
Abstract. The history of the development and current state of
hollow-core optical fibers are reviewed. The basic properties
which determine the competitive advantages of hollow-core
fibers and promising areas for their practical application are
discussed. Recent advances in reducing optical losses and the
prospects for telecommunication applications of hollow-core
fibers, issues of transporting high-intensity optical radiation,
and results on nonlinear compression and the generation of
ultrashort pulses in gas-filled hollow-core fibers are reviewed.
A separate section is devoted to the latest achievements in the
development of gas fiber lasers using both optical radiation and
gas discharge for pumping.

Keywords: fiber optics, hollow-core optical fibers, nonlinear fiber
optics

1. Introduction

Optical fibers have become an integral part of our lives. In
the modern information society, they actually form a living
environment that has become so familiar and natural that
most of us do not even notice it, like air in everyday life.
However, when using the Internet for work, shopping
online, communicating on social networks, or participat-
ing in video conferences, we often use optical fibers, despite

the illusion of its absence created by wireless access
technologies. Moreover, based on optical fibers, compact,
stable, and reliable sources of laser radiation are being
developed, which have found numerous applications from
industrial material processing to biomedicine and even the
search for new exoplanets.

Such success of optical fibers is largely due to the
properties of fused silica, which is the basic material used to
fabricate both the cladding and the core of optical fibers. The
technology of optical fiber production based on fused silica
has been developing for more than 40 years and during that
time many of the parameters have reached their fundamental
limits. For example, the absoluteminimumof optical losses in
optical fibers, determined by such fundamental mechanisms
as Rayleigh scattering and phonon absorption in fused silica,
amounts to � 0:15 dB kmÿ1 at a wavelength of 1.56 mm and
has already practically been reached. It is also well known
that such fundamental mechanisms as absorption by elec-
trons and phononsmake it impossible to use fused silica in the
ultraviolet (UV) and mid-infrared (IR) ranges, respectively.
However, there is permanent demand for further develop-
ment of optical fibers beyond the limits set by the properties
of fused silica.

An elegant solution to the problem is hollow-core fibers
(HCFs), in which the radiation field is localized in the hollow
core. The hollow core is by default air-filled but can be
vacuumized or filled with other gases with the desired optical
properties.

The development of hollow-core fibers followed the path
of minimizing the proportion of optical power propagating in
the cladding. Since 1999, when the first HCFs with a photonic
band gap were created [1], this proportion has been reduced
from � 10ÿ2 to � 10ÿ5 thanks to the invention of antireso-
nant hollow-core fibers possessing a negative curvature of the
cladding±core boundary [2±4]. The extremely weak interac-
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tion of radiation localized in the hollow core with the fiber
cladding largely allows avoiding the limitations imposed by
the cladding material. Thanks to this fact, hollow-core fibers
can demonstrate high radiation resistance to both high-
intensity optical radiation and ionizing radiation. In addi-
tion, HCF technology holds a promise to overcome the
fundamental optical loss limit in telecommunication optical
fibers, as well as broaden the spectral range available for
hollow-core fibers, the cladding of which ismade according to
well-known and developed fused silica technology.

In recent years, several reviews on the properties and
applications of hollow fibers have been published in the
foreign literature [5±9]. However, in Russian scientific
journals, this topic is presented only fragmentarily and
lags behind the current level of development of hollow-core
fibers.

In the present review, we try to fill this gap. This review
presents the history of the development, basic properties,
and fundamentals of the technology of hollow-core fibers
(Section 1), as well as discusses the results of HCF studies in
the most actively progressing spheres. Considered are such
issues as reducing optical losses and telecommunication
applications of HCFs (Section 2), transporting high-inten-
sity optical radiation (Section 3), nonlinear compression and
the generation of ultrashort pulses (Section 4.1), and the
development of gas fiber lasers, including the creation of the
first gas discharge fiber laser (Sections 4.2±4.4).

