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Abstract—The current state of the art in infrared Bi-doped
fiber laser research is reviewed. The relevant fiber glass
compositions and fiber technologies are introduced. Lasers
operating on transitions ranging from 1.15 to 1.55 μm occurring
in the bismuth active centers and their energy level schemes are
discussed on the basis of the spectroscopic properties of these
centers. Continuous-wave fundamental-mode power levels
ranging from a few mW near 1.55 μm up to 16W near 1.16 μm
and 22W near 1.46 μm have been demonstrated in recent years.
Index Terms—Bismuth lasers, optical fiber lasers, optical fiber
materials, laser materials.

I. INTRODUCTION

B

I-DOPED FIBER LASERS

is a new type of lasers. No solidstate laser based on bismuth ions or atoms as active
centers existed till 2005. Along with rare-earth-doped lasers,
bismuth fiber lasers are currently among the few solid-state
lasers, which exhibit optical efficiency of 20-60 percent.
The first description of the IR luminescence in Bi-doped
glasses was published in 1999 [1]. The first Bi-doped silicabased optical fibers were fabricated in 2005 (MCVD
technique) [2, 3]. The first Bi-doped fiber laser was
demonstrated the same year [4]. This laser was based on
bismuth-doped aluminosilicate fiber and it demonstrated the
ability to generate in the wavelength range of 1.15-1.22 µm. In
contrast to the rare-earth ions, optical transitions in bismuth
active centers associated with unshielded outer electron shell
of a bismuth atom or ion. Therefore, the wavelengths of
transitions and the structure of energy levels should
considerably depend on the matrix of the host glass. This
allows changing the wavelength range of luminescence and
optical amplification of bismuth doped glasses by varying the
composition of host glass.
In such a way optical amplification and lasing were obtained
in bismuth-doped silica fibers in the range of 1300-1550 nm
[5, 6]. Thus it has been shown that bismuth fiber lasers cover
the wavelength range of at least 400 nm, from 1150 to 1550
nm. Hence, they completely cover the wavelength gap
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between ytterbium and erbium fiber lasers.
The results obtained in this area were reviewed in the papers
[7] (up to 2007), [8] (up to 2008), and [9] (up to 2009). More
recent results can be found in reviews [10, 11].
In this paper the state of the art in Bi-doped optical fibers
and fiber lasers is reviewed. Section II discusses the
luminescence properties of various Bi-doped fibers. It contains
new data on the UV excitation and emission spectra of Bidoped glasses. Section III is concerned with the optical gain,
ground state and excited state absorption in Bi-doped fibers of
various compositions. CW Bi fiber lasers are described in
Section IV. Pulse Bi-doped fiber lasers are considered in
Section V, and optical amplifiers based on Bi-doped fibers of
different composition are described in Section VI. A short
summary is provided in Section VII.
It should be noted that the glasses doped with Bi together
with rare-earth ions were investigated in a number of
publications. In those glasses, a broadband luminescence is
observed due to the presence of both Bi, and Re 3+.
Investigations were carried out mainly on the glasses co-doped
by Bi+Yb [12-15], Bi+Er [16-18], and Bi+Tm [19, 20]. But
we consider the research in this area to be beyond the scope of
this review.

II. LUMINESCENCE OF VARIOUS BI-DOPED GLASSES AND
FIBERS

Until now optical properties of a large amount of bismuthcontaining glasses of different composition were investigated.
Before 1999, IR luminescence in such glasses was not
observed. However, after the pioneering work of Murata et al.
[1] IR luminescence in the wavelength range of 1-2 m has
been detected and investigated in a large number of glasses
(see, e.g., review [21]). Glasses were prepared by different
technologies, including optic-fiber ones. In the last case, the
fiber core glass was doped with bismuth. Luminescent
properties of Bi-doped glasses depend on the glass
composition, the concentration of bismuth and a
manufacturing technique. So far, optical amplification and
lasing were obtained only in bismuth-doped optical fibers
based on silica glass. Therefore, in this review we restrict our
consideration to the properties of bismuth-doped fibers only,
mostly to those which provide a real optical amplification and
lasing.
Particular attention should be paid to the working
concentration of bismuth in the fibers. IR luminescence in
bismuth-doped optical fibers is caused by the presence of
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some IR active centers, which are the sources of this
luminescence. On the one hand, the IR luminescence is
doubtlessly caused by the presence of bismuth in the glass
composition, because without bismuth no IR luminescence is
observed. On the other hand, in glasses with a high content of
trivalent bismuth (~50 mole percent) infrared luminescence
and corresponding absorption bands are often not observed
[22, 23]. Consequently, IR bismuth active centers (BACs)
contain bismuth atoms in the state different from trivalent.
Efficient gain and lasing were observed only in optical fibers
with a low concentration of bismuth (generally less than 0.1
wt.%). When the concentration of bismuth increases, the
concentration of BACs grows initially (it can be evaluated by
the optical absorption in wavelength bands known to belong to
BACs [9]). But with a further increase of the bismuth
concentration, the growth of BAC concentration is slower than
the growth of optical background losses in the fiber [24]. As a
result, the achievement of optical gain and lasing becomes
more difficult. In the lasing fibers the BAC concentration is ~
(1017-1018) cm-3, as it was evaluated in [8].
Quantum yield measurements in Bismuth-doped
germanosilicate fibers were carried out in [25]. Quantum yield
of luminescence for this fibers turned out to be close to unity
for low BAC concentration fibers (with optical losses of
~1 dB/m at 1400nm, see Fig. 1) and goes down with an
increase of the BAC concentration.
We have carried out detailed measurements of the
luminescence intensity (Ilum) depending on both emission (em)
and excitation (ex) wavelengths, which were varied in a wide
spectral range, from 250 to 1700 nm. The data measured
allowed us to construct contour graphs Ilum(ex, em) for fibers
shown in Table 1. The contour plot of the fluorescence
spectrum (for example, Fig. 2 and Fig. 3) was built using 140
ordinary two-dimensional luminescence spectra and is a very
compact way to represent the received data. In this kind of
plots, both the luminescence bands, and the spectral regions of
their excitation become apparent.
TABLE 1
DESIGNATION, CORE COMPOSITION, AND FABRICATION METHOD OF THE
FIBERS INVESTIGATED

No. Designation
Core compositiona
Fabrication method
1
SBi
100SiO2+Bi
powder-in-tube [26]
2
GSBi
5GeO2+95SiO2+Bi
MCVD
3
ASBi
3Al2O3+97SiO2+Bi
MCVD
4
PSBi
10P2O5+90SiO2+Bi
MCVD
a
The bismuth concentration did not exceed the sensitivity
threshold of our analytical device (0.02 at.%) and, therefore, it is
not indicated in Table 1.

