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A B S T R A C T   

In this paper, we show that a continuous-wave ytterbium-doped fiber laser implemented in the conventional 
configuration of a Fabry-Perot cavity with two fiber Bragg gratings as selective reflectors and a moderate output 
power (tens of watts) generates two groups of photons, each of which is characterized by its own statistics. The 
statistics of the first group are described by the M− fold degenerate Bose-Einstein distribution, where M is the 
number of independent states of spontaneous emission, which, in turn, depends on the laser linewidth and the 
radiofrequency band of the recording equipment. This kind of light is classified as narrow-band thermal light. 
The second group of photons is described by the extreme-value exponential statistics with a probability of 
encountering extremely large photon events much greater than expected from the Bose-Einstein distribution, 
which is classified as optical rogue waves. At a low laser power, the first group of photons strongly dominates 
over the second. As the laser power increases, the fraction of photons of the second group increases mono
tonically; above a certain threshold, the fraction of this group increases, reaching tens of percent of the total 
number of laser photons.   

Introduction 

Ytterbium-doped fiber lasers (YDFLs) are versatile photonics devices 
that operate in various regimes such as continuous wave (CW), Q- 
switched, mode-locked including solitons, noise pulses, etc. [1–6]. CW 
double-clad (DC) YDFLs are very efficient light sources with optical-to- 
optical conversion efficiency as high as 80% [1,7,8] and a wide optical 
range, from ~ 975 nm to ~ 1180 nm [9–14], with output power scalable 
up to very high levels, from several kW in single mode [7,8,15] to tens of 
kW in multi-mode configurations [16–18]. Due to very large power 
scaling and the perfect energy budget YDFLs found a great number of 
biomedical [19,20] and industrial applications [21], they can be used as 
an optical pump for other types of lasers [22–25], for frequency 
nonlinear conversion [26,27], and so on. 

CW-YDFLs implemented using a Fabry-Perot cavity with fiber Bragg 
gratings (FBGs) as selective reflectors demonstrate high-level intensity 
(photon) noise that is characterized by the M− fold degenerate Bose- 
Einstein statistics where M is a number of independent states of ampli
fied spontaneous emission (ASE) [28,29]. This kind of intensity noise 

describes thermal light with a narrow optical band [6,28] which origi
nates from the intensity fluctuations of a narrow-band spontaneous 
emission (SE) amplified together with the laser wave on each pass along 
the gain fiber. Recently it was shown that pulses composed of narrow- 
band thermal light (pulsed ASE source) are twice as efficient in wave
length conversion through second harmonic generation if compared to 
transform-limited pulses with identical mean photon flux [30]. 

If the intra-cavity laser power is high enough so that the optical 
nonlinear effects related to the Kerr nonlinearity play an important role 
in the laser wave evolution, the laser optical spectrum dramatically 
broadens [13,31]. This effect leads to a decrease in the effective 
reflection of the laser output coupler (low reflection FBG) due to a 
spectral surrounding of its reflection spectrum by the laser wave with a 
broadened spectrum and, consequently, to decreasing the quality factor 
of the laser cavity and to increasing the active fiber gain [13]. In turn, 
the latter may result in arising CW parasite lasing at the wavelength at 
which ytterbium-doped fiber (YDF) gain has a maximum (1.06–1.09 μm) 
when YDFL operates in the long wavelength range (1.12–1.20 μm), 
which decreases the laser efficiency and also can ignite SBS pulsing 
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potentially dangerous for the active fiber [32]. 
In this paper, we discuss the photon statistics of a CW-DC-YDFL with 

random polarization, moderate output power (30 W), and broadened 
optical spectrum in detail. All experimental histograms of the laser 
power were analyzed in the broad range of the photon noise magnitudes, 
of approximately 100 dB of difference between the maximum and 
minimum values of the photon noise power, considering the noise his
togram of the registering equipment. To make the photon statistics 
clearer, we used polarized laser light for the experimental study. 

