and (1 ) ( )R R Rq f f h    . The 

dispersion values for the ANDi fiber shown in Fig. 1(a) are 
27 2

2 8.67 10


  s m and 
55 4

4 1.93 10


  s m at 1 µm, which 

makes   positive and thus  0K . Let us summarize the limits of 

the MPR gain for normal dispersion pumping at 1 µm and   

positive: When 0K  , corresponding to high pump peak power or 

pumping close to the zero dispersion, the MPR gain is reduced, and 
completely canceled for 0K  . In addition, when SRS is negligible (

0 1  Rf q ), the MPR gain is zero because  0K . However, pure 

parametric gain can be obtained when 
4 0  [23] for frequency shifts 

at which K  becomes positive. Therefore, it is important to consider

4 in the calculations of the MPR gain in normal dispersion as it can 

lead to MI sidebands for some frequency shifts, depending on the 
dispersion values. On the other hand, when K   there is 

complete phase mismatch and thus FWM has no influence. 
Consequently, the MPR gain becomes 

   *
0 0

*(K ) Im Im2 2 f ( )R RR qg g P P h       , which we 

denote *Rg  because it is directly proportional to the pure measured 

Raman gain  * eff0 / RRg P A g .   

The MPR gain suppression can be estimated for the parameters 
used here by calculating the linear phase mismatch parameter at the 
Raman peak Ω = 2π·13.2 THz, which gives 0.0089 K  . From this 

value, we expect FWM-induced suppression of the Raman gain in that 

the MPR gain length * *1 6.89mmRL g   is more than 10 times 

longer than the corresponding gain length that would be obtained 

when FWM is neglected, * *1 0.51mmRRL g  .  

Figure 2 shows the MPR gain normalized with 
0

2 P for the 

measured Raman gain.  First, we observe that the MPR gain *g is 

drastically reduced in comparison to the corresponding pure Raman 

gain *Rg , as expected from the calculation of the MPR gain at 13.2 THz. 

We can also see that in contrast to *Rg , in which the maximum gain is 

at 13.2 THz, the MPR gain *g  has a maximum around 14.8 THz. This 

can be explained by the fact that the reduction of the Raman gain by 

FWM is frequency dependent through the parameters K and q . For a 

given Raman gain, the value of K increases with frequency shift and 

therefore gain suppression is lower at higher frequency shifts, as 
shown in the inset of Fig. 3. 

Figure 3 shows the MPR gain normalized with 
0

2 P for the 

measured Raman gain and the Lorentzian and Q. Lin models. The 
parameter values are the same as in Fig. 2. We observe that the Boson 
peak at around 3 THz, in the measured Raman gain and the Q. Lin 
model (Fig. 1(b)), is completely suppressed by FWM due to the low 
value of K here (see inset). As a result, the shape of the MPR gain is the 

same for the Q. Lin and Lorentzian models, but slightly higher for all 
frequency shifts with the Q. Lin model due to the chosen normalization 
of the Raman response. Thus, we would expect to observe higher noise 
when using the Q. Lin model compared to the Lorentzian model. The 
MPR gain for the measured Raman gain is similar to both analytical 
models at frequency shifts lower than around 14 THz, and the broad 
peak at 13.2 THz is at the same level for both models. Above 14 THz, 
the narrow peak at 14.8 THz dominates and the gain at higher 
frequency shifts is lower than for the analytical models. In conclusion, 
we would expect to have contribution to the noise from the peak at 
14.8 THz when the measured Raman gain is used in the simulations, 
but not when the analytical models are used, for which the main 13.2 
THz peak dominates. 

 

Fig. 2. Normalized MPR gain profile for the measured Raman gain and 
the parameters used in the simulation (solid), The corresponding pure 
Raman gain, obtained for K , is shown as a dashed line. The 

inset shows a maximum around 14.8 THz for the MPR gain. 

 



 

Fig. 3. Normalized MPR gain profile for the three Raman gain profiles 
in Fig 1(b): measured Raman gain (blue), Lorentzian (red) and Q. Lin 
(green) models. The inset shows the frequency dependence of K . 

B. Sub-picosecond pump pulses 

After the discussion of the influence of FWM on the effective Raman 
gain for the three Raman gain models, we perform simulations with 

the GNLSE for a sub-picosecond pulse length of 600 fsFWHMT to 

investigate the effect of the Raman gain profile in the noise dynamics of 
the ANDi SC. 