1.1 Classification of hollow-core optical fibers according
to mechanisms of light localization in the core
The main characteristic of a guided mode propagating as a
traveling wave exp �i�bzÿ ot�� along the core of a hollow-
core optical fiber (z-axis) is its propagation constant
b � oneff=c. This formula, in addition to the radiation
frequency o and the speed of light in a vacuum c, includes
the effective refractive index neff, which is obtained by solving
an eigenvalue problem for the electromagnetic field of the
modes of the considered HCF with the boundary conditions
taken into account. The main difference among all types of
HCF eigenmodes and eigenmodes of optical fibers that
localize radiation based on the principle of total internal
reflection is the presence of imaginary part neff �
Re �neff� � i Im �neff� in the HCF modes. This means that the
HCF eigenmodes are leaky and lose energy as they propagate.
Sometimes it is also said that there is coupling between the
hollow core modes and the cladding modes, which can be
considered separately as spatial channels of energy transfer.
Due to exactly this coupling, the leakage of energy from the
modes of the air-filled core occurs. The real part Re �neff� of
the effective refractive index determines the phase of the HCF
core mode, whereas the imaginary part Im �neff� determines
the losses of this mode. It is worth noting that the losses of the
hollow core mode include both the wave-guiding part related
to the specific design features of the fiber cladding and the
purely material losses in the HCF cladding. Thus, successful
propagation of radiation in a hollow core requires a search for
such a design of the HCF cladding that would minimize the
magnitude of the imaginary part of neff.

The concept of hollow-core fibers for long-range trans-
mission of radiation began its development with Ref. [10],
which proposed the simplest HCF design with no cladding at
all. It was a cylindrical tube with an air-core in an infinite
dielectric medium. The mode radiation of such an HCF
merely refracted at the boundary of the air-core and went to

infinity. Such a wave-guiding system could be calculated
almost analytically, and only the final dispersion equations
had to be solved numerically to determine neff for the modes
of the air-core. Calculations showed that wave-guiding losses
in such HCFs are proportional to the ratio � l2=R 3, where l
is the wavelength and R is the radius of the air-core of the
HCF. For example, this type of HCF made of glass with
refractive index n � 1:5 at a wavelength of l � 1 mm has
losses of 1.55 dB kmÿ1 for the EH11 mode for the air-core
radius R � 1 mm. In the presence of a bend with curvature
radius Rbend � 10 km, the HCF losses double, which, in the
opinion of the authors, made it impossible to use HCFs of a
dielectric material for long-range transmission of radiation.
In addition, it should be borne in mind that HCFs with such a
large radius of the air-filled core would be essentially multi-
mode.

An important step towards solving the problem of using
hollow-core fibers to transmit radiation with low losses was
the use of the anti-resonance phenomenon. Theoretically, the
band structure of radiation transmission in capillaries with
walls of finite thickness was demonstrated in Ref. [11]. In this
paper, the authors analytically derived the formulas for the
capillary wall thickness values, corresponding to high-
efficiency radiation transmission through or reflection from
this wall. The terms `antiresonant fiber' and `antiresonant
mechanism of radiation localization in a fiber' were used for
the first time in experimental paper [12]. The presence of band
gaps was demonstrated theoretically and experimentally for
radiation propagating in a planar optical waveguide having a
4-mm-thick core of pure SiO2 with air on one side and a silicon
layer on the other side. Based on Snell's law, the anti-
resonance condition was analytically derived, under which
the coefficient of reflection from the above planar layers is
maximum. It was shown that in fact they can be considered an
analog of the Fabry±Perot interferometer. As to circular
HCFs made of fused silica and HCFs with antiresonant
dielectric coatings on the inner surface of the core boundary,
the first samples of such fibers were fabricated and demon-
strated in Refs [13, 14]. In Ref. [13], the problem of
transmitting the radiation of a CO2 laser through an HCF
with ametallic or metal-dielectric coating on the inner surface
of a circular wave-guiding tube was studied. In the case of a
dielectric coating on ametallic layer on the inner surface of an
air-filled core, theHCF can be thought of as guiding radiation
partially due to the anti-resonance mechanism. Reference [14]
also considered the transmission of radiation at a wavelength
of 10.6 mm, but in silica glass tubes with diameters of 1.04 mm
and 2 mm. The experimentally measured losses in a straight
HCF amounted to 1.9 dB mÿ1 and 0.69 dB mÿ1, respectively,
the losses calculated according to the theory [10] being in not
bad agreement with these values. The main problem that
arises when transmitting radiation at such diameters of the
air-filled core is great losses due to the HCF bending. A
complete description of the problems related to the transmis-
sion of radiation in the mid-IR spectral region through HCFs
with a large diameter of the hollow core and metal±dielectric
coating of its inner surface requires mentioning the studies by
Prof. Harrington [15], who reported the transmission of
radiation from a CO2 laser at a wavelength of 10.6 mm with
losses of 0.1 dB mÿ1 bent with a radius of 5 cm. CO2 laser
radiation transmission with a power of up to 3 kW was also
demonstrated. As was mentioned, all the above HCFs had a
circular air-core with radius R4 l, coated either with a layer
of metal like silver, or additionally with a dielectric layer. The
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mechanism of reflecting radiation from a dielectric film is well
explained in terms of the antiresonant model, and it is
sufficient to apply the ray optics approach to describe it
theoretically. The main drawbacks of these HCFs are the
great sensitivity to bending due to the large core diameter and
themultimode operation.Moreover, the level of losses in such
HCFs is always no less than � 0:1 dB mÿ1.