We show that the laser signal consists of two groups of photons: the 
first group is characterized by the Bose-Einstein statistics with a de
generacy factor M equal to the number of independent states of ampli
fied spontaneous emission in the laser signal, which is defined by the 
ratio Bopt/Bel (Bopt is the laser linewidth and Bel is electrical bandwidth of 
the receiving equipment, both in Hz). The second group of photons is 
described by the exponential distribution, which is observed usually 
when Bopt ≪ Bel. (Generally, an exponential distribution is a case of the 
Bose-Einstein statistics when M = 1.) We show that the reciprocal 
exponential decay constant of this distribution that should be equal to 
the average number of photons of the second group detected by PD 
during the integration time Δt = 1/Bel (the value that relates to the mean 
laser power), is much larger than expected, so the absolute slope of the 
photon count distribution is much smaller and, therefore, a probability 
of encountering extremely large photon events is very high. These strong 
photon events with unexpectedly high probability can be classified as 
optical rogue waves. 

We also show that as the laser power grows, the part of laser photons 
characterized by the exponential statistics increases strongly, despite the 
fact that the width of the laser spectrum and, as a consequence, the 
M− factor increase. At high laser power, the number of photons related 
to optical rogue waves reaches tens of percent in the total number of 
photons generated by the laser. 

Note that the first observation of the rogue waves in optics was 
related to the experiments with supercontinuum generation in photonic 
crystal fibers using YDFL as a pump source was reported in Ref. [33] in 
which the correspondent link between rogue waves in optics and the 
ocean was established for the first time. It is worth mentioning the 
important overviews of the optical rogue waves were presented in Refs. 
[34,35]. 

We believe that the presented work allows one to clearly understand 
the physics behind CW operation of YDFL important for applications. 

Laser setup and basic characteristics 

The YDFL studied was implemented in a Fabry-Pérot cavity config
uration commonly used in high-power fiber lasers (FLs). The experi
mental setup is shown in Fig. 1(a). A commercially available DC-YDF 

(Coherent, SM-YDF-5/130-VIII) was used as a gain medium. The YDF 
was bent on an aluminum cylinder with 18-cm outer diameter and 
length LYDF = 12 m, which provides 20-dB DC absorption at the pump 
wavelength (975 nm). Two 30-W laser diodes (LD1 and LD2) with 
multimode outputs were used for pumping the YDF through a com
mercial (2 + 1) × 1 multimode pump combiner. 

Two home-made fiber Bragg gratings (FBGs) were used as the laser 
cavity mirrors: the first one (FBG1) with a reflection of 100%, as the rear 
mirror, while the second one (FBG2) with a reflection of Rout = 21%, as 
the output mirror. The laser cavity length found as a fiber length be
tween FBGs was Lc = 13.5 m. FBGs’ reflection bandwidths measured as 
FWHM measured using an optical spectrum analyzer (OSA) (Yokogawa 
AQ6370D) with 34 pm-resolution at the laser wavelength were 220 pm 
and 44 pm, respectively. Both FBGs were written in a single-mode fiber 
with the Bragg wavelength at λs = 1061 nm (the laser wavelength). 

A cladding mode stripper (CMS) was used to damp the residual pump 
at the FBG2 input. To decrease the parasite reflection from both laser 
sides we used 7◦-fiber cuts. The in-line polarizer with PANDA fiber tails 
placed at the photodetector (PD) input was used (not shown), which 
allowed one to decrease the number M of independent states of spon
taneous emission by a factor of two. 

The laser output power characteristics are shown in Fig. 1(b), from 
which the laser optical-to-optical conversion efficiency was estimated as 
70%; the laser threshold pump power was 1.5 W. The broad-band laser 
spectra measured at different pump powers with a resolution of 0.5 nm 
are shown in Fig. 1(c). The spectra do not demonstrate any in
homogeneities or peaks related to Brillouin or Raman scattering. Fig. 2 
shows a typical oscilloscope trace of the laser signal registered by a 25- 
GHz photodetector (Newport, model 1414) connected with a 16-GHz 
real-time oscilloscope (Tektronix, DPO71604C); the cumulative RF 
band of this set of devices is 15.5 GHz. From this figure, one can see that 
YDFL operates in a quasi-CW regime characterized by random noise 
pulsing with random amplitudes, widths, and intervals of sequence (see 
also Refs. [6]). 