Optical loss spectra of investigated fibers are shown in Fig.
1. The measurements of luminescence spectra were carried out
separately in the ranges of ex = (450-1700) nm and ex =
(250-900) nm. In the first range, luminescence in single-mode
and multimode optical fibers (outer diameter 125 microns)
was excited by a supercontinuum fiber laser system (Fianium,
UK) and measured by an HP 71450B spectrum analyzer and
by an SP2000 Spectrometer of Ocean Optics [27].
Luminescence in the preform cores of corresponding optical
fibers was excited and measured in a range of ex = (250-900)
nm using a spectrofluorimeter FLS920 (Edinburgh

2
Instruments) with three optical detectors operating in different
wavelength bands. In this way luminescence spectra were
obtained in the range 250-1700 nm with a ex step of 10 nm.
The ex step determined the measurement accuracy of the peak
positions of the Ilum(ex, em) dependence. The luminescence
spectra obtained were corrected to the sensitivity of the
detection system and normalized to the input excitation power.
The measurements were performed at room temperature (RT).

Fig. 1. The optical loss spectra of ASBi, PSBi, SBi, and GSBi fibers (bottomup). For better visibility each line is multiplied by the number shown on the
right.

It was discovered that the luminescence spectra upon
excitation in the range 450-900 nm did not practically
dependent on the measurement method (in fibers or in fiber
preforms) for the fibers listed in Table 1. Therefore, we
believe that they do not differ in the whole range of
wavelengths and, we present them as single dependences
Ilum(ex, em), measured in corresponding fibers and preforms.
In this way the BAC luminescence properties were
investigated in bismuth-doped fibers with the simplest host
glass: vitreous SiO2. One may expect to obtain easy-tointerpret results in such fibers. Thereafter, Ilum(ex, em)
spectra were measured in bismuth fibers with more complex
host glasses: germanium-, aluminum-, and phosphorus-doped
silicas. These results are of much practical interest, because up
to now optical amplification and laser generation have been
observed only in bismuth-doped fibers with a pure silica and
an aluminum-, germanium-, or phosphorus-doped silica host.
A. Bismuth-doped silica fibers free of other dopants
It is known that the excitation of glass by the UV radiation
may be accompanied by the luminescence caused by the
presence of intrinsic defects of the glass network. To eliminate
any ambiguity in the interpretation of results, the excitationemission spectra were measured for the samples with the same
composition, but one of them contained bismuth, and the other
did not. Fig. 2 shows an excitation-emission spectrum for a
preform made from pure silica glass without other dopants. In
this case, a single luminescence peak T2 was observed (λex =
252nm, λem = 279 nm). This luminescence is caused by the
singlet-singlet transition of silica oxygen-deficient centers
(SiODC(II), the notation was taken from [28]) [28, 29].
Luminescence of triplet-singlet transition in SiODC(II) (at
about 460 nm) was not observed in our experiments due to the
fact that the oscillator strength of singlet-triplet transition in
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ODC is 7 orders of magnitude lower than the oscillator
strength of singlet-singlet transition [28].

Fig. 2. Dependence of luminescence intensity (shown by color in arbitrary
units) on the emission and excitation wavelengths for pure silica preform
without Bi-doping.

Fig. 3 shows the excitation-emission spectrum of bismuthdoped silica fiber in the range of 240-1600 nm. Measurements
of the excitation-emission spectrum for this fiber in the
wavelength range 450-1600 nm excitation were carried out
earlier [27]. Similar measurements with SBi fiber preform but
with the excitation at 240-450 nm are carried out. It should be
noted that the optical properties of such bulk glasses and fibers
were studied earlier in [26, 30-32].

3
wavelengths of the luminescence peaks at 1410 and 830 nm
(Fig. 3). BAC excitation by UV radiation allowed us to
ascertain the position of earlier unknown luminescence peaks
of A and B series. Peak T2 (see Fig. 2) in Fig. 3 is
imperceptible against the background of a much brighter
luminescence of BACs. Three peaks of red luminescence are
also observed: C(ex=480 nm; em=600 nm), С1(350 nm; 610
nm), С2(265 nm; 610 nm). They could be attributed to the
luminescence of divalent bismuth [27].
Along with the red luminescence, we observed IR
luminescence peaks located in pairs on the same horizontal
line: B1 (420 nm, 830 nm) and A2 (420 nm, 1410 nm); B2
(375 nm, 830 nm) and A3 (375 nm, 1410 nm); B3 (≈ 240 nm,
830 nm) and A4 (≈ 240 nm, 1410 nm). The excitation
spectrum of red luminescence differs from the excitation
spectrum of infrared luminescence, which indicates that it
does not originate not from BACs. Luminescence peaks of
series A and B belong to the BACs, and their position can be
used to construct a diagram of energy levels of Si-BAC shown
in Fig. 4a. The measured lifetime of the SE1 level is 600 µs,
and lifetime of the the level SE2 is 40 µs.

Fig. 4. Energy-level diagram of Si-BAC (a) and Ge-BAC (b).

It should be noted that the validity of the Si-BAC level
scheme in Fig. 4a (as well as the Ge-BAC level scheme in Fig.
4b, see below) were confirmed by independent experiments on
two-step excitation of luminescence [33].

Fig. 3. Dependence of the BAC luminescence intensity on the luminescence
and excitation wavelengths measured in the SBi-fiber at T=300 K.

BACs formed in the silica glass (Si-BACs) typically reveal
two band groups: A-A4 and B-B3, corresponding to the

B. Bi-doped germanosilicate fibers.
The UV excitation of germanosilicate glass without bismuth
provided intensive blue luminescence; its intensity was more
than an order of magnitude greater than the luminescence
intensity of the SiODC(II) (see Fig. 2). Blue emission in such
glasses is originated from the germanium oxygen-deficient
centers (GeODC) and could be easily observed with the naked
eye. A typical spectrum of GeODC luminescence Ilum(ex,
em) is shown Fig. 5. GeODC luminescence is characterized
by three intensive peaks shown in Fig. 5: T (330 nm, 380 nm),
T1 (245 nm, 380 nm), T2 (255 nm, 280 nm). The structure and
optical properties of GeODC were studied in detail in a
number of papers, e.g. [28, 34]. It was recognized, that the
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luminescence peaks T and T1 are caused by triplet-singlet
transitions, and T2 – by singlet-singlet transition of GeODC.
Luminescence intensities of T1 and T2 peaks were
comparable and about three times higher than the intensity of
the luminescence of peak T.