Figure 4 shows the evolution of the spectrum and the coherence 
obtained when using the Raman gains displayed in Fig. 1(b). For all 
cases, the SC evolves similarly initially and is fully generated already 

after 10 cm because the OWB distance [7] is short 7.03OWBL cm for 

our conditions. After about 30 cm, the long wavelength part of the SC 
spectrum develops spectral fluctuations for the measured Raman gain, 
whereas it continues to be smooth for the two analytical models. A 
spectral dip develops at around 850 nm after 50 cm for all models and 
another one develops at around 1150 nm after about 1 m for the 
measured Raman gain.  

In relation to the noise, the MPR gain length is around 7 mm and 
thus we would expect to have the first signature of noise within a few 
cm of propagation. However, the noise starts much later in the fiber at 
around 0.5 m as a result of the fast SPM broadening. The coherence 
evolves similarly for the two analytical Raman models and as expected 
it develops slightly later for the Lorentzian model, which has a slightly 
lower MPR gain than the Q. Lin model for all wavelengths (see Fig. 3). 
The noise is seen to start on the short wavelength side close to the 
maximum blue SPM peak, as was also observed and discussed by Heidt 
et al. using the Q. Lin model [8]. 

However, when the measured Raman is used the evolution is 
different. At short distances around 0.5 m, coherence is maintained at 
long wavelengths even though there are spectral fluctuations, as seen 
in Fig. 4(e-f).  After more propagation, decoherence starts in the short 
wavelength side slightly later than with the analytical models. 
However, after around 80 cm, decoherence develops in the long 
wavelength side of the spectrum, which is not observed with the 
analytical models. Therefore, the coherence degradation for 
wavelengths above the pump is faster when using the measured 
Raman gain in the simulations. From the analysis above we would 
anticipate this to be due to the strong peak in the MPR gain at 14.8 THz 
(see Fig. 3), which is only present for the measured Raman gain profile 
and as we will show later this is also the case. 

To look a bit deeper into the properties of the SC and coherence 
spectra we show in Fig. 5 single-shot spectrograms at 0.5 m, 1.0 m, and 
2.0 m propagation. The classical S-shape of the ANDi SC spectrum [2, 6] 
is seen in all spectrograms. We observe that at 0.5 m, spectral 

fluctuations have appeared on the short wavelength side below the 
pump at around 800 nm for all the gain profiles Furthermore, the 
measured Raman gives also spectral fluctuations at longer 
wavelengths than the pump, not present with the analytical models. 
After 1 m of propagation, the fluctuation at short wavelengths spreads 
towards longer wavelengths and reached the pump wavelength for all 
the models. The long wavelength fluctuations have also spread for the 
measured Raman gain, but are still not present for analytical models. In 
the time domain, the interference is only located in the trailing part of 
the pulse for the analytical models. For the measured Raman, not only 
the trailing edge but also the leading edge of the pulse is corrupted.  

At 2 m the SC spectrum has developed fluctuations across the 
whole bandwidth for the measured Raman gain, except below 700 nm, 
which corresponds to the slowest trailing edge of the pulse in the time 
domain. In contrast, the fluctuations generated slowly from the 800 nm 
region with the analytical models have only spread to about 1300 nm, 
so a smooth spectrum is still visible at longer wavelengths for these 
models. 

The conclusion is that the Q. Lin and Lorentzian models give 
similar behavior in the frequency and time domains (slightly noisier 
for the Q. Lin model), whereas using the measured Raman model the 
SC develops more fluctuations for wavelengths above the pump than 
the analytical models.  

To investigate the effect of the Raman peak at 14.8 THz, we used 
the analytical multi-resonance model described in [25], which is a good 
approximation to the measured Raman gain profile across the whole 
spectrum and more importantly, for which the peaks can be easily 
individually removed. Due to its many resonances and consequently 
long expression, we refrain from giving it here, but refer the reader to 
[25]. In Fig. 6 we show the average spectrum (red), the spectral 
fluctuations (grey), and the coherence (blue) at 2 m obtained with the 
full model (a) and the full model without the 14.8 THz peak (b). We 
also show the measured Raman gain model in Fig. 6(c). We see that 
when the peak at 14.8 THz is removed (Fig. 6(b)), the noise and 
spectral fluctuations in the long wavelength side of the spectrum 
vanish, which confirms that they are indeed caused by the 14.8 THz 
peak. The other secondary peaks above 14.8 THz also contribute to the 
noise and spectral fluctuations, but with much less efficiency, as their 
gain is low.  