Considerable progress in the development of new types of
HCFs began with the invention of the first microstructured or
photonic-crystal HCF [1]. The basis for creating this type of
HCF was the hypothesis of Prof. Russell that the localization
of light in the air-core of an HCF is possible because of
photonic band gaps that arise in the cladding, implemented as
a two-dimensional photonic crystal [16]. In this case, a two-
dimensional photonic crystal has a hexagonal packing of air-
filled holes circular-shaped in theHCF cladding cross section.
Numerical calculations showed that, in this case, for HCF

modes with the effective refractive index neff < 1, there is an
interval of Dneff in which the photonic band gaps can merge
for radial and azimuthal directions of radiation propagation
in the HCF cross section. This allows localizing the modes in
the air-core.

Figure 1 shows the cross-section structure of a photonic-
crystal HCF, its Brillouin zone, and the modes of the
photonic-crystal cladding that determine the structure of the
photonic band gap (PBG). From Fig. 1, it is seen that the
effective width of the PBG is determined by the spectral
density of modes of photonic-crystal claddings of various
types (Fig. 1e±g). Obviously, with such a complex structure of
the photonic-crystal cladding, it is hard to obtain a wide PBG
for the transmission of the air-core modes. Various types of
microresonators in the cladding of such HCFs significantly
reduce the spectral transmission band of the air-core modes.
This is one of the main drawbacks of photonic-crystal HCFs.
Nevertheless, in such HCFs, low loss at a level of
� 1:2 dB kmÿ1 was reached when transmitting the radiation
at a wavelength of 1.55 mm [18]. Further loss reduction
appeared impossible because of both the specific optical
properties of the photonic-crystal cladding and the boundary
shape of the air-core (the importance of the HCF core
boundary shape will be explained below), and the roughness
arising on the inner surface of the air-filled core in the process
of HCF drawing [18]. In this case, it was pointed out that the
scattering losses due to such roughness depend on the
wavelength l as � 1=l3. This also became an obstacle for
making this HCF of fused silica and high-purity synthetic
silica operating in the mid-IR spectral range [19, 20]. In
this case, the overlap of the transverse distribution of the
air-filled core modes with the HCF cladding is critical
because of the growth of the fused silica material losses in
the mid-IR range. The best results in terms of losses for
photonic-crystal HCFs in the single-mode regime were
2.6 dB mÿ1 at a wavelength of 3.13 mm [19] and 0.13 dBmÿ1

at a wavelength of 3.33 mm [20].
The problem of insufficiently wide transmission bands in

photonic-crystal HCFs was solved with the appearance of a
new type of hollow-core optical fiber, namely HCFs with
Kagom�e cladding (Fig. 2). In this HCF, the air-filled core
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Figure 1. (a) Cross section of a photonic-crystal HCF; (b, c) individual

element of the cladding of the photonic-crystal HCF and the first Brillouin

zone, determining the structure of the photonic band gap of the HCF

cladding; (d) photonic band gap (PBG) of the photonic-crystal HCF and

the structure of bands, in which radiation of the HFC air-filled core

mode is coupled with modes of the photonic-crystal cladding of various

types (e±g). In the figure, k � 2p=l, where l is the wavelength; L is the

distance between the centers of air cells of the HCF cladding (b).