Fig. 5. Dependence of luminescence intensity (shown by color in arbitrary
units) on the emission and excitation wavelengths for a germanosilicate fiber
preform containing 3 mol% GeO2 (without Bi-doping).

Fig. 6. Dependence of the BAC luminescence intensity on the luminescence
and excitation wavelengths measured in the GSBi-fiber at T=300 K.

The luminescence spectrum Ilum(ex, em) of bismuth-doped
germanomsilicate glass (GSBi) is shown in Fig. 6. It contains
a much larger number of luminescence bands than SBi (Fig.
4).
1) Here we see all the luminescence peaks of Si-BAC active
centers (series A and B). This seems logical, because a GSBi
fiber consists mainly of SiO2.

4
2) In [27], a set of five luminescence peaks was observed in
a bismuth-doped germanate fiber. This set was originated from
bismuth active centers associated with germanium (Ge-BAC).
The arrangement of luminescence peaks is similar to one of
Si-BAC (A, A1, A2, B, B1). In Fig. 6 we see only three of
them: BG, BG1 and AG2. Apparently, because of relatively
low GeO2 concentration in our fiber, the intensity of peaks AG
and AG1 (their position is indicated in Fig. 6 according to
[27]) is not sufficient for registration against the background
of bright luminescence. But previously unobserved
luminescence peaks BG2, BG3, and AG3 could be seen in Fig.
6. These peaks also belong to Ge-BAC according to the
position of the luminescence bands. The approximate position
of peak AG4 was also pointed out in Fig. 6 (red dashed circle).
It was defined in our additional experiments on measuring the
excitation spectra of λem = 1650 nm. It should be noted that the
presence of a strong absorption band of GeODCs [34] and
GeODC luminescence at 280 and 380 nm in GSBi fiber may
lead to a shift of the observed luminescence peak positions
along the ex axis. In particular, B3 peak in GSBi fiber (Fig.
6), is shifted by 30 nm towards longer wavelengths compared
to the same peak B3 in pure silica fiber SBi (Fig. 3, from 240
nm in SBi to 270 nm in GSBi).
3) Peak series of red luminescence C (C, C1, and C2) is
observed in luminescence spectra of the GSBi fiber; as well as
for SBi fiber these peaks relate to luminescence of divalent
bismuth. However, in the case of GSBi fiber relative intensity
of peaks is much lower. This red luminescence was not
observed in the Bi-doped fiber with a pure germania core [27].
Therefore it can be assumed that the concentration of the
divalent bismuth decreases with an increasing concentration of
germanium oxide.
4) Finally, in Fig. 6 we also observe three peaks (series T)
that correspond to GeODC luminescence (as in Fig. 5).
The obtained data allowed us to present the diagram of GeBAC energy levels, shown in Fig. 4b, which is similar to the
energy level scheme of the Si-BAC.
C. Bi-doped aluminosilicate and phosphosilicate fibers
The bismuth-doped fiber luminescence spectrum changes
qualitatively by adding other dopants to the core glass, such as
aluminum or phosphorus oxides. The 3-dimensional contour
luminescence spectra of the PSBi and ASBi-fibers are shown
in Fig. 7 and Fig. 8a.
The luminescence of these fibers corresponds to BACs with
considerably different properties than those of Si-BAC and
Ge-BAC. Let us designate them as Al-BAC and P-BAC,
respectively. These BACs feature a much stronger dependence
of the luminescence spectrum on the excitation wavelength for
some of the luminescence bands (e.g. peaks G and G2 for the
ASBi-fiber, Fig. 8a, and I3 and I2 for the PSBi-fiber, Fig. 7):
these bands look like ellipses tilted with respect to the
emission wavelength axis. Such behavior of the luminescence
bands was found earlier in some bismuth-doped glasses and
fibers [35, 36].
The excitation spectra of luminescence peak С in the ASBifiber (Fig. 8a) and of luminescence peak C in the PSBi-fiber
(Fig. 7) are similar to the excitation spectra of peak C of the
SBi-fiber and of the Bi2+-doped crystals [27]. Therefore, one
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may conclude that peak С and C" in the ASBi-fiber and peak
C and C1 in the PSBi-fiber are also related to Bi2+-ions.
Luminescence band B in the ASBi-fiber at RT (Fig. 8a) is a
superposition of several bands. Based on the measurements at
T=77 K, peaks B and F can be isolated out of this
superposition [27].
Peak B in the ASBi-fiber (Fig. 8a) and peaks B, B1, B2, and
B3 in the PSBi-fiber (Fig. 7), the wavelengths of which are
close to those of the same-name peaks in Fig. 3, point at the
presence of Si-BACs in those fibers.
The excitation-emission spectra of the ASBi- and PSBifibers do not allow one to easily construct the BAC energylevel scheme as it was done for the SBi- and GBi-fibers (Fig.
4). Note that significant Stokes shifts of most of the lines
testify to an essential influence of the electron-phonon
interaction in this case.
Lasing on P-BAC transitions was observed in luminescence
band I (Fig. 7) under pumping around 1230 nm and in I2
under pumping at 808 nm [6]. One-exponential luminescence
decay was observed at the wavelength near 1300 nm with
lifetime 700 s. The lifetime of luminescence in other
luminescence bands are essentially shorter [61].

5
8a along the planes of the excitation wavelengths indicated.

Fig. 8. a) Dependence of the BAC luminescence intensity on the luminescence
and excitation wavelengths measured in the ASBi-fiber at T=300 K. b)
Luminescence spectra of all Bi-doped fibers (see Table 1) for selected
excitation wavelengths.

