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Noise fiber lasers
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In this paper, we present a brief review of the noise operation mode of fiber lasers. These lasers were studied recently by a collaborative group
that includes researchers, professors, and Ph.D. students from the Centro de InvestigadﬁlpteA.C. (Leon, Guanajuato, Mexico)

and from the Universidad de Valencia (Valencia, Spain). Meanwhile, the pioneer works in this topic important for understanding the physics
behind fiber lasers’ operation and for practical applications were done with the active participation of Dr. Evgeny Kuzin from the Instituto
Nacional de Astrcifsica,()pticay Electbnica (Puebla, Mxico) and Dr. Georgina Beéin-Ferez from the Beneérita Universidad Aldnoma

de Puebla (Puebla, Mexico), whose Ph.D. study was supervised by him. The fiber lasers under study were based on commercial erbium- and
ytterbium-doped fibers as gain media and operated in continuous-wave and actively Q-switched regimes. All these fiber lasers were arranged
in Fabry-Perot cavity configuration with fiber Bragg gratings as narrow-band reflectors. In the case of actively Q-switched lasers, a standard
fiberized acousto-optic modulator was placed close to the reaf{)l6#flector. The most important conclusion of all the works grounding

the present review is that, independently of laser operation regime, continuous wave, or actively Q-switched, these fiber lasers operate in the
extreme noise regime with the photon statistics described by Bose-Einstein distribution inherent to narrow-band thermal light sources.

Keywords: Fiber lasers; photon statistics; Bose-Einstein distribution.

En este aftulo presentamos una breve rediside la operaéin en modo de ruido de loaderes de fibra. Dicho&deres han sido estudiados
recientemente por un grupo colaborativo que incluye investigadores, profesores y estudiantes de doctorado del Centro de Investigaciones en
Optica A.C. (en Lén, Guanajuato, xico) y de la Universidad de Valencia (en Valencia, Espa Adenas, los trabajos pioneros sobre

el tema, importantes para entenderikida detas de la operadh de estosaseres y sus aplicacionesapticas fueron, realizados con la
participacon del Dr. Evgeny Kuzin del Instituto Nacional de Asiﬂita,éptica y Electénica (Puebla, Mxico) y la Dra. Georgina Belin-

Pérez de la Benegrita Universidad Auinoma de Puebla (Pueblag¥ico), cuyo estudio de doctorado fue asesorada@pdros bhseres de

fibra sujetos del estudio fueron realizados con base en fibras comerciales dopadas de erbio e iterbio como medios de ganancia y operaron
en redmenes tanto de onda continua como de conmaita€ activa con desplazamiento de frecuencia. Todos es$esels estuvieron
arreglados en una configuranide la cavidad Fabry-Perot con rejillas Bragg de fibra como reflectores de banda estrecha. En el caso de los
laseres de conmutdaxi Q activa, se utilia un modulador acustéptico de fibra esindar cerrado del lado del reflector posterior (de’)00

La conclusbn mas importante de todos los trabajos resumidos es que, independientemegtgrdehrde operagn laser, onda continua

0 con conmutaéin Q activa, losdseres operan en égimen de ruido extremo con eststitas de fotones descritas por la distriltuci
Bose-Einstein, inherente a las fuentes de luz termal de banda estrecha.

Descriptores: Laseres de fibraptica, estaitica de fotones, distribumn Bose-Einstein.

PACS: 42.55.Wd; 42.50.Ar; 42.60.Mi.

1. Introduction [2] optical spectra. FLs can operate in continuous-wave
(CW) and pulsed (Q-switched, mode-locked, and soliton)

Fiber lasers (FLs) are attractive devices that found a lotegimes, in which pulse widths vary in the range from hun-

of commercial applications. Such light sources are usuallydreds of nanoseconds to tens of femtoseconds [3-7].