(Adopted from Ref. [17].)
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mode with neff < 1 lies in a certain quasicontinuum of the
cladding modes (see Fig. 2); however, even when their
dispersion curves intersect, ncore�l� � ncladd�l� (i.e., in the
case of phase matching), the coupling of these modes is
negligibly small. As is seen from Fig. 2, the HCFs with
Kagom�e claddings do not possess photonic band gaps in the
form that exists in photonic-crystal HCFs. All dispersion
dependences of the cladding modes are distributed quite
uniformly over the entire transmission spectrum of the HCF
with a Kagom�e cladding (see Fig. 2). According to the ideas
presented in Ref. [21], the suppression of coupling between
the modes of the air-core and those of the Kagom�e cladding
occurs due to the strong mismatch between the transverse
distributions of the fields of these modes. The cladding modes
arising in the bridges of the Kagom�e cladding have a strongly
oscillating spatial structure, so that the integrals of their
overlap with the air-core modes are very small. Hence, the
Kagom�e HCFs ensure transmission in much wider spectral
intervals than photonic-crystal HCFs do (see Fig. 1). As an
example, we can consider the HCF with Kagom�e cladding
from Ref. [22], in which the radiation propagated with losses
of less than 1.5 dBmÿ1 in the interval of wavelengths from 600
to 800 nm.Nevertheless, although these losses are low enough
for some applications, they strongly increase with growing
wavelength. Therefore, HCFswithKagom�e claddingmade of
fused silica cannot be used to transmit radiation in themid-IR
spectral range.

When speaking of HCFs with microstructured cladding
aimed at transmitting radiation in the mid-IR spectral region,
it is impossible to ignore Bragg hollow-core fibers [23]. In this
case, it is common to say that the cladding of such anHCF is a
one-dimensional photonic crystal. The periodically arranged
layers of the cladding with different values of the refractive
index form a Bragg mirror that efficiently reflects the
radiation traveling along the air-core and thus forming a
guided mode (Fig. 3). In Ref. [23], the layers consisted of glass
with high refractive index and layers of a polymerwith a lower
refractive index. According to the measurements, such an
HCF could transmit radiation from 0.75 to 10.6 mm, depend-
ing on the thickness of the cladding layers. At a wavelength of
10.6 mm, the losses of the Bragg HCF amounted to
< 1 dB mÿ1. Nevertheless, the transmission of high-power
radiation in such HCFs is likely to be impossible, because,
since the publication of this paper, there have been no reports
of increasing the power of transmitted radiation in themid-IR
range.

The ideal resolution of this situation would be to make
such HCFs from fused silica that have a relatively simple
cladding structure and could be thought to both lower losses
in the telecommunication spectral region (� 1:55 mm) and
transmit high-power radiation in the near IR and mid-IR
ranges. Such HCFs with a curved shape of the core boundary
appeared in 2011 at the Dianov Fiber Optics Research Center
of the Russian Academy of Sciences [2] and were called
revolver HCFs. The research team of Prof. Benabid reported
a similar effect in the case of localization of radiation in the
air-core of an HCF with Kagom�e cladding and a curved core
boundary [3] (Fig. 4c).

At the same time, in Ref. [2] it was demonstrated that,
despite high material losses of fused silica and a relatively
simple structure of the HCF cladding (Fig. 4a), the radiation
could be transmitted with low losses in themid-IR range up to
a wavelength of 4 mm, in contrast to photonic-crystal HCFs
and HCFs with Kagom�e cladding. Later, a construction of a
revolver HCF was proposed, in which the capillaries of the
cladding were not in contact with each other [4] (Fig. 4b),
which weakened the coupling between them and allowed
transmitting radiation in more longwave regions of the mid-
IR range. In the case of Ref. [3], the spectrum of transmission
with relatively low losses was restricted to the near-IR range.
Subsequently, new [24] andmodified [25±27] fused silicaHCF
constructions with a curved boundary of the core were
proposed (Fig. 5), experiments with which confirmed that
such HCFs localize radiation with low losses in the air-filled
core and, what is most important, the air-core modes very