Fig. 7. Dependence of the BAC luminescence intensity on the luminescence
and excitation wavelengths measured in the PSBi-fiber at T=300 K

Lasing Al-BAC transitions was observed only in
luminescence band G (Fig. 8a) under pumping around
1060 nm. One-exponential luminescence decay was also
observed at the wavelength near 1150 nm with the lifetime
850 s.
The most characteristic luminescence spectra for all the
fiber types under investigation are presented in the form of
conventional 2-dimensional graphs in Fig. 8b. These spectra
are sections of the 3-dimensional graphs in Figs. 3, 6, 7, and

D. Physical nature of IR bismuth active centers in glasses.
A number of BAC models have been suggested recently
[37-45]. But as a rule each of these models explains not all but
only some properties of BACs. From our point of view, the
most logical approach to the solution of this problem was
demonstrated in [46]. Basing on the results of modeling of
bismuth-related centers in SBi and GBi glasses and taking into
account the assumption concerning the common origin of Bi
centers responsible for IR luminescence in silica and germania
glasses, it may be reasonably suggested that the bismuthrelated centers of near-IR luminescence in Bi:SiO2 and
Bi:GeO2 glasses are mainly represented by the Bi0Si–Si
and Bi0Ge–Ge complexes formed by interstitial bismuth
atoms and intrinsic defects of glass, Si–Si and Ge–Ge
oxygen vacancies. The calculated in [46] energy level
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diagrams for the suggested models of Si-BAC and Ge-BAC
are in a good agreement with experimental ones shown in Fig.
4. The idea that the near IR emitting bismuth centers in glasses
consist of Bi in a low valence state and oxygen (anion)
vacancies was first discussed in [47].

spectral region where p() < 0. The difference of these losses
p()-() (logarithmic scale, Curve 3 in the same figures)
represents pump induced losses. In the wavelength range
where p()-()<0 this value can be considered as so-called
on/off gain (OOG).

III. OPTICAL GAIN, GROUND STATE AND EXCITED STATE

A. Bi-doped germanosilicate fibers.
Fig. 10 shows the measured spectra for two GSBi fibers
with low and high concentration of Bi (GSBi – 2.0 and GSBi –
17). The net gain in the fiber with a low Bi concentration
(GSBi-2.0) is observed in a spectral region of 1325-1550nm,
NGmax=0.8 dB/m (Curve 2). The ESA in this fiber is
practically absent in a spectral region of 1100 -1700nm. The
increase of BAC concentration by 10 times leads to a
proportional increase of the absorption and the on/off gain in
fiber GSBi-17, the net gain bandwidth decreasing to a value of
1375-1430nm (in this case NGmax=5dB/m). Some weak ESA
is observed in a spectral region of 950-1200nm (Fig. 10,
Curve 3).

ABSORPTION

Up to now the spectra of optical losses in bismuth-doped
optical fibers (ground state absorption, GSA) have been
studied in a large number of papers (see e.g. [9] and references
therein). Optical losses significantly affect the value of the net
gain in the fiber. But the net gain could also be affected by the
excited-state absorption (ESA), if it really occurs. ESA was
observed in aluminosilicate fibers in [48]. We performed
measurements of GSA, ESA and the net gain simultaneously.
The
measurements
were
fulfilled
for
Bi-doped
germanosilicate, aluminosilicate and phosphosilicate fibers to
characterize their amplifying properties. In ASBi and PSBi
fibers the properties of Al-BACs and P-BACs were studied,
respectively. In contrast, properties of Si-BAC active centers
were investigated in GSBi fibers.
All the investigated fibers were fabricated by modified
chemical vapor deposition (MCVD) and solution doping. The
preforms were drawn into single-mode fibers (cut-off = 1.1m)
with 125µm outer diameter. Core-cladding index difference
provided by the appropriate Al2O3, P2O5 or GeO2 doping was
510-3 in all investigated fibers. Fibers with various BAC
concentrations were used. The BAC concentration was
characterized by the absorption value () at the wavelength
max of the NIR absorption band of each fiber. So for the
ASBi, PSBi and GSBi fibers max is 1.0, 1.24 and 1.4µm,
correspondingly. Further on we will mark the fibers in the
following way: {type of fiber} – {(max) (dB/m)} (e.g. GSBi
– 2.0 (Fig.10a), PSBi-0.7 (Fig.11), ASBi-1.6 (Fig.12a)).
A similar experimental arrangement as described in [48]
was used to measure the ESA. The scheme of our setup is
shown in Fig. 9. We measured the ESA in the Bi-doped fibers
(BDF) under pumping at 1.32µm (GSBi), 1.24 µm (PSBi) and
at 1.06 µm (ASBi). The supercontinuum laser system Fianium
Femto Power 1060 with an acoustooptic tunable filter (AOTF)
was used as a signal source.

Fig. 9. Experimental setup for optical gain, ground state and excited state
absorption measurements.

First the optical loss spectrum () was measured in all
fibers with the pump switched off (Curve 1 in Fig. 10, Fig. 11,
and Fig. 12). Then the optical loss spectrum p() was
measured with the pump switched on (Curve 2). The input
pump power was up to 1W to saturate BACs along the whole
length of BDF. Curve 2 represents the net gain (NG) in the

Fig. 10. Optical losses of investigated Bi-doped fibers: a) GSBi-2.0; b) GSBi17. 1 – optical loss spectra of fibers (); 2 – optical loss spectra of fibers
under pumping p(); 3 – pump induced losses p()-().

B. Phosphosilicate Bi-doped fibers.
Fig. 11 shows the measured spectra for the PSBi-0.7 fiber.
The net gain in this fiber is observed in a spectral region of
1260-1500nm, the maximum value being at  = 1330nm. The
net gain spectrum (Fig. 11, Curve 2) reveals a shoulder near
1400 nm that can be attributed to the Si-BACs gain. In the
case of PSBi fiber we observe an essential difference in the
spectra forms of p() and p()-() in contrast to GSBi
fibers. The ESA is practically absent in a spectral region of
1100-1700nm.

Fig. 11. Optical losses of PSBi-0.7 fiber.

C. Aluminosilicate Bi-doped fibers.
Fig. 12 shows the measured spectra  (), p () and p ()
-  () for two ASBi fibers with low (ASBi-1.6) and high
(ASBi-19) BAC concentration. An essential increase of ESA
with Al-BAC concentration is observed up to the complete
disappearance of the net gain.

1077-260X (c) 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/JSTQE.2014.2312926, IEEE Journal of Selected Topics in Quantum Electronics

JSTQE-INV-FL2014-05171-2013.R1
The net gain in the fiber with low Bi concentration (ASBi1.6) is observed in a narrow spectral region of 1140-1210nm.
Strong ESA in this fiber is observed at the wavelengths 8001000 nm and this agrees with the results published in [48].
Optical fibers with a higher BACs concentration (СBAC) don't
reveal NG and even OOG (e. g. ASBi-19, Fig. 12b). ESA is
observed in a wide range of 850-1650nm in all the ASBi fibers
investigated. Upon subtraction of the 1150 nm gain band, the
ESA spectrum can be presented in the form
ESA()Aexp(-/0), where0600nm and A is a function of
CBAC, not λ. In fact, the ESA level significantly depends on the
BAC concentration. The ESA measurements in fibers with
СBAC  (1m) = (1.3-50)dB/m have allowed us to assess the
ESA increase with BAC concentration as ~(СBAC)1.7 virtually
in the entire wavelength range of 800-1700nm [49, 50].