Experimental results and discussion 

Narrow-band optical spectra and M− factor 

The YDFL narrow-band optical spectra were measured in the whole 
range of laser power using OSA with a resolution of 34 pm, see Fig. 3(a). 
From this figure one can see that the laser spectra dramatically broaden 
with increasing laser power, the effect observed in powerful CW-YDFLs. 

All the spectra were fit using Gaussian law for further deconvolution 
of the laser spectra. This procedure considers the fact that the OSA 
spectral response on the extremely narrow-line laser signal (DFB semi
conductor laser with 130 kHz-optical linewidth) is almost Gaussian. In 

Fig. 1. (a) YDFL setup. (b) YDFL power vs. pump power. (c) YDFL spectra vs. laser power. The values of laser power are shown in the inset.  
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the whole range of the laser power the spectra are fit by the Gaussian 
function with the residual sum R2 better than 0.99, see Fig. 3(b) in which 
the laser spectra measured at four power values are shown. Note that the 
Gaussian shape of the laser line is important for the calculation of the 
M− factor using the known laser spectrum width (Bopt) since the 
analytical solution used for the simulation is derived for the Gaussian 
spectrum (see chapter 6 in ref. [28]): 

M = s
π
(
Bopt/Bel

)2

π
(
Bopt/Bel

)
erf

[ ̅̅̅
π

√ (
Bopt/Bel

) ]
−
[
1 − exp

(
− π

(
Bopt/Bel

)2
) ] (1)  

where s is the number of polarization states (one or two) and erf is a 
standard error integral. 

The measured and deconvoluted laser linewidths are presented in 
Fig. 3(c) together with the M− values calculated using Eq. (1). It is seen 
that the deconvoluted (real) spectrum width monotonously increases as 
the laser power grows. At laser power below the specific value P0 ≈ 15 W 
the slope of this dependence is about 1 pm/W, while at laser power 
above P0 the slope increases by approximately 6 times, to about 6 pm/W. 
The M− factor shows a similar behavior: it increases initially with the 
laser power growth with the slope of 0.0085/W, but above P0 the slope 
increases by an order, to 0.08/W. 

The value of the laser power P0 ≈ 15 W at which the slopes are 
dramatically increased is related to the self-phase modulation of the 
laser wave propagating along the YDFL cavity. Considering the YDF gain 
is a constant along the cavity [36] (approximation frequently considered 
for CW-DC-YDFL simulation) and that LYDF ≈ Lc, and accounting for the 

effective reflection of the output mirror of the laser cavity (FBG2) Reff as 
the third part of Rout [6], the YDF gain is found as g = ln(Reff

− 1)/(2Lc) =
0.1 m− 1. Thus, when Pout = P0, the averaged power Pavg of the laser wave 
reflected by FBG2 and propagated along the amplifying fiber to FBG1 
and then back to FBG2 is given by 

Pavg =
Reff

1 − Reff
P0

1
2Lc

∫ 2Lc

0
egzdz = 5.5W (2)  

where Reff /(1-Reff) is the fraction of laser power reflected by FBG2 back 
to the laser cavity. 

Considering the known Pavg and the fiber parameters as the nonlinear 
refractive index n2 = 4.3 × 10− 20 m2/W at 1060 nm [37] and the 
effective area of the laser beam in the fiber A = π(MFD/2) = 34 μm2 

(MFD is the mode-field diameter at 1060 nm), one can easily obtain that 
the nonlinear fiber length LNL is 25 m ≈ 2Lc, at which the nonlinear 
phase φNL = π [38]. Thus, when the laser power Pout increases to 15 W 
the nonlinear phase reaches the π-value, above which the laser spectrum 
and the M− factor dramatically increase with further laser power 
growth. 

Note that the M− factor values obtained will be used for detailed 
simulation of the laser photon statistics, as shown below. 

Accounting for photodetector noise in the fitting of the photon count 
histograms: Theory 

Since the experimental histograms of the laser photon count distri
butions (or probability density functions, PDFs) demonstrate very large 

Fig. 2. Typical laser trace in the large (a) and the short (b) time intervals. The laser mean power is 23.2 W.  