1 mm

10 mm

Figure 3. Cross section of the cladding of a Bragg HCF intended to

transmit radiation in the mid-IR range of the spectrum. (Adopted from

Ref. [23].)

a b c

20 mm 100 mm 20 mm

Figure 4. (a) Cross section of a fused silica HCF with a curved core boundary. (Adopted from Ref. [2].) (b) Cross section of a fused silica HCF with a

curved core boundary and separated capillaries of the cladding. (Adopted from Ref. [4].) (c) Cross section of a fused silica HCF with a Kagom�e cladding
and curved core boundary. (Adopted from Ref. [3].)
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weakly overlap with the HCF cladding. It was exactly the last
factor that was the determining one for the transmission of
radiation with low losses in a fused silica HCF wit a curved
boundary of the core in the mid-IR range.

One of the main questions that arises when considering
HCFs with a curved core boundary is the understanding and
formulation of light localization in the air-core making it
possible to obtain the above results. Clearly, in this case, there
is no two-dimensional photonic crystal in the HCF cladding
with the appropriate translation symmetry. Therefore, it is
impossible to explain the localization of radiation in such
HCFs by the presence of a PBG. On the other hand, some
authors [28] approached explaining the radiation localization
inHCFswith a curved core boundary based on the same ideas
as the explanation of localization in HCFs with Kagom�e
cladding [21]. This approach, as mentioned above, is based on
minimizing the value of the overlap integral between the air-
core mode and the modes of the HCF cladding and is referred
to as the inhibited coupling model. Historically, this was
because the first HCFs of the research team trying to
substantiate light localization in an HCF with a curved
boundary using this model were those with Kagom�e cladding
(Fig. 4c). That is why the authors of Ref. [28] automatically
transferred the abovementioned model to the new type of
HCF.

At the same time, the most common point of view on the
mechanism of radiation localization in an HCFwith a curved
core boundary is the phenomenon of anti-resonance, also
described above. The approach considered in the first studies
of this issue [12] has been generalized to the case of not only
planar optical waveguides but also all microstructured optical
fibers, including HCFs [29], and was called the antiresonant
optical waveguide (ARROW) model. The meaning of this
model in general terms is that any HCF cladding element
having a finite thickness t can be considered a Fabry±Perot
microresonator at a given wavelength l. Then, the wave-
lengths corresponding to the minimum losses of the transmis-
sion bands of the HCF are determined by the formula
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where n is the glass refractive index, m � 0; 1; 2; . . . .
The wavelengths corresponding to the maximum losses in

the HCF transmission spectrum will be determined as
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The ARROW model is shown schematically in Fig. 6.
Whereas the positions of the HCF transmission band

edges are described by Eqn (2) with fairly good accuracy, the
explanation of the degree of localization of radiation in the
air-core that allows light transmission through anHCFwith a
curved core boundary at huge material losses in the cladding
cannot simply be described by approximation (1) for planar
waveguides. The main drawback of the ARROW model as
applied to HCFs with a curved boundary of the core is that it
ignores the shape of this boundary.

For a deeper understanding of the mechanisms of light
localization in an HCF with a curved core boundary, it is
possible to consider such a quantity to be the local velocity of
the core mode energy flow at the core boundary. It is a
function of the transverse coordinates only [30]:

V�r;j� � P

W
; �3�

where P � �1=2�Re �E�H�� is the Poynting vector of the
HCF air-core mode, W � �1=4��ejEj2 � mjHj2� is the energy
density of this mode, and �r;j� are the coordinates of a point
in the HCF cross section.

Let us consider two HCFs with similar diameters of air-
filled cores and similar thicknesses of the cladding elements.
Let one of them be an individual capillary of fused silica with
a core diameter of 50 mm and wall thickness of 750 nm
(Fig. 7a), and the other a fused silica HCF with the cladding
made of eight capillaries (Fig. 7b) and similar geometrical
parameters. Let us calculate the distribution Vr�r;j� of the
radial projection of the local energy velocity at a wavelength
of 1.06 mm for the fundamental mode of the air-core along the
inner boundary of an individual capillary and along the outer

a b

50 mm 20 mm

Figure 5. (a) Cross section of a fused silica HCF with a curved core

boundary (Adopted from Ref. [24].) (b) Cross section of a fused silica

nested hollow-core fiber allowing significant loss reduction. (Adopted

from Ref. [26].)