Fig. 12. Optical losses of investigated Bi-doped aluminosilicate fibers: a)
ASB-1.6; b) ASB-19. 1 – optical loss spectra of fibers (); 2 – optical loss
spectra of fibers under pumping p(); 3 – pump induced losses p()-().
Inset in Fig.12b shows the same spectra of ASB-19 fiber on an enlarged scale.

So, it was shown that Bi-doped aluminosilicate fibers (with
Al-BACs) have the positive net gain in the wavelength range
of 1140-1210nm. Phosphosilicate fibers with P-BAC reveal
the net gain in the range of 1260-1500nm (may be Si-BACs
are also involved in the vicinity of 1400 nm). And
germanosilicate optical fibers show the net gain in the spectral
region of 1325-1550nm based on Si-BACs.
It was found that the ESA in the germanosilicate and
phosphorosilicate fibers was negligible in the 1100-1700nm
region. This agrees with a high efficiency of the Bi-doped
fiber lasers based on these fibers [51-53].
The ESA in the aluminosilicate fibers is significant in the
750-1600nm wavelength range, increasing towards shorter
wavelengths. The ESA in ASBi fibers increases with the
growth of BAC concentration as ~(СBAC)1.7. This can explain
(at least, partially) a comparatively low efficiency of Bi-doped
aluminosilicate fiber lasers [54] and a remarkable decrease of
their efficiency with the increase of BAC concentration.
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out to be able to lase at other wavelengths. Their emission
bands shifted to longer wavelengths compared to the Bi-doped
aluminosilicate optical fibers. Moreover, lasers based on these
fibers reveal higher efficiency compared to the aluminosilicate
fiber lasers.
A. Si-BAC fiber lasers (Bi fiber lasers for a spectral region of
1390-1520 nm)
Lasing in the range from 1.4 to 1.5 μm in bismuth-doped
fibers was obtained on the SE1SE0 transition of the IR
bismuth active center associated with the SiO2 host (Fig. 4).
For the first time, lasing and amplification based on this
transition were achieved in a phosphogermanosilicate fiber [5,
6] (lasing at 1500 nm in [5] and at 1427 and 1470 nm in [6]),
and later in an aluminosilicate fiber [55] and in pure silica one
[56, 57]. It is interesting to note that P, Ge, and Al atoms
themselves are not engaged in the formation of bismuth active
centers with luminescence peaking near 1.4 μm. This band is
most pronounced in bismuth-doped silica fibers free of other
dopants [26, 30, 56, 58].
As can be concluded from the comparison of Fig. 3 and Fig.
6, the doping of a SBi fiber with a small amount of GeO2 does
not affect the structure of the Si-BACs associated
luminescence peaks and virtually does not change their
lifetimes. However, as this takes place, additional lowintensity luminescence peaks arise, which are due to
germanium-related Ge-BACs. The optical background losses
in bismuth- and germania-doped silica fibers turn out to be
essentially lower than in Bi-doped pure silica fibers. The
origin of this improvement is not clear yet. That is why a
bismuth-doped germanosilicate fiber (∼5 mol% GeO2) was
used to develop efficient high-power lasers in the wavelength
range (1400-1500) nm [51].
A scheme of such fiber lasers is shown in Fig. 13. As the
initial pump source, an ytterbium fiber laser operating at
λ=1137 nm (output power of up to 60 W) was used. A proper
Yb-doped fiber length was chosen to achieve efficient lasing
at this wavelength. Its radiation pumped a single-cascade
Raman fiber laser based on a phosphosilicate fiber emitting at
λ=1340 nm with an output power of 43 W. The 1340 nm
wavelength was chosen for pumping. The latter radiation corepumped the bismuth fiber laser under consideration. The
bismuth-doped germanosilicate fiber length was chosen to be
95 m, so as to provide a nearly full absorption of the pump
radiation (the small-signal absorption at the pump wavelength
amounted to about 0.5 dB/m). The locations and resonance
wavelengths of the Bragg fiber gratings used as the cavity
mirrors are indicated in Fig. 13. The cleaved fiber end was
used as the output coupler of the Bi laser.

IV. CW BI-DOPED FIBER LASERS
As it was shown above, the gain spectrum of Bi-doped fibers
depends on the core glass composition. Historically, the first
bismuth fiber lasers were developed on aluminosilicate fibers
(Al-BACs). Therefore, the largest number of publications was
devoted to the study of this type of lasers. However, pure
silica (Si-BACs), germanosilicate (also Si-BACs),
phosphosilicate (P-BACs), and germanophosphosilicate (SiBACs together with P-BACs) Bi-doped optical fibers turned

Fig. 13. Scheme of the 20W Bi-doped fiber laser with the output radiation at
1460 nm [51].
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Fig. 14a shows the dependence of the bismuth laser output
power on the pump power at λ=1340 nm. The slope efficiency
at pump powers below 10 W was as great as ~ 60%. The
conversion efficiency at the maximum output power obtained
(21.8 W) amounted to 50%. Some decrease in the slope
efficiency with increasing the pump power appears mostly due
to nonlinear effects namely spectral broadening of the laser
line. Fig. 14b shows the bismuth fiber laser output spectrum
for the output power of ~ 20 W.
It should be noted that laser generation at 1550 nm was
also obtained using a Bi-doped phosphogermanosilicate fiber
[59]. The pump wavelength was 925 nm, pump threshold
power turned out to be of ~200mW. Apparently, this feature
can be explained only as lasing on Ge-BAC transition. Only
these active centers have a broad luminescent band at 1650 nm
(involving also 1550 nm) with excitation band at ~930nm (see
Fig. 4). In such a case at present this is the only example of
laser generation at Ge-BACs.
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2) Lasing at different wavelengths
To demonstrate the wavelength tunability of bismuth-doped
GeO2-SiO2 fiber lasers, we used several pairs of FBGs
between 1389 and 1538 nm. Each pair consists of a HR FBG
with a reflectivity of ∼100% and an OC FBG with a
reflectivity of 20%, 4%, 20%, and 32% at 1389, 1480, 1500,
and 1538, correspondingly. We spliced these FBG pairs with
an active fiber. The fiber length was unchanged. The
dependences of the laser efficiency and the slope efficiency
versus the launched pump power on the lasing wavelength are
shown in Fig. 16. The gain spectrum obtained earlier [60] in
the same fiber is also shown. To prevent lasing in the gain
peak (∼1430 nm), we used angle-cleaved fiber end faces when
operating at 1390, 1500, and 1538 nm. The maximal lasing
efficiency for 95 m piece of fiber is located between 1480 and
1500 nm. The reduction of efficiency at 1389 nm is mainly
due to the water peak absorption at 1385 μm. The maximal
output power obtained was 2.2 W at 1390 nm, 8 W at 1480
nm, 4 W at 1500 nm, and 1.6 W at 1538 nm.