Fig. 3. (a) Laser spectra measured in the whole range of YDFL power. The minimum power is 0.53 W (the bottom blue curve) and the maximum power is 30 W (the 
upper gray curve). The power at which the spectra were measured corresponds to that of the experimental points shown in Fig. 2(c). (b) Normalized laser spectra 
(linear scale). The symbols are experimental points and the solid curves are fits by the Gaussian function. The powers at which the spectra were measured are shown 
in the inset. (c) The measured (black circles, curve 1) and deconvoluted (blue circles, curve 2) values of the YDF linewidth vs. laser power, the left scale. M− values vs. 
laser power (the red circles, curve 3), the right scale (curve 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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tails, with events that randomly reach power by up to two orders higher 
or even more than the mean (CW) laser power Pmean, we had to attenuate 
the laser signal so that PD used in the experiments is far from saturation. 
In this case, the PD noise affects photon statistics because each experi
mental point of the photon PDF is a convolution of the real photon 
statistics and the PD noise statistics: 

Pexp(n) = A
∑K

− K
P(n − k)Gauss(k) (3)  

where Pexp(n) is the normalized experimental PDF for n photons regis
tered by the PD (photoelectrons) during the integration time Δt = 1/Bel, 
k is a number of electrons generated randomly in PD during Δt (pro
portional to PD instantaneous noise voltage), P(n) is the PDF described 
by the M− fold degenerate Bose-Einstein distribution (MBED) (see 
chapter 9 in ref. [28]): 

P(n) =
(n + M − 1)!
n!(M − 1)!

(n)n

(1 + n)n+M (4)  

In Eq. (3) above, Gauss is the Gaussian function, K characterizes the 
range in which the noise PD dark voltage fluctuates, and A is the pro
portionality coefficient used for the PDF normalization. The photon 
number n changes from zero to tens of the mean photon number n. Since 
the normalized histograms practically do not vary for n ≥ 200 [39], we 
used n = 200 in calculations. Note that in the absence of the PD noise, a 
photon number n registered by PD during Δt is proportional to the 
instantaneous laser power. 

The PD dark current noise histogram is shown in Fig. 4(a), which is 
fit by the Gaussian function with R2 = 0.99998. A slight shift of the 
histogram to positive values (0.176 mV) will be used for correcting the 
PDFs of the laser photons. 

Two examples of the photon distribution modeled with allowance for 
the PD noise histogram for M = 1 and M = 2 are shown in Fig. 4(b) and 4 
(c), respectively. The horizontal axes are shown in the photon number 
normalized to the mean photon number; the bottom insets show values 
of the standard deviation w at which the distributions were simulated. 
From these figures, it is possible to conclude that with increasing w the 
normalized PDF of phonon count broadens and its peak shifts to the right 
direction, both effects may be associated with a change in the M− factor 
if the PD noise is not considered. Therefore, PD noise must be considered 
for a correct M− factor calculation. 

Fitting of the experimental photon count histograms 

Fig. 4 shows three examples of fitting the experimental histograms of 
photon distribution when PD noise is considered. The histograms are 
presented as PDFs of the PD voltage (proportional to photon count) 
normalized to its maximum versus the instantaneous laser power (pro
portional to the photon number n) normalized to the mean laser power. 
The histograms simulated by MBED without and with consideration for 
the PD noise distribution are shown for comparison. 

The first observation is that the photon statistics is more complex 
than the one described by MBED only: at low instantaneous powers, 
from zero to a few mean laser power, it is fitted with high precision by 
BMED accounting for PD noise and using M− factor found from the laser 
linewidth (Fig. 3(c)). At higher instantaneous power the absolute slope 
of the experimental histogram dramatically decreases; the fit in this case 
can be realized by a sum of MBED and a number of the exponential 
functions with different decay constants. Note that MBED with M = 1 is 
the exponential distribution with a decay constant equal to the mean 
number of photons n (proportional to the mean laser power) considered 
in the experiment. 

When the mean laser power is low (see Fig. 5(a)) multiple expo
nential functions are used for fit (the fit shown in the graph was per
formed by MBED and five exponentials). The maximum of instantaneous 
laser power observed at the normalized PDF level of 5 × 10-10 (the 
registration equipment limit) is approximately two orders higher than 
the mean laser power. The negative PDF values are observed due to the 
negative fraction of the PD noise (see Fig. 4(a)). 