based on fully fiberized schemes and demonstrate high opti-

cal and electrical to optical budgets. FLs operate in a great Although such regimes of FLs as CW and actively Q-

variety of regimes, characterized by very narrow (single-switching (AQS) are deeply explored, and many papers on

frequency FLs) [1] to extremely large (supercontinuum FLs)the matter are published, some particularly important charac-
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teristics of them, including photon noise, are not yet studiedactive fiber lengths were chosen to be (a) 15 m (YDF) for
in detail due to limitations associated with the lack of high-which pump power is absorbed by 25 dB in double-clad
frequency receiving equipment. pump configuration used and (b) 4 m (EDF) for which para-
In this paper, we summarize our recent results on studysitic lasing at the laser wavelength is yet incapable to develop,
ing extremely high photon noise inherent in FLs operated irgiven tiny reflection {50 dB) from a blocked acousto-optic
CW and AQS regimes. Given that such FLs are implementedhodulator (AOM). AOM was controlled using a fast pulse
in the simplest Fabry-Perot cavity configuration with narrow-generator A-A Opto-Electronicmodel MT110-IIR25-3Fio-
band reflectors based on fiber Bragg gratings (FBGs), theisM5-J1-A) with a rise-time of 25 ns and 110-MHz one-pass
optical spectra are so narrow that are comparable with or eveinequency shift.
less than radiofrequency (RF) band of the modern receivers, The YDFL and EDFL operated at 1061 nm and 1550
usually measured by tens GHz. In such circumstances, bothm, respectively. The YDFL efficiency was nearly 70%, and
types of FLs demonstrate notable photon noise, described ke peak pulse power of the actively Q-switched EDFL was
M-fold degenerate Bose-Einstein photon distribution, wheré00 W. A fiber polarizer was placed on the lasers’ outputs
M is the degeneracy factor dependent on the ratio of the offer studying statistical properties of the transmitted polarized
tical band B,,) to the electrical oneR,;) and the smaller light.
this ratio, the closeM -factor to 1 for polarized light. In turn,
for randomly polarized light)/-factor is limited from below 3. Theoretical background for studying the

by 2 (per two orthogonal polarizations). laser photon statistics
In this review, some aspects of noise FLs are highlighted; P

as the matter was not once discussed with Dr. Kuzin, we dedg yjj| he shown in the following sections that the FLs under

icate it to his memory. study are characterized by the photon statistics described by
the M-fold Bose-Einstein distribution M -factor is the de-
2. Experimental arrangements generacy factor that is equal to the number of independent

states of amplified spontaneous emission (ASE) within the
The lasers’ schemes are sketched in Fig. 1: the CW and AQRser optical spectrum [8-10]:
FL designs are shown in the upper (a) and lower (b) panels. e
In both cases, the laser cavity consists of two home-made M=s 5 1)
FBGs, of 100% (rear FBG) and 10% (output FBG) reflec- méert (/7€) — [1 —exp (—7E?)]
tivity. The amplifying medium in the first scheme is stan- wheres is the number of orthogonal linear polarization states
dard double-clad ytterbium-doped fiber (DC-YDWufern (1 or 2) at the photodetector inpdt= B, /B, is the ratio
model SM-YDF-5/130-VIIl), and that in the second schemeof the laser optical spectrum width (in Hz) to the RF band
is single-clad erbium-doped fiber (EDEekki, model ER16-  of the photo-receiving equipment, and erf is the Gauss error

8/125). function. In turn, M -fold Bose-Einstein distribution is de-
The YDF laser (YDFL) was pumped by laser diodesscribed as follows [8-10]:

operating at 975 nm through a multimode pump combiner, _ (n+ M — 1)l ()"

whereas the EDF laser (EDFL) was pumped by a laser diode P(n,n,M) = (2

! —_1)! o
at 1480 nm through a single-mode wavelength-division mul- nl (M =11 +n)
tiplexer (WDM). Small-signal clad absorption of YDF at WhereP(n,n, M) is the probability of counting. ASE pho-
pump wavelength is 1.66 dB/m, and small-signal in-core abtons by photodetector during the integrating tifie= 1/B,;

sorption of EDF at pump wavelength is 7 dB/m. The and(m) is the mean photon count @nd7 are proportional,
accordingly, to the instant laser powdt(¢), and the mean

