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Abstract: The Erbium “random” laser, based on the artificial Rayleigh fiber, has been comparatively
studied in detail under two different pump conditions: 974.5 and 1485 nm pumping wavelengths.
The artificial Rayleigh 7-m-long fiber was used as a laser cavity, it was formed by the ultraviolet (UV)
inscription of the uniform array of the weakly reflective fiber Bragg grating (FBG) during the fiber
drawing process. The UV photosensitivity of the Erbium-doped fiber originated from the specially
developed (germanophosphosilicate) core glass composition. The emission spectrum of the fabricated
“random” fiber laser had a single narrow peak at the 1548 nm wavelength. It was clearly revealed
that the extension of the laser cavity by the separate wavelength-matched 90%-reflective FBG resulted
in a significant laser efficiency growth. The highest laser slope efficiency of 33% and the laser output
power of 80 mW were reached in the FBG-modified cavity at the 974.5-nm-wavelength pumping.
The continuous-wave operation mode of this laser has been confirmed. The laser linewidth value
measured by the delayed self-heterodyne technique was about 550 Hz.

Keywords: random fiber laser; fiber Bragg gratings array; artificial Rayleigh fiber; erbium-doped
germanophosphosilicate optical fiber

1. Introduction

Optical fibers (OF) are currently used for telecommunications, sensor systems and
lasers. Currently, a new direction that is known as “random” fiber lasers [1-4] is actively
developing. This direction of photonics has become a subject of great interest for researchers
around the world due to the fact that random fiber lasers are able to generate light with
unique performance characteristics without imposing strict requirements on the optical
cavity. In this case, amplification is achieved due to the Raman scattering effects [2] or
stimulated Brillouin scattering (SBS) [3]. The feedback in optical fibers is achieved due to
the weak stationary (“frozen into the glass grid”) scattering centers, uniformly distributed
over a fiber length (Rayleigh scattering). This leads to the fact that the cavity of random
lasers is constructed using long (1-100 km) OFs. The current trends in “random” fiber
lasers are associated with the transition to lasers with cavities, based on an array of the
weakly reflective, identical fiber Bragg gratings (FBGs) [5,6]. FBG arrays are also called
“artificial Rayleigh fibers”, as they are mainly used to increase the intensity of the return
optical signal and reduce the cavity length because the reflection signal from Rayleigh
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scattering is extremely small [4] (—82 dB for pulses with duration of 1 ns). For random
laser development, it is important to explore and fabricate the artificial Rayleigh fibers with
optimal characteristics.

The process of forming such structures by UV radiation is carried out in several
iterations: first, a polymer coating is removed from the OF section with a length of ~10 mm,
then an FBG is formed in it using laser UV radiation, after which the OF section with
the inscribed FBG is overcoated by polymer, and the whole procedure is repeated in the
next section of the OF. The usage of the described technique contributes to a significant
increase in the return signal, but also causes a deterioration in the mechanical strength of
the optical fiber in the places where the FBG is inscribed. This significantly narrows the
possibilities and scope of the FBG arrays. Moreover, the number of FBGs in such an array
is limited. This disadvantage is devoid of the method of femtosecond inscribing by laser
radiation in the visible, or IR, range. In this case, the removal of the coating is not required,
which is noted in [7,8]. However, both methods for manufacturing large FBG arrays require
significant, often unjustified data, labor costs.

The solution to the problem was the development of special OFs with extended FBG
arrays, which are inscribed directly during the process of extracting the OF with UV
radiation [9-15]. FBGs are inscribed in such an optical fiber using pulsed radiation from
an excimer UV laser and a phase mask. The number of FBGs per 100 m of such an OF
can reach 10,000 pieces. In other words, such OFs can be totally inscribed by FBGs. The
increase in the return signal, compared to the Rayleigh scattering level (contrast), reaches
values of 50 dB at the Bragg wavelength of 1550 nm. The typical width of the reflection
spectrum of the 100%-filling FBG array that is inscribed during the drawing process is
0.3 nm. Using a chirped phase mask to write an FBG array, it is possible to obtain a total
reflectance spectrum width of an array of 4 nm. This is necessary for the application of
FBG arrays in coherent reflectometry systems operating in wide temperature ranges [15,16].
However, in this case, the level of the reflected signal may decrease.