T

l

n1
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n2, d

n2, d

n1, aCore

Figure 6. Anti-resonant model for a planar waveguide with wall thickness

d and core size a; n1 and n2 are refractive indices (top), transmission bands

of waveguides are shown in the bottom figure (T is the waveguide

transmission coefficient). (Adopted from Ref. [29].)
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boundary of the HCF cladding capillary (see Fig. 7). This is
necessary in order to understand the difference between the
energy leakage of the air-core mode along the internal
boundaries of an individual capillary as a waveguide, for
which the ARROWmodel is valid, and that along the curved
boundary of the HCF.

The corresponding distributions Vr�r;j� for the funda-
mental air-core mode of the hollow core are shown in Fig. 8.

It is obvious that in an individual capillary the radial
projection of the local velocity of the energy of the air-core
fundamental mode nowhere becomes zero and nowhere takes
negative values (Fig. 8a). At the same time, the radial
projection of the energy local velocity of the air-core
fundamental mode along the outer boundary of an indivi-
dual capillary of the HCF cladding behaves in an oscillatory
manner and has zero and negative values in many areas
(Fig. 8b). It takes the maximum positive value at the point
of the capillary attachment to the basic tube. This indicates a
significantly more complex nature of the interaction between
the radiation of the air-core mode and the curved core
boundary, which is very different from that described by
the ARROW model. Naturally, this difference leads to a

difference in the losses for the two optical fibers shown in
Fig. 8. For the capillary (Fig. 8a), the losses were 12 dB mÿ1,
whereas for theHCF (Fig. 8b), they amounted to 1.2 dBkmÿ1.
Such a difference in the interaction of radiation between two
hollow-core optical waveguides is explained by the formation
of complex vortex motions of the power flux of the
fundamental mode of the hollow core in the walls of
capillaries of the HCF cladding (Fig. 7b) arising due to the
presence of singularities in the transverse component of its
Poynting vector [31].

1.2 Technology of fabricating hollow-core optical fibers
1.2.1 Fabricating hollow-core optical fibers from fused silica
The main method of making practically all glass optical
fibers, including microstructured ones, is the drawing of the
fiber from amacroscopic preform. The preform already has a
structure (one or several cores, reflective claddings, stressing
rods, etc.) that is inherited by the drawn fiber. The preforms
can be fabricated using different methods, the most wide-
spread one for microstructured fibers being the `stack and
draw technique.' Figure 9 shows the stages of applying the
stack and draw technique to fabricate a microstructured
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Figure 8. (a) DistributionVr�r;j� for the fundamental mode of the core along the inner boundary of a capillary (Fig. 7a); (b) distributionVr�r;j� for the
fundamental mode along the outer boundary of an individual capillary of the HCF cladding (Fig. 7b). (Adopted from Ref. [30].)
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optical fiber, namely, a revolver hollow-core fiber with nested
capillaries.

Initially starting from the design of the HCF to be
produced and considering the method of fiber drawing, the
structure of the preform is designed and the dimensions of all
preform elements are calculated (Fig. 9a). Then, the elements
of HCF cladding are made of silica tubes. For this purpose,
the tubes are inserted one into another and fused together
using oxygen-hydrogen burner. The resulting structure is
drawn on a standard drawing tower, thus making the
constituents of the composed preform (Fig. 9b). In a similar
way, the support elements are drawn on a standard drawing
tower (Fig. 9c). Then all prepared elements are sorted to
choose the necessary number of elements with minimum
deviations from the required dimensions. At the next stage
the stacking of the preform is carried out. The auxiliary
elements are used at the preform edges to position the main
elements correctly (Fig. 9d). After that, the stacked preform is
processed on a glassblowing lathe in such a way that
structural elements would be fused into the desired config-
uration without substantial deformation. Then, cane drawing
is performed (Fig. 9e). Finally, the fiber is drawn with
simultaneous jacketing with a thick-wall tube (Fig. 9f). In
the process of drawing, excessive gas pressure is supported in
the preform cavity, which allows reducing the structure
deformation under the action of surface tension forces.
Usually, gas pressure regulators are used for this purpose,
which are connected to all cavities in the preform and support
the necessary extra pressure. There is also an alternative
approach to the pressure regulation in the preform, called
`the technology of drawing with a sealed upper end' [32]. The
essence of the technology is that the cavities of the preform are
sealed from the upper end and the pressure is increased in the
process of drawing due to the preform heating. The
advantage of this method is that all cavities are enlarged by
the same number of times, regardless of their initial size. Thus,
this technology allows producing optical fibers with many
various cavities without using high-precision gas pressure
regulators.