YDF a) laser poyveerear); B, is the cumulative RF.band of the set_
LD comprising the photodetector and the oscilloscope, used in
P i the experiments.
LA combiner output Figure 2a) shows the dependenceldtnumber versus
. ... o= for two s-values:s = 1 (linearly polarized light, red curve)
J ands = 2 (randomly polarized light, blue curve). It is seen
LD that when the laser optical bandwidth is much less than the
photodetector's RF bandwidth/-value tends to approach 1
g b) and 2 ats = 1 ands = 2, respectively. Note that the extreme
=0 cases ofM = 1 (polarized light) and\/ = 2 (unpolarized
Laser WDM AOM Rear light) cannot be physically realized as they correspond to the
— - T = null optical width of a laser spectrunB(,, = 0). When the
FRO 1 FBG 100% laser optical spectrum is broad (> 1), M-value is equal

FIGURE 1. Experimental arrangements of a) CW ytterbium-doped to s. The dash lines in this figure present the functioior
fiber laser and b) actively Q-switched erbium-doped fiber laser.  comparison.
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FIGURE 2. a) M-valuevs.£. b) Normalized probability density function (PDF) of photon cousitnormalized instant laser power.
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FIGURE 3. YDFL noise trains measured at a laser power of a) 1 W and b) 22 W for polarized light. The mean laser power is shown by
the dash orange line and the zero-signal by the solid orange line. Normalized PDFs of photon counts of polarized laser signals measured at
c) 1 W and d) 22 W of laser power.

Figure 2b) shows the normalized probability density P/Pnean= 1 at its increasing to the large value®/(>> 1).
function (PDF) of photon count as a function of the normal-The position of the PDF peak that corresponds to the max-
ized instant laser power for sever®l-values (indicated in  imum photon count is observed at the following normalized
the inset). It is seen that at a smali-value (M = 1.1), laser power [11]:
the PDF function is virtually exponential (or linear in the
semi-log plot). When the laser optical bandwidth is com- P (M —-1) 3)
parable with or larger than the photodetector RF band, the M
PDF function demonstrates a peak that moves to the position

Pmean
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When M -value is varied between 1.1 and a few tens, the(up to M = 1.7), the PDF of photon count ought to be al-
PDF function is strongly asymmetrical. Wheéu is further  most exponential while strongly asymmetrical in these two
increased up to 50 and higher, the PDF function gets moreases (see Fig. 2b)). However, as seen from Figs. 3c), d), in
symmetrical, and at the limit/ — oo, it obeys the Poisson both the histogram of photon count is well approximated by
distribution that described the photon statistics for the opticathe nearly exponential PDF, corresponding to a single inde-

band strongly exceeding the photodetector's RF band. pendent ASE mode. For comparison, in each plot, we show
two curves, simulated for th&/-values found from the laser
4. Photon noise in CW YDEL optical spectra and for the ideal casd, = 1 (see the in-

sets forM-values used). The existence of the solitary ASE
Our experiments with the CW YDFL have shown an excesmode for polarized light can be explained by the following
sive photon noise in the laser signal in the whole range of outcircumstance: the output FBG with narrow optical spectrum
put powers (from 1 W to 22 W); see Fig. 3, where the lasereflects the narrow-band laser light with photon statistics with
noise trains are shown for 1 W and 22 W outputs (polarized ~ 1, and the nonlinear fiber length is much shorter than
light). In this experiment, we used a 25-GHz photodetectothe fiber dispersion length [10]. Thus, even though the non-
and a 16-GHz real-time oscilloscope. No classic CW regimelinear interaction of the laser light with the optical fiber is
characterized by longitudinal mode beating / competition angtrong, this does not lead to any pronounced change in the
relaxation oscillations [12], was observed in this case. Fronphoton statistics.
these trains of the noise signal, one can see that some noise
peaks arising with low probability highly exceed (by more L
than an order of magnitude) the mean laser power. Mored- Photon noise in AQS EDFL

over, at increasing laser power, the noise peaks happen more ) ,
frequently, and their effective width dramatically decreases! '® AQS EDFL (refer to Fig. 1b)) demonstrates the noise be-