As compared with the Rayleigh backscattering in optical fibers, backscattering in an
OF with an FBG array is characterized by a fairly narrow width of the reflection spectrum,
which is determined by the width of the reflection spectrum of individual FBGs. However,
within the reflection line itself, the reflection spectra of the OFs with an FBG array are
similar to the Rayleigh scattering spectra. They are characterized by a random (Rayleigh)
distribution of the amplitude reflection coefficient over the frequency and represent an
alternation of maxima and minima on a typical scale, determined by the inverse time of
light travel along the entire length of a fiber. Thus, provided that the operating frequency
range is within the reflection spectrum of the gratings, OFs with an FBG array are a good
alternative to traditional Rayleigh fibers and, therefore, called “artificial Rayleigh fibers”. In
particular, they can be effectively used in such applications as coherent reflectometry [15,16]
and random lasers [17-26].

The spectrum of the reflection of each FBG in array depends on the ambient tempera-
ture, tension and refraction coefficient (which is non-permanent in preform and can change
a little bit in the OF drawing process). Such factors form a non-phase array with a typical
width of 0.2-0.3 nm in opposition to the narrow-width phase grating using in DFB lasers.

Weakly reflective FBG arrays can be also inscribed in active OFs doped with rare-earth
ions (erbium, ytterbium and bismuth). It makes it possible to create OFs that combine
both an increased reflectivity and the possibility of forming dynamic gratings, which are
important for the spectral selection of laser radiation [19,20,27,28]. Such OFs are a good fit
for making the cavities for compact random lasers.

The main advantage of random lasers with a cavity, based on an array of FBGs, is the
narrow band emission with continuous-wave operation at relatively small cavity lengths
(less than 10 m). However, previously such lasers’ configurations have shown a relatively
low efficiency of the laser’s radiation (less than 10%) [20,21,26].

This article is the evolution of our previous works, including an optimization of
random laser cavities, based on artificial Rayleigh fibers, and adapted to the conventional
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telecom wavelength range (also known as “C-band” range). The main novelty is the
development of an artificial Rayleigh fiber on the basis of a special photosensitive Er-doped
OFs with a germanophosphosilicate core matrix.

2. Materials and Methods

The experimental setup developed “in-house” [26] was implemented to fabricate FBG
arrays during the fiber drawing process. The source of UV radiation was an Optosystems
CL-5100 pulsed KrF excimer laser [29] with the 248 nm illumination wavelength and a
pulse duration of 10 ns. Each of the FBGs in the array was inscribed with a pulse fluence of
400 mJ/ cm?.

In this work, we used a phase mask, manufactured by Ibsen Photonics with a working
area of 10 x 10 mm and a period of 1070 nm. The OF drawing rate is about 10 m/min.
The single FBG inscription in the array was performed in one pulse. The phase mask was
installed in the immediate vicinity of the fiber being drawn. The typical length of a single
FBG was 10 mm long, which has been determined by the width of the laser beam and the
working length of the phase mask. The duty cycle of the FBG along the length of the fiber
(inscribing density) was controlled by synchronizing the drawing speed and the repetition
rate of the UV laser pulses. Thus, with a pulse repetition rate of 10 Hz and an extraction
speed of 6 m/min, a fully filled (100%) array with separated FBGs has been achieved. It
should be noted that a halving of the laser’s pulse repetition frequency (to 5 Hz) at the
constant drawing speed indicates the 50% filling of FBG array. In this case, the distance
between the individual FBGs is equal to their length, i.e., equal to 10 mm.