At higher mean power (Pmean ≥ 4 W) the experimental PDF is fit by a 
sum of MBED and two exponentials, one of them fits the histogram tail 
and another one the transition area between MBED and the tail, see 
Fig. 5(b) in which the experimental and simulated histograms are shown 
for Pmean = 5.4 W. Note that only the exponential that fits the experi
mental histogram tail is of our interest since it describes the high power 
photon events, so the other one is omitted. The reciprocal decay constant 
of the exponential that fits the PDF tail is 34 W which is 6.3 times higher 
than the mean power of the photons described by MBED (see curves 2 
and 3 in Fig. 3(b)) while their averaged power (photon number regis
tered during Δt) is negligible as compared to Pmean. 

With further Pmean increase, the transient area between the parts of 
the photon count histogram described by MBED and the exponential 
histogram tail gets shorter, and at Pmean > 10 W this area disappears. In 
such circumstances the photon count histograms are fit by MBED and a 
single exponential function, see Fig. 5(c) in which the histograms are 
plotted for Pmean = 16.2 W. It is seen that the exponential function fits 

Fig 4. (a) Normalized histogram of the photodetector noise: the circles are the experimental points and the solid curve is the Gaussian fit. The standard deviation is 
wPD = 0.56 mV and the peak position xc = 0.176 mV. Convolution of the photon count distribution characterized by (b) M = 1 and (c) M = 2 and the photodetector 
noise histogram for different values of the standard deviation w normalized to the PD voltage at Pmean (the bottom insets) vs. the photon number n normalized to the 
mean photon number n. Insets in the top right corner show the zoomed area near the histograms’ peaks in linear scale. NPN is the normalized photon number and 
NPDF is the normalized PDF. 
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the histogram tail in the range of the instantaneous laser power from 
150 W to 320 W, with the decay constant equal to 37 W, the value 
slightly higher than in the case of Pmean = 5.4 W. At the instantaneous 
laser power above 300 W the histogram tail drops by ~ 5 times, main
taining approximately the same exponential decay constant in the 
instantaneous power above 400 W (see the orange dash line). 

Resume of the experimental results 

Fig. 6(a) shows a set of selected experimental histograms of photon 
counts and corresponding approximations by the sum of MBED and 
exponential functions obtained over the entire laser power range (1.8 W 
to 30 W). At the CW laser power greater than or equal to 4 W, the his
tograms’ tails are fit by a single exponential function with the reciprocal 
decay constant that slightly increases (see the green area A), from 34 to 
44 W with the mean laser power growth. 

In the range of the instantaneous power from ~ 300 W to ~ 400 W 
the exponential fitting drops to some new level and then continues 
decreasing with approximately the same decay constant (see the blue 
area B). Above 600 W of the instantaneous laser power the fitting drops 

one more time to some level. Studying this process below the 10-8 level 
of the normalized PDF is difficult due to excessive noise. Note that with 
increasing of the mean laser power the drops’ magnitudes decrease, 
from 5 times at 16.2 W of the mean laser power to 1.5 times at 29.1 W. 
We assume that the drops in the exponential distribution tails arise from 
the laser spectrum broadening: the rear fiber Bragg grating (FBG1) does 
not reflect the spectral components far from the Bragg wavelength; on 
the propagation of the laser wave to FBG2 the broadening process re
covers but with smaller magnitude. 

The exponential fitting function drops by about two orders of 
magnitude within the area A, so the number of photons described by the 
exponential statistics counted in the range of instantaneous power from 
zero to ~ 320 W is much greater than that counted in the range of 
powers above this value. Thus, one can estimate the contributions of the 
photons characterized by MBED and by the exponential distribution in 
the total photon number. 