(see Ref. [10]). In the meantime, the YDFL spectra broadefi@vior like the CW YDFL, discussed above. Figure 5 shows
with increasing the laser power (see Fig. 4), an effect associl® Single-shot trace of the noise Q-switched, pulse and, for
ated with the fiber optical nonlinearity at relatively high laser c0mparison, the pulse averaged over 512 scans. Note thatin
power [13]. this type o_f lasers Q-switched pulse consists of a train of sub_—
The narrowest laser spectrum was observed at the loweBIS€s, with the number of developed sub-pulses and their
laser power (1 W), at which the spectrum width is eventuallyPoWers depending on the EDF initial charge (viz. the mul-
defined by that of the output narrow-band low-reflection FBGUPlication of the density of excited ET ions in the core
(FWHM 30 pm). Note that the spectrum width was obtainedith the laser level energy) and cavity loss [14-16]. Here,
as deconvolution of the FBG spectrum, measured with thd1€ width of the output 1 cm FBG was 80 pm.
OSA, and the OSA's spectral response to a single-frequency The sub-pulses are separated by the round-trip time of
laser at~ 1060 nm. At the highest laser power (22 W), the the laser wave traveling along the cavity (0 ns); the most
laser spectrum broadens up to 80 pm [10]. From here, onBowerful sub-peak is the fifth one (the main sub-pulse), mea-
can conclude that tha/-factor grows from~ 1.1to ~ 1.7  sured from the moment of opening the AOM. One can see
with increasing laser power from 1 W to 22 W. from this figure that some of the noise SpikeS within the h|gh'
Generally, the YDFL photon noise can be described byest sub-pulse are by an order of magnitude greater than the
the M-fold Bose-Einstein distribution. Given that-factor ~Mean peak power. Note that we did not use a polarizer at
at the lowest laser power is approximately equal to the unith€ detector input in this experiment, so the laser signal had
(M = 1.1) while it noticeably increases at the highest powerrandom polarizations(= 2).
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FIGURE 4. YDFL spectra at different laser powers: (1) 1 W, (2) Time, ns

6 W, (3) 14 W, and (4) 22W. The spectra are shown as a detuningr,gyre 5. The laser pulses: single-shot train is shown by the grey
from the laser peak wavelength (1061 nm) and are normalized toq,rve and the averaged signal by the red curve.

the spectral maximum measured at laser power of 22 W.
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FIGURE 6. Experimental PDFs of photon count for the three most powerful sub-pulses (indicated in each plot). Laser power is normalized
to the most probable power that corresponds to the maximal values of the histogtamsans peak pulse power.

Each sub-pulse of which Q-switched pulse consists ca®. Conclusions
be characterized by its photon statistics. Figure 6 demon-
strates such statistics for the three most powerful sub-pulsda this paper, we reported the photon noise statistics of CW
(3, 4, and 5). The powers of the pulses vary from tens ofind actively Q-switched ytterbium- and erbium-doped fiber
watts to 0.5 kW for the main sub-pulse. lasers. It was shown that in the case of CW ytterbium-

As seen from this figure, the experimental PDFs can be fitloped fiber laser, no classical CW regime where longitudi-
with a high precision by the Bose-Einstein distribution with nal modes compete, and relaxation oscillations develop is ob-
M-factors indicated in each plot. From these, one can reserved. Furthermore, both fiber lasers operate as multi-pass
veal that the smallest/-number 4/ = 2) is attained for amplifiers of narrow-band spontaneous emission with exces-
the most powerful pulse, whereas for the less powerful onesive photon noise, described by tié-fold Bose-Einstein
M-number increases. Note that since the experiments witdistribution that is inherent to narrow-band thermal light. In-
the EDFL were carried out with randomly polarized light terestingly, some spikes of the photon noise are in magni-
(s = 2), the valueM = 2 characterizes a single indepen- tude by an order greater than the mean laser power in CW
dent ASE state for each orthogonal linear polarization (comytterbium fiber laser and the average pulse power in actively
pare with the YDFL, discussed above). Also, note that wherQ-switched erbium fiber laser. The reported results may be
normalized power is higher than 3 (the laser instant power ismportant for a deeper understanding of the physics of fiber
higher thanv 1.5 kW), the histogram is cut due to the nonlin- lasers.
ear effects resulted in ongoing supercontinuum (SC) genera-
tion. It deserves mentioning that AQS EDFLs are nowadays
successfully applied to generate SC [16,17].
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