In this work, the artificial Rayleigh fiber samples were fabricated from the preform
with an erbium-doped core. This preform was synthesized, utilizing the original MCVD
method of the separate component deposition, which has been already described in detail
in our previous work [26]. The core material was germanophosphosilicate glass doped
by the erbium oxide as the activator (Er;O3-GeO;-P,05-5i0,). According to the results of
studying the elemental composition of the core glass using an X-ray analyzer (JEOL 5910LV),
the average value of the P,O5 concentration was 12 mol.% and GeO, was 1.5 mol.%. The
erbium concentration turned out to be below the detection limit of the analyzer (less than
0.1 at .%). The preform was stretched and jacketed to the first mode cutoff wavelength
of 0.94 um. The difference between the refractive indices of the core and cladding in the
jacketed preform, measured using a Photon Kinetics P2610 preform analyzer, was 0.015.

We used the method of optical frequency domain reflectometry (OFDR) [30] with
a Luna 4400 device to characterize the fabricated FBG arrays. In addition, we used a
Yokogawa AQ6370D optical spectrum analyzer (OSA) with a maximum optical resolution
of 0.02 nm for the spectral measurements of the FBG array reflection. Additionally, this
OSA was used for the measurements of the OF absorption spectra. The source of radiation
for the spectral measurements was a superluminescent diode with a fiber output (for the
FBG array samples) or a halogen lamp (for the conventional OF samples).

The single-mode OF with a standard outer diameter of 125 um was drawn from the
preform. The fiber had a core diameter of 4.8 pm and cutoff wavelength of 900 nm.

The level of background (or “gray”) optical losses was about 2 dB/km, which is a
sign of the homogeneous structure of the core glass and the absence of the transition metal
impurities in it. The intensities of the Er>* ion absorption peaks at 980, 1490 and 1535 nm
in the fiber were 3.3, 3.1 and 7 dB/m, respectively. The transmission spectrum of the fiber
in the extended telecommunications wavelength range (1460-1620 nm) measured with an
optical resolution of 1 nm is shown in Figure 1.

The small-signal gain of an active fiber is fundamentally important to find the optimal
configuration of a fiber laser cavity and evaluate its generation characteristics. The small-
signal gain in the fiber was measured in the wavelength range of 1525-1610 nm using two
APEX AP1000-5 and AP1000-8 platforms equipped with AP3350A tunable semiconductor
single-frequency lasers (operated in range of 1525-1610 nm) and AP3352A (operated
in range of 1575-1610 nm). Both were used as weak signal sources. Two laser diodes
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radiated at a wavelength of 976 or 1485 nm were used as sources for the active fiber
pumping. Using the technique described above, the spectral dependences of the gain in the
telecommunications wavelength range (C- and L-range) were obtained for two pumping
schemes: at a wavelength of 976 nm (Figure 2, curve “1”) and 1485 nm (Figure 2, curve “2”).
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Figure 1. Transmission spectrum of the optical fiber in the wavelength range of 1460-1620 nm.
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Figure 2. Spectral dependences of the small-signal gain in the wavelength range 1525-1610 nm,
measured in the fiber pumping mode at a wavelength of 976 nm (“1”) and 1490 nm (“2”).

The main object of our research in this work was the artificial Rayleigh fiber: a 7-m-long
array filled on the 100% uniformly by weakly reflective FBGs. Moreover, another similar
fiber sample with a 50% FBG filling was fabricated for inscription contrast measurement
(the excess of the return signal above the Rayleigh level). The FBG inscription contrast
obtained by the OFDR technique was up to 45 dB (see Figure 3).
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Figure 3. Frequency reflectogram (OFDR) of the experimental 50%-filled weakly reflective FBG array

with a central reflection wavelength at 1548 nm.