After identifying the 14.8 THz peak as the main responsible cause 
for coherence degradation in the long wavelength side of the SC, we 
now investigate the mechanism that leads to this additional noise 
dynamics. For this, the main features of the 14.8 THz peak are 
examined: (a) the high MPR gain and (b) the spectral width of the peak. 
First of all, it is straightforward to understand that a higher gain results 
in faster decoherence, and therefore decreasing the gain of the 14.8 
THz will reduce the coherence degradation at long wavelengths. For 
instance, when the gain of the 14.8 THz peak is zero - corresponding to 
the case where the peak is removed (Fig. 6(b)) - the decoherence at 
long wavelength ceases.  

The second important feature is the spectral width of the 
resonance peak. Narrow spectral resonances with sufficiently high 
gain result in longer temporal decay of the Raman response. Figure 7 
shows the Raman response in the time domain when the 14.8 THz 
peak is included (blue) or removed (red), which corresponds to the 
Raman gain used in the simulations in Fig. 6(a) and (b), respectively. 
We can see that the inclusion of the spectrally narrow 14.8 THz peak 
results in a longer temporal decay of the Raman response as expected. 
The effect of the longer temporal decay on the noise generated at long 
wavelengths can be explained as follows:  

 
 
 



 

 

Fig. 4.  Mean SC evolution and spectral coherence (for an ensemble of 20 simulations) over 2 m for 600 fs pump at 1 µm and 100 kW input peak 
power using the three different Raman gain profiles in Fig. 1(b). (a, b) Q. Lin model, (c, d) Lorentzian model and (e, f) measured Raman gain.  

 

Fig. 5.  Single-shot SC spectrograms for 600 fs pump at 1 µm and 100 kW input peak power using the three different Raman gain profiles in Fig. 1(b). 
(a-c) Q. Lin model, (d-f) Lorentzian model and (g-i) measured Raman gain. Each column corresponds to a fixed propagation distance (0.5 m, 1 m and 
2 m). 



 

Fig. 6.  Mean SC spectrum (red), spectral fluctuations (grey) and spectral coherence (blue) at 2 m for 600 fs pump at 1 µm and 100 kW input peak 
power using (a) the full model for the measured Raman and (b) the model without the peak at 14.8 THz. (c) full model for the measured Raman 
given in [25]. 

As Raman components are generated from the outermost SPM 
peaks on both sides of the spectrum, we would expect to have noise in 
both sides of the spectrum, however, this is not the case when the 
analytical Raman models are used. This can be explained by the fact 
that the generated Raman components are located in two completely 
different regions. In the short wavelength side, the Raman Stokes 
component, which is the strongest, lies in the SPM region close to the 
outermost SPM peak, whereas in the long wavelength side, the Raman 
Stokes line lies in a region with lower power than the SPM region. 
Therefore, the generation of a Stokes line in the SPM region, which has 
more power, together with the faster dynamics in the short 
wavelength side allows for more noise to be accumulated in this region 
than at the long wavelength side of the SC. However, the noise 
dynamics can change when a spectrally narrow peak with high MPR 
gain, such as the 14.8 THz peak, is included in the Raman gain. The high 
MPR gain (18% higher than the broad 13.2 THz peak) results in a 
faster growth of the Raman noise, while the longer temporal decay of 
the Raman response can lead to further accumulation of noise, which 
together cause the decoherence of the long wavelength side of the SC. 

 

 

Fig. 7. Normalized Raman response in the time domain, corresponding 
to the full (including the 14.8 THz peak) multi-resonance Raman model 
(blue) and when the 14.8 THz peak is removed (red). The inset shows 
the longer decay time of the Raman response when the narrow 
resonance peak at 14.8 THz is included. 

To investigate the effect of the spectral width of the resonance 
peaks, the multi-resonance model [25] is used again, but in this case 
the 24 THz peak is numerically enhanced to have the same MPR gain 
as the 14.8 THz peak in Fig. 3. Afterwards, the 14.8 THz peak is 

removed in order to study the effect of the 24 THz peak alone. The 
choice to investigate the 24 THz peak is because it is easier to change 
its width without altering the 13.2 THz peak. Figure 8(a) shows the 
two Raman gains used in the simulations to investigate the 24 THz 
peak. The corresponding Raman response in the time domain (Fig. 
8(b)) shows a longer decay time for the narrow (dark blue curves) 
than for the wide (light blue curves) 24 THz peak. Simulations were 
then performed similar to Fig. 6 but with the Raman gain in Fig. 8(a). 
We observe that the decoherence at long wavelengths only surfaces for 
a sufficiently narrow 24 THz peak (Fig. 8 (c)) and vanishes when the 
peak is wide (Fig. 8 (d)). This result suggests that there is a 
correspondence between narrow resonance peaks and the additional 
noise at long wavelengths. Moreover, the position of the narrow 
resonance peak seems to play a qualitatively minor role in the 
decoherence at long wavelengths, because this additional noise is 
present regardless of where the peak is located. 