Fig. 14. a) Variation of the output power at 1460 nm with the launched pump
power at 1340 nm for Bi-fiber laser. b) Output spectrum of the Bi-fiber laser.

1) Temperature behavior
In order to check the influence of the temperature on laser
efficiency in germanosilicate fiber we have measured the
dependence of output power on laser temperature from -60 to
+ 70 oC. The dependence of laser efficiency on laser
temperature for GeO2-SiO2 bismuth-doped fiber laser and for
GeO2-P2O5-SiO2 [52] and Al2O3-SiO2 [54] fiber lasers are
shown in Fig. 15. It is seen that laser efficiency for GeO2-SiO2
is much higher than that of other fiber compositions. It is even
more interesting to note that the slope of these dependencies
differ and in case of GeO2-SiO2 fiber the dependence of laser
efficiency on temperature is very weak in comparison with
other fiber compositions. The reasons for such difference are
unidentified yet.

Fig. 15. Dependence of laser efficiency on temperature for various fiber
compositions (lasing wavelength).

Fig. 16. Dependence of slope efficiency (1), power conversion efficiency (2),
and gain spectrum (3) on lasing wavelengths for Si-BAC fiber lasers [51].

The possibility of a PANDA-type bismuth-doped fiber
realization using the same Bi-doped germanosilicate fiber core
was demonstrated and a CW laser with linear polarization
output was developed in [51].
So, it was shown A) that additional germanium doping of
the SBi-fiber core allows more efficient harnessing of siliconassociated bismuth active centers for obtaining near-IR
radiation. This appears to be due to the improvement of the
glass optical characteristics by the germanium doping; B) that
changing the FBGs peak wavelength one can obtain efficient
lasing between 1389 nm and 1538 nm in the same piece of
GSBi fiber.
B. P-BAC fiber lasers (Bi fiber lasers for a spectral region of
1270-1360 nm)
As Si-BACs, P-BACs perform better in phosphosilicate
fibers co-doped with a small amount of germanium oxide [61].
Using optical fiber with P-BACs, lasing was obtained at the
wavelengths 1270 nm [62], 1280, 1330, 1340, and 1360 nm
[52] by pumping at 1230 nm. In all these lasers one and the
same germanophosphosilicate (PGSBi) fiber was used. Lasing
wavelength was determined by the respective Bragg gratings.
The optical scheme of all these lasers was similar to that
shown in Fig. 13. The Bi-doped fiber lasers based on PGSBi
fibers show a temperature dependence of the output power
qualitatively similar to those observed for ASBi-based fiber
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lasers (see Fig. 15). For this reason in all experiments the fiber
was rewound on a high-heat-capacity, temperature-controlled
spool providing a good heat contact between the fiber and the
spool. This spool was placed into a thermostatted cell. All
results described here were obtained at RT.
The threshold pump powers for all lasers are of the order of
100 mW. The maximal output power obtained was 7 W at
1270 nm, 9 W at 1280 nm, 10.6 W at 1330 nm, 8.8 W at
1340 nm, and 5.2 W at 1360 nm. The efficiency of lasers at
various wavelengths is illustrated by Fig. 17. Data are given
for laser cavity (like shown in Fig. 13) with an output coupler
reflectivity of ROC=3.5% (cleaved fiber end) and ROC=50%
(special Bragg grating).
The excitation in all these lasers occurs via pumping from
the ground state to the upper laser level (p=1230 nm, band I (
max
max
 ex
 1300 nm ,  em
= 1300 nm , see Fig.7). However, it is
possible to pump to the level higher than the upper laser (I2
band in Fig. 7). Indeed, lasing at 1320 nm (P-BAC) was
observed with pumping at 808 nm [6]. The threshold pump
power amounted to 200 mW in this case.

Fig. 17. Power conversion efficiency vs. lasing wavelengths for developed PBAC fiber lasers [52, 62]. 1- ROC=0.5 and 2-ROC=0.035, with respect to an
absorbed pump power; 3- ROC=0.5 and 4-ROC=0.035, with respect to launched
pump power.