Figure 4 reveals the optical reflection spectrum of the 100%-filled 7-m-long weakly
reflective FBG array, which has been obtained by OSA with an optical resolution of 0.1 nm.
Next, this sample was used as the “random” laser cavity.
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Figure 4. Optical reflection spectrum of the 7-m-long weakly reflective FBG array.

The basic scheme of the laser investigation experimental setup is depicted in Figure 5.
The “random” laser cavity (1) was backward-pumped via a wavelength-division multi-
plexer (WDM) (2) by using one of the two laser diodes (3): Photonics 351999CHP (emission
wavelength 974.5 nm) and Anritsu GF4B701 (emission wavelength 1485 nm). The optical
power of the pumping radiation was controlled by a CNILaser LP100 powermeter. The
laser output radiation passed through the optical isolator (4) to avoid the influence of
back-reflection. The OSA Yokogawa AQ6370D (5) was used for the laser emission spectral
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measurements, and Grandway FHM2B01 or JDSU MP-60 powermeters (6) were used for
the laser optical power measurements. Optionally, the highly reflective FBG (7) was used
to extend the “random” laser cavity and its lasing properties have also been studied. In
addition to the basic measurements, the laser operation mode has been investigated by
Extech MS6060 oscilloscope and the special self-heterodyne radio-frequency (RF) setup.

Figure 5. The scheme of the experimental setup: 1- laser cavity; 2-wavelength-division multiplexer
(WDM); 3-laser diodes; 4—optical isolator; 5-optical spectrum analyzer; 6-optical powermeters;
7-highly reflective FBG.

3. Results

The cavity of the “random” laser studied in this work generated narrow-band radiation
at a wavelength of 1548 nm. As can be seen from Figure 6, the “telecom wavelength-range”
spectrum of the pumped 7-m-long artificial Rayleigh fiber has a single narrow peak, while
only the erbium amplified luminescence (ASE) is visible in the spectrum of the same
conventional (i.e., without weakly reflective FBGs) pumped fiber.

10
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= 8

W
(=]
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-50

-60
1500 1520 1540 1560 1580 1600
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Figure 6. Emission spectra of the conventional (i.e., non-containing weakly reflective FBG array)
active OF (“1”) and the artificial Rayleigh fiber (“2”), obtained at the same power level (~30 mW) of
the 976 nm wavelength pump. “ASE”—spontaneous emission, “lasing”—Ilaser generation.

One of the most important characteristics of a fiber laser is the dependence of the
output radiation power from the power of the pump radiation coupled into the cavity.
Figure 7 shows the power dependencies for the 974.5 nm-wavelength pumping case. The
graph “1” in Figure 7 attributes to the laser output power depending on the pump radiation
coupled power. The second graph “2” reveals the unabsorbed pump power (i.e., pump
radiation passed through the cavity) versus the coupled pump power.
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Figure 7. Output power (“1”) of the “random” laser cavity and the unabsorbed pump power (“2”)
versus the coupled pump power with a wavelength of 974.5 nm. Pink line-left scale. Black line
right scale.

The analysis of Figure 7 gives us a result of the differential power efficiency (or slope
efficiency, n1) of the “random” laser: 0.15. It should be noted that a rather significant part
(~40%) of the pump radiation was not absorbed in the cavity and therefore the n value was
not maximum.

A relatively simple and convenient way for increasing the slope efficiency of a “ran-
dom” cavity without the risk of lasing instability escalation is the extension of this cavity
by the single separate highly reflective FBG [25]. The reflection peak of such FBGs in this
case must be wavelength matched exactly with the reflection maximum of the weakly
reflective FBG array (i.e., lasing wavelength), which form a basic “random” cavity. The
FBG used in the present work had a length of 10 mm and was inscribed in a photosensitive
(germanosilicate) OF, with waveguide characteristics close to the parameters of the studied
active OF: the cutoff wavelength was 910 nm, the refractive index difference was 0.014.
This FBG with a 90% reflection on the wavelength of 1548 nm was spliced to the 7-m-long
“random” cavity from the side opposite to the direction of launch the pump radiation. The
optical loss at the splicing point did not exceed 0.1 dB.