For this purpose, we integrated separately the areas under the curves 
corresponding to the MBED and the exponential distribution (see Fig. 5 
(b) and (c)), and then divided each of them by the sum of these areas, see 
Fig. 6(b) that shows the result of this procedure. It is seen that at a laser 

Fig 5. Normalized PDF of photon count found at (a) Pmean = 1.8 W, (b) Pmean = 5.4 W and (c) Pmean = 16.2 W. Curves marked by 1 are the experimental PDFs, by 2 are 
MBED, by 3 are MBED after convolution by the PD noise histogram, and by 4 are fits of the experimental points by a sum of the convoluted MBED and the exponential 
decay functions (plot (a)) or a lone exponential function (plots (b) and (c)). The red solid lines shown in (b) and (c) are continuations of the exponential decays to zero 
power. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig 6. (a) Experimental histograms of photon counts for selected laser powers (see inset). Circles are experimental points and solid curves are fits. (b) Contribution of 
the photons with statistics described by MBED (red square symbols and line 2) and by exponential distribution (blue circles and line 1) vs. the mean laser power. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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power of less than 10 W, the contribution of the photons with expo
nential statistics (curve 1) is almost negligible. A noticeable contribu
tion, about 5%, is observed at a laser power of 15 W. As the laser power 
increases to 30 W, the contribution of photons with exponential statistics 
increases to about 40%. At the same time, the contribution of the pho
tons with statistics described by MBED (curve 2) decreases so the sum of 
both contributions is 100%. We believe that at further increasing the 
laser power the contribution of photons with extreme-value exponential 
statistics can reach 100%. 

Thus, we may conclude that YDFL at moderate laser power generates 
two groups of photons that differ in statistics: the first group is described 
by the M− fold degenerate Bose-Einstein distribution with M− factor 
found from the laser optical spectra and the second group by the 
exponential distribution. The important observation is that the photon 
histogram of the second group of photons demonstrates the absolute 
slope much smaller than it should be observed in accordance with the 
mean laser power since the exponential decay constant corresponds to a 
much higher power. For instance, if the real mean power is 16.2 W the 
contribution of the second group of photons is 6.8% (see Fig. 6(b)). The 
mean power that corresponds to this group of photons is 1.1 W, not 37 W 
as it follows from the exponential decay constant, so the difference is 34 
times. In the case of the laser power of 29.1 W this difference is smaller, 
4.2 times, which is explained by a strong increase in the contribution of 
this group of photons in the laser signal. 

Note that a group of photons characterized by the exponential count 
distribution can be classified as random optical rogue waves since they 
are described by extreme-value statistics. Note also that the main 
characteristic of rogue waves in both fluid mechanics and optics is the 
height of the waves which is dramatically larger than that of conven
tional waves (in our case narrow-band thermal light waves). Each point 
of the histograms of the instantaneous laser power (Fig. 6 (a)) shows the 
probability of detection of a certain level of instantaneous power of the 
random noise pulses, which includes the peak power of the pulses. 
Therefore, it can be concluded that the magnitudes of the optical rogue 
waves detected at the laser output reach values of about 1 kW when the 
average laser power is 30 W. The pulses with higher magnitudes occur 
with a lower probability. 

Conclusions 

In this paper, we have discussed the peculiarities of the photon sta
tistics of a continuous-wave double-clad ytterbium-doped fiber laser. We 
demonstrated that the laser operates in the regime of random noise 
pulses that is composed of two coexisting groups of laser photons that 
differ in statistics: the photon counts of the first (typical) group are 
described by the M− fold degenerate Bose-Einstein distribution with the 
M− value dependent on the ratio of Bopt to Bel (Bopt is the laser linewidth 
and Bel is the photodetector electrical bandwidth). This type of light, 
similar to the narrow-band spontaneous emission, is classified as a 
narrow-band thermal light. The second group of the laser photons is 
characterized by the extreme-value exponential statistics at which the 
probability of encountering high-power photon events is much larger 
than expected from the Bose-Einstein statistics including the case of M =
1, which corresponds to the exponential distribution with the decay 
constant equal to the reciprocal mean laser power. This group of photons 
can be classified as random optical rogue waves. 

At low laser power, the first group of photons related to the narrow- 
band thermal light is strongly dominant. When laser power is above the 
value at which the nonlinear length is equal to a double-pass of the laser 
wave along the laser cavity, the second group of photons related to rogue 
waves increases sharply, reaching about 40% of the total photon number 
at the maximum laser power (30 W). We believe that this group of 
photons will be dominant with further increasing of laser power, and the 
laser will turn to the mode of optical rogue waves’ operation. 

The results of the presented study are important for understanding 
the physics behind CW operation of the ytterbium-doped fiber lasers 

since the rogue-wave laser operation may find some specific applica
tions in the future. 
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