Thus, P-BAC fiber lasers operate in the range from 1270 to
1360 nm with efficiency up to 35% at RT. Lowering the
temperature of the fiber leads to an increased efficiency of the
laser (Fig. 15).
C. Al-BAC fiber lasers (Bi fiber lasers for a spectral region
of 1140-1220 nm)
The first bismuth fiber laser was constructed using an Bidoped alumosilicate optical fiber [4]. CW laser generation
with a quite high slope efficiency of 10% and 14% was
obtained at 1146 and 1215 nm correspondingly. A Nd:YAG
laser with a wavelength of 1064 nm was used as a pump
source. The fiber parameters and laser construction were not
optimized and the results obtained were not a record. But it
was the first confirmation of the feasibility of Bi-doped fibers
as an active laser medium. After this a number of bismuth
fiber lasers based on Al-BACs have been developed, among
them CW high-power lasers [8, 54, 63-65]. Frequencydoubled bismuth fiber lasers were also demonstrated [54, 6668].
A cw Bi-doped fiber laser in a wide range of lasing
wavelengths and pump powers was investigated in [52]. A
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single-mode ASBi fiber (the same fiber was used in [4]) with a
cutoff wavelength of 1.1 μm was used as an active medium.
The mode field diameter at 1.1 μm was 6.8 μm. The
concentration of Bi in the aluminosilicate core glass didn’t
exceed 210-2 at.%. It is necessary to note that optical losses at
a wavelength of about 1300 nm were less than 10 dB/km. This
means that background losses in the Bi-doped fiber under
investigation were no larger than this value. The absorption of
the pump radiation is equal to 0.29 dB/m for 1070 nm and
0.26 dB/m for 1085 nm. For this reason the length of the fiber
L= (50-80) m used in Bi-laser schemes was long enough for
efficient pump radiation absorption.
The scheme of a CW bismuth fiber laser is like the one shown
in Fig. 13. The main difference is that a CW Yb fiber laser
with an output power of 80 W at 1070 nm was used in this
case as a pump source. In some experiments a laser with a
lower power at 1085 nm was used. The pump radiation was
launched into the core of Bi-doped fiber. The cavity of the Bifiber laser was formed by two fiber Bragg gratings (FBGs).
FBGs were written in sections of special photosensitive Gedoped fibers and then spliced with the Bi-doped fiber. The
output coupler (OC) FBG has a reflectivity R= 50% in most
experiments. The spectral width of the FBGs was ~1nm,
except for the experiments on yellow-light generation. A
dispersing prism was used for the separation of the pump and
the Bi-laser radiation at the output of the Bi-laser.
The threshold pump powers for all Al-BAC lasers are of the
order of 100 mW. The maximal output power obtained was
13 W at 1150 nm, 15 W at 1160 nm, 5.5 W at 1200 nm, 4.5 W
at 1215 nm.
The radiation of the Bi-fiber laser and the unabsorbed pump
radiation were observed at the output of the laser scheme. Fig.
18 shows the dependences of the unabsorbed pump power Pup
and the laser radiation power PBi on the pump power (Pin)
launched into the Bi-laser fiber for four versions of the Bilaser.

Fig. 18. Variation of the radiation power at the output of the Bi-fiber laser
with pump power (p1070 nm) launched into Bi-doped fiber for different
lasing wavelengths (room temperature).  is the average slope efficiency (a, b
and c) and a slope efficiency for a pump power less than 15 W (d) with
respect to absorbed pump power.
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The Bi-fiber laser at 1150 and 1160 nm demonstrated the
maximal efficiency of 19% and 21% respectively.
In [54] the effective 1160 nm Bi-fiber laser was used to
demonstrate the possibility of yellow-light generation using
frequency doubling of the cw Bi laser radiation by a PPLN
crystal. The maximal yellow cw radiation power obtained in
these experiments was 300 mW. Similar experiments were
fulfilled in [67]. It is anticipated that the results obtained could
be significantly improved by a construction of a Bi fiber laser
with linear output polarization and a narrow line width.

V. PULSE BI-DOPED FIBER LASERS
Recently pulse fiber lasers have been demonstrated on
transitions of Al-BAC, P-BAC and Si-BAC. Whereas Al-BAC
pulse lasers have already been studied in a considerable
amount of works [69-74], the first results on the P-BAC and
Si-BAC lasers appeared only in [75, 76]. In addition, Bi-doped
aluminosilicate fibers were suggested as a saturable absorber
for Q-switched Yb fiber laser [77].
A. Aluminosilicate fibers
The first demonstration of mode locking in a Bi-doped fiber
laser was in 2007 [69]. Stable 50 ps laser pulses with a pulse
repetition rate of 13 MHz were generated at a wavelength of
1161.6 nm with a 2mW average power. During the next three
years the improved versions of Al-BAC soliton fiber lasers
were reported. Laser pulse duration of 1 ps with a repetition
rate of 7.5 MHz was demonstrated at the wavelengths from
1153 to 1170 nm [70, 73]. A short pulse operation was
initiated by a fast dilute nitride based SESAM. The operation
in soliton regime was achieved using a careful dispersion
management with a transmission grating pair and an improved
Bi-doped fiber allowing for the cavity with a reduced length.
B. Phosphosilicate fibers
The first P-BAC (1.32 μm) mode-locked bismuth fiber laser
operating in both anomalous and normal dispersion regimes
was demonstrated in [75]. In an anomalous dispersion regime,
achieved by using 13 nm/cm linearly chirped fiber Bragg
grating, the laser exhibited a multiple soliton operation with
the pulse duration of 2.51 ps. With the net normal cavity
dispersion, the singlepulse operation with a higher power has
been obtained by avoiding the limitations generic to
conservative soliton systems.
C. Germanosilicate fibers
Only recently the first pulse laser based on bismuth-doped
germanosilicate fiber has been reported. It operated on SiBAC transition SE1SE0 (Fig. 4). This laser was a self-Qswitched bismuth-doped germanosilicate fiber laser operating
at 1463 nm [76]. It was found that at a low pump power (190260 mW at 1310 nm) self-Q-switched lasing takes place at
1430 nm. It was experimentally shown that stable Q-switched
pulses with the duration of (1.8-5) s at a repetition rate of
~(40-65) kHz can be obtained from a simple, Fabry–Perottype cavity without using a saturable absorber. The pulse
duration and the repetition rate of the output pulses were
found to depend on pump power.
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The underpinning physical mechanism for the self-Qswitching phenomenon in the bismuth-doped germanosilicate
fiber has yet to be fully understood, and needs to be further
investigated.
VI. BI-DOPED FIBER AMPLIFIERS
Bi-doped optical fibers can serve as an active medium for
fiber amplifiers in the wavelength range from 1150 to
1550 nm. As in the case of lasers, the range of operating
wavelengths of the bismuth fiber amplifiers depends on the
composition of the fiber core. ASBi fibers (Al-BAC) provide
an optical gain at the short wavelengths from 1150 to
1220 nm, phosphosilicate (P-BAC) - in the range of 12701360 nm (O -band) and germanosilicate (Si-BAC) - in the
range from 1390 to 1520 nm (E- and S-bands). Of course,
amplifiers operating near the maximum of the corresponding
band of amplification show the best characteristic properties.
A. Si-BAC fiber amplifiers
So far the best performance among bismuth amplifiers was
demonstrated by the amplifier based on Si-BAC in bismuthdoped germanosilicate fiber.
An E-band fiber amplifier based on Bi-doped
germanosilicate fiber with improved characteristics and a
commercial laser diode for pumping was developed [60].

Fig. 19. Net gain (left scale) and noise figure (right scale) for: a) LD pumped
Si-BAC fiber amplifier, pump power 65 mW. b) P-BAC fiber amplifier, pump
power 460 mW.