As seen in the Figure 8 (curves “1” and “2”), the modification “random” cavity by the
90%-reflective FBG did not lead to any significant changes in the shape of the emission
spectrum. The slight difference in the peak wavelength of the “1” and “2” spectra may be
due to the temperature effects.

On the other hand, the “random” cavity modified with a 90%-reflective FBG demon-
strated a twofold increase in the output power and slope efficiency (n = 0.33) at the same
values of the pump power (see Figure 9, graph “1”). This can be explained by the more
efficient absorption of the pump radiation in the cavity modified by the FBG (compare
graphs “2” in the Figures 7 and 9), despite the fact that its length (7 m) did not change much.
It is extremely important to point out that lasing with a 90%-reflective FBG was unreachable
in configuration with a conventional 7-m-long active OF. The lasing was possible only
when this FBG was attached to the array of weakly reflective FBGs, i.e., segment of the
artificial Rayleigh fiber.
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Figure 8. Emission spectra of the “random” laser cavities obtained at a 974.5 nm wavelength pumping
(coupled power of 30 mW): the pristine cavity (1) and the same cavity modified by the 90%-reflective
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Figure 9. Output power (“1”) of the “random” laser cavity, modified with FBG, and the unabsorbed
pump power (“2”) versus the coupled pump power with a wavelength of 974.5 nm. Red line—left
scale. Green line—right scale.

In the case of 1485 nm wavelength pumping, the influence of the cavity extension by
the 90%-reflective FBG was much more significant. Importantly, the lasing threshold in
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the “pristine” 7-m-long cavity (without the 90%-reflective FBG) was not achieved at any
pumping power level. On the contrary, as shown in the Figure 10, the same laser cavity
modified by the 90%-reflective FBG demonstrated a good lasing threshold (~10 mW of
pumping power) and slope efficiency (1 = 0.29), which was comparable in value to the
slope efficiency at the 974.5 nm wavelength pumping (n = 0.33).
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Figure 10. Output power (“1”) of the “random” laser cavity, modified with FBG, and the unabsorbed
pump power (“2”) versus the coupled pump power with a wavelength of 1485 nm. Orange line—left
scale. Violet line—right scale.

The long-term laser power stability has been studied. The laser cavity extended by the
90%-reflective FBG was pumped at the 974.5 nm wavelength with a 50 mW input power
level. Figure 11 displays the laser’s output power value with a long time duration. It can be
concluded that the laser power is sufficiently stable at a constant external temperature (295 K).
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Figure 11. Time dependence of the laser’s output power (green). Inset—oscilloscope trace (red).

It was also found that the studied laser operated strictly in a continuous-wave (CW)
mode, without any self-pulsing (such as a Q-switch). This result is in good agreement



Photonics 2023, 10, 748

10 0f 13

with our previous works [19-22,25]. The CW laser operation can be explained by the
contribution of the dynamic grating formation [19,20]. On the other hand, one can see in
the inset of Figure 11 a weak oscillation with a frequency of 35-40 kHz. This behavior and
the oscillation frequency value, however, are typical for Er-doped fiber lasers and it was
investigated earlier in publications [21,31,32].

Figure 12 shows the resulting spectrum of the laser emission linewidth measurement
by using the self-heterodyne method [20,33]. This measurement was carried out via a radio-
frequency (RF) FSH8 Rohde and Schwarz spectrum analyzer connected with an unbalanced
Mach-Zehnder interferometer involving the 40 MHz frequency electro-optic modulator
and a 50-km-long fiber delay line. The laser was pumped at the 976 nm wavelength with a
power level of 72 mW. The shown RF spectrum has resulted of 20 times averagement of the
laser output signal during the scanning time of 374 ms. The measured RF spectrum has a
good fit with a Lorentz function and so the linewidth value was determined as about of
550 Hz at the —3 dB intensity level.
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Figure 12. Averaged RF spectrum (“1”) and fitted by the Lorentz function (“2”).