C. Picosecond pump pulses 

In this subsection, we investigate the effect of the Raman gain on 
the noise dynamics for a longer 1.6 ps pump pulse, but otherwise 
unchanged parameters, in order to examine the influence of the pump 
pulse length. We show in Fig. 9 the evolution of the spectrum and 
coherence as in Fig. 4 for 600 fs. In this case, the broadest SC is 
generated later in the fiber due to the longer OWB distance,

18.7OWBL cm , compared to the 600 fs case. The MPR gain length is 

the same as in the 600 fs case as it does not depend on the pulse length. 
However, the SPM and OWB dynamics is slower than in the sub-
picosecond case and thus the decoherence starts earlier. For all the 
Raman gain profiles the SC evolves now similarly along the fiber.  

 At around 17 cm the OWB has developed in the short wavelength 
side. In the long wavelength side, OWB happens again later due to the 
smaller slope of the dispersion, which makes the group velocity 
difference smaller between the pump and the outermost SPM peak 
than at the shorter wavelength side [8]. Consequently, we see that a 
Raman peak is being generated before OWB and this long wavelength 
Raman peak is introducing noise quickly covering the whole long 
wavelength regime.  

The short wavelength noise around 800 nm is still observed, but 
now it appears after the long wavelength Raman peak being generated, 
which means that the noise dynamics is very similar for the three 
Raman gain profiles under study. We can then conclude that the 
specific contribution of the peak at 14.8 THz is less important for the 
qualitative noise development than in the sub-picosecond pump case.  



 

 

Fig. 8.  (a) Pure Raman gain and (b) corresponding normalized Raman response time with numerically enhanced and wide (light blue) and narrow 
(dark blue) 24 THz peak. The inset in (b) shows longer decay time for the narrower 24 THz peak (dark blue). Mean SC spectrum (red), spectral 
fluctuations (grey) and spectral coherence (blue) at 2 m using the Raman gain with (c) the narrow and (d) the wide 24 THz peak. 

 

Fig. 9.  Mean SC evolution and spectral coherence (for an ensemble of 20 simulations) over 1 m for 1.6 ps pump at 1 µm and 100 kW input peak 
power using the three different Raman gain profiles in Fig. 1(b). (a, b) Q. Lin model, (c, d) Lorentzian model and (e, f) measured Raman gain.  

 
 



4. CONCLUSIONS 
We theoretically and numerically investigated the effect of the 

Raman gain profile on the noise performance of an SC generated in a 
standard ANDi silica fiber pumped close to the wavelength of 
maximum dispersion. We theoretically showed that when the 
conditions of Raman gain suppression by FWM are satisfied, the 
frequency dependence of the effective MPR gain can differ significantly 
from that of the pure Raman gain. The reduction of the MPR gain is 
more pronounced at frequency shifts below 13 THz, which means that 
the Boson peak at 3 THz is completely suppressed. Most importantly, 
the frequency dependence of the FWM induced Raman gain 
suppression means that the measured MPR gain has its strongest 
localized peak at 14.8 THz and not at 13.2 THz as in the pure Raman 
gain and the analytical Lorentzian and Q. Lin models of the Raman gain. 
The 14.8 THz peak is 18% stronger than the 13.2 THz gain value, 
which can significantly change the noise performance of ANDi SC 
generation.  

For sub-picosecond pump pulses (600 fs in our investigations), 
our numerical simulations confirmed that a significantly different noise 
dynamics is found using the measured Raman gain in the simulations, 
compared to the commonly used analytical Raman models. In 
particular, the 14.8 THz peak introduces noise in the long wavelength 
regime above the pump not present in the analytical models. 

We also showed that the additional noise at long wavelengths due 
to the 14.8 THz peak is related not only to its high gain, but also to its 
spectrally narrow width. As a result of the longer decay time of the 
Raman response in the time domain and the consequent accumulation 
of noise, decoherence in the long wavelength side of the SC is observed 
for sub-picosecond pump pulses. 

For picosecond pulses (1.6 ps in our investigations), due to the 
slower SC evolution compared to the sub-picosecond pulses, the 
Raman lines develop faster and have a stronger contribution to the 
noise at long wavelengths. In this case, we found that similar noise 
performance was obtained using the measured Raman gain and the 
Lorentzian and Q. Lin analytical models. 

To conclude, our results indicate that the use of the measured 
Raman gain of silica or a multi-resonance model that includes the 14.8 
THz peak [25] should preferably be used in numerical modeling to 
calculate the noise performance of ANDi SC generation in silica fibers. 
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