Fig. 19a shows the gain spectra and the noise figure (NF) of
the amplifier pumped by laser diode at =1310 nm. The
launched pump power was near 65 mW. The unabsorbed
power for a 65 mW input power was ~20 mW. The peak gain
of 24 dB was observed near 1427 nm, 3 dB bandwidth was
1/2=36 nm and NF was 6 dB. We did not use gain
flattening filters to smooth gain spectra.
As shown in Fig. 19a a positive gain was observed in the
wavelength range between 1350 and 1550 nm thus covering
entire E-band and S-band. The maximum gain of 34 dB was
measured at s=1427 nm for the pump power of 180 mW. A
further increase of gain was limited by incipient laser
generation in the amplifier owing to an insufficient
suppression of the optical feedback.
Fig. 20(1) shows the gain as a function of pump power near
the peak gain wavelength. The input signal power here was
Ps_in<-20 dBm. The maximum gain coefficient (also called
pumping efficiency or gain efficiency) is G=0.4 dB/mW. The
G value achieved is one order of magnitude lower than that for
a typical Er-doped fiber amplifier, but one order of magnitude
higher than that of RFA and 2-4 times higher than that of Tm-
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doped fiber amplifiers. It is expected that the appropriate
optimization of the fiber parameters will allow one to increase
the gain coefficient up to 2-4 times. The net gain in Si-BAC
amplifier is practically independent on the temperature in (-70
- +70)oC range.
These characteristics are not record ones if compared with
the performance of EDFA. But as we have already mentioned
the nature of Bi-related centers is still unknown and we
believe that clearing up this point will result in considerable
improvements of Bi-doped fiber amplifier characteristics.

Fig. 20. Dependence of the net gain on the launched pump power for: 1- SiBAC fiber amplifier at λs = 1427nm and λp = 1320 nm; 2-P-BAC fiber
amplifier at λs = 1318nm and λp = 1230 nm.

B. P-BAC fiber amplifiers
As in the case of lasers, P-BACs show better gain properties in
phosphosilicate fibers additionally doped with a small amount
of GeO2 [61]. In [78, 52] such fiber (designated as F1 in [52])
was tested as gain media for the fiber amplifier. CW Raman
fiber laser at 1230 nm with a 1.5 W maximal output power
was used as a pump source for this amplifier. The active fiber
length of bismuth-doped fiber was ~200 m.
The net gain (G) and the noise figure (NF) spectra of fiber
amplifiers at a pump power level of 460 mW are presented in
Fig. 19b. The net gain was positive in the wavelength range
1283-1372 nm. The gain maximum was near 1321 nm,
reaching 24.5 dB . The 3 dB bandwidth of the net gain was 37
nm.
Fig. 20(2) shows the dependence of a small signal gain for
F1 at 1318 nm vs. the launched pump power P pump. The
maximum gain efficiency achieved Gmax is defined as a slope
of the dashed straight line going through the zero point. It is
equal to ~0.09 dB/mW. It should be noted that these results
were obtained at RT. At lower temperatures they are expected
to be better (cf. Fig. 15).
The possibility of lasing in bismuth-doped germaniumphosphosilicate at 1320 nm fiber with pumping at the shorter
excitation band at 808 nm was demonstrated in [6]. The
optical amplification at 1310 nm in the similar fiber with 810
nm pumping was investigated in [79]. On/off gain amounted
to 2 dB at pump power of 350 mW was observed. The
comparison of the results obtained in [6, 79] and [52, 78]
indicates that pumping at short-wavelength band of 800 nm is
less effective than at 1230 nm.
Thus, P-BAC optical fiber amplifiers are able to provide
more than a 20 dB gain in a single stage, which could be
important for telecommunication systems. But the required
pump power is still too high and amounts to 460 mW. New
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ways and methods should be found to improve this type of
fibers.
C. Al-BAC fiber amplifiers
As it was shown above, Al-BAC in ASBi provide an optical
gain in the range of 1150-1220 nm. Investigations of the
aluminosilicate fiber gain properties are mainly associated
with the generation and amplification in laser schemes. Thus,
a round trip gain of ASBi fibers in lasers discussed in [54],
was less than 3 dB (at 1150, 1160, 1200 and 1215 nm), i.e.,
only 3 dB per 160 m. A somewhat larger gain value of 5 dB
was obtained at RT with the fiber length of 30 m in [80]. In
the similar conditions, but with cooling an ASBi fiber to 77 K,
the gain increased up to 20 dB and the pump efficiency to 0.07
dB/mW (at room temperature it amounted to 0.004 dB/ mW,
as it was calculated according to [80]). So, at the present level
of research the efficiency of ASBi fibers at RT is much lower
than the efficiency of GSBi, and PSBi fibers.
It should be noted that in a number of papers published before
2009 the optical gain in aluminosilicate glasses was observed
at 1300 nm. And the amplification was observed both in the
bulk glass samples [81, 82] and in optical fibers [83-85]. This
amplification could not be explained in terms of the optical
properties of aluminosilicate fibers with a low ( 0.02at%)
concentration of bismuth. More research of its origin is
needed.

VII. CONCLUSION
The maximal reached CW output power of the Bi-doped fiber
laser can be considered as a figure of merit of the active
medium. The state of the art in this field is illustrated by Fig.
21.

Fig. 21. Most powerful CW Bi-doped fiber lasers demonstrated up to now.
Symbols with drop lines in the region {laser power>1W} indicate maximal
CW output power and wavelength of the laser. Symbols with drop lines at the
power level of 0.2W correspond to the lasers with the output power less than
0.2W. Symbols at the horizontal axis indicate the pump wavelength for lasers
represented by the same symbols in the graph. The efficiency of most
powerful lasers, based on Al-BACs, P-BACs, and Bi-BACs is also indicated.

The results obtained so far confirm that bismuth-doped
glass fibers have a great potential as near-IR lasing media. The
luminescence spectra of various bismuth-doped glasses cover
the entire spectral range 1000 – 1700 nm and have
luminescence bands 150 – 300 nm in width.
Various bismuth-doped optical fibers were developed which
have been used to produce a family of bismuth-doped fiber
lasers that have the efficiency from 25 % to 60 % and cover
the spectral range 1150 – 1550 nm. It is important to note that
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this range includes the spectral region 1300 – 1500 nm, which
contains no wavelengths of efficient rare-earth lasers but is of
importance in a number of applications, primarily in optical
fiber communication. It is for this spectral region that
bismuth-doped optical amplifiers with a gain of up to 25 dB at
1320 and 1430 nm and a gain band ~40 nm wide have been
developed.
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