4. Discussion

For the first time, comparative studies of the random laser efficiency with a cavity
based on the artificial Rayleigh fibers in pumping modes at wavelengths of 974.5 and
1485 nm have been carried out. Initially, for the experiments, the OF cavity length was
chosen as 7 m by a balance between the FBG array reflection and erbium ion absorption.
When using a source with a wavelength of 974.5 nm in the cavity with a length of 7 m,
it leads to the appearance of lasing at a wavelength of 1548 nm at a rather low threshold
value of an injected pump power, about 7 mW. On the contrary, in the same cavity, when
it was pumped by the source with a wavelength of 1485 nm, the lasing threshold would
not be reached. In the cavity modified with a 90% FBG, the laser generation was obtained
in the pumping mode at the wavelength of 1485 nm. The slope efficiency of the modified
“random” cavity in the pumping modes at wavelengths of 974.5 and 1485 nm turned out to
be comparable: 0.33 and 0.29, respectively.

The effect of the significant (many times) increase in a laser efficiency in a “random”
cavity, modified by adding a single FBG with a reflection coefficient of 90%, has been
found. Such an effect can be explained by changing the lasing configuration from open
to half-open cavity configuration [34] that increases a length of laser’s cavity, returning
lasing power from “forward” direction to “backward” direction and finally reducing lasing
threshold. The absence of lasing at 1485 nm without 90% FBG can be explained by non-
optimal pumping conditions, because the fiber’s cutoff wavelength is 900 nm, thus, it
means that the pumping process of the active core at 1485 nm is a multimode. Once again,
it clearly demonstrates the advancement of the highly reflective FBG extension in such laser
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configurations. This FBG also functions as a highly efficient wavelength selector in the case
of heterogeneity in the length of the artificial Rayleigh fiber, as noted earlier [25].

The effect of long-time changes in the level of the output signal shown in Figure 11 is
explained by not using the polarization maintaining items to produce such a laser. It causes
problems of long-time lasing stability. Our next step will be a random laser based on the
polarization maintaining items (include a single polarization artificial Rayleigh fiber) to
prevent such problems in the future. A later optimization conversion efficiency is possible
by the optimal concentration of the erbium ions, cavity length, FBG contrast (a reflection
level of artificial Rayleigh fiber) and the wavelength of lasing (for example, 1530 nm is the
wavelength of the maximum amplification).

The investigated laser scheme operates in continuous-wave mode. Such a continuous
lasing mode is typical for random lasers [2]. The measured lasing single-frequency emission
linewidth is about 550 Hz, which fits with our previous works [20,21]. Such a result is
opposite to earlier works concerning many FBGs inscribed in the erbium doped OF [5],
where multiple modes of lasing take place. The difference explained by that cavity in our
case consists of many FBGs that totally coat OF and form a continuous reflection track
similar to the Rayleigh scattering, instead of a set of discrete FBGs (point reflectors) as
were previously used in pioneering works. Single frequency lasing is also explained by the
contribution of dynamic grating formation, which possibly support the main lasing mode
and operates as a dynamic filter—as described in our previous publications [19,20].

5. Conclusions

It has been demonstrated that an erbium-doped fiber laser with a “random” resonator
is capable of operating at room temperature in a continuous-wave mode for a long time (at
least tens of minutes), which is extremely important from the point of view of the prospects
for its use as a fiber source of high coherence optical radiation. The feature of the described
laser configurations is a high efficiency (up to 33%) with a combination of narrow linewidth
(~550 Hz) radiation.

The proposed random laser is a simple, compact, cost-effective and highly efficient
solution for many practical applications such as telecommunication and fiber-optic sensing.
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