In addition to the above technology for fabricating
microstructured optical fibers, the extrusion method [33] is
successfully used for low-melting glass, which consists of
pressing softened glass through special dies with a complex
shape.

Recently, a method of 3D printing of the preforms is also
under active development [34]. The main advantage of this
method is the possibility of obtaining preforms of arbitrarily
complex shapes. It is important to note that the improved 3D
printing method allows fabricating not only plastic but also
glass optical fibers [35, 36]. In this technology, a fine-
dispersed glass powder (up to 70 wt%) is admixed to the
polymer. After the print, the preform is subjected to
annealing, in the process of which the organic compounds
are burned out and the porous carcass of glass is left. This
material can be sintered, which yields a glass product of
optical quality with the conservation of the structure
determined by the printing.

1.2.2 Prospects and soft glasses. Although the dominant part
of the radiation in HCFs is localized in the core, HCFs of
fused silica demonstrate high optical losses in the mid-IR
range because of high absorption by silica in this region (more
than 1000 dBmÿ1 for wavelengths above 4 mm) [4]. Although
there are reports of silicaHCFs operating in themid-IR range
[37±39], such fibers are inapplicable in the wavelength range
above 4.5 mm [24]. Obviously, the transition to longer
wavelengths requires the abandonment of fused silica,
despite all the advantages of this material, namely its high
manufacturability, mechanical strength, and low optical
losses.

First of all, fluoride, tellurite, and chalcogenide glasses
should be considered promising materials for the production
of mid-IR range HCFs.

Fluoride glasses. ZBLAN is the most well-known and
manufacturable fluoride glass. This is a group of glasses with
the ZrF4ÿBaF2ÿLaF3ÿAlF3ÿNaF composition developed in

1974 [40]. ZBLAN glasses are being actively introduced into the

fiber optics of the mid-IR range. The region of optical

transparency of ZBLAN glasses ranges to 7 mm. Fabricating

hollow-core fibers of this glass could allow considerable

extension of the application field of hollow-core optical fibers.

However, this class of glasses has significant disadvantages, the

main one being the strong hygroscopicity of the surface, due to

which even standard all-glass ZBLAN fibers require special

protection of the end faces from atmospheric air. The develop-

ment of ZBLAN hollow-core optical fibers must take this

material feature into account from the very beginning. In other

words, it is necessary to provide reliable protection of all surfaces

at all stages of production and operation of ZBLANhollow-core

fibers.

The second significant disadvantage of the considered
glasses is the strong temperature dependence of the
material viscosity, which substantially complicates the
production of microstructured optical fibers. Neverthe-
less, it is possible to fabricate microstructured optical
fibers of this glass [41, 42]. However, in the literature, we
could not find experimental papers on the successful
fabrication of hollow-core fibers of fluoride glasses. We
can only mention theoretical paper [43], in which the
structure of a hollow-core ZBLAN glass fiber is pro-
posed. Thus, the development and creation of hollow-
core fibers based on heavy metal fluorides is a very
challenge.
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Chalcogenide glasses. The term `chalcogenide materials'
refers to a large class of materials containing one or more
chalcogens other than oxygen. In other words, chalcogenide
materials and chalcogenide glasses are contrasted with oxide
glasses and materials. Depending on the composition of the
glass, the range of optical transparency can be from 1 to
20 mm. Many chalcogenides vitrify well, and therefore they
can be used for the fabrication of optical fibers. The most
popular chalcogenide glasses that are successfully used in
fiber optics are glasses of AsÿS systems: AsÿSe, GeÿAsÿS,
GeÿAsÿSeÿTe, etc. The first hollow-core optical fiber
made of chalcogenide glass was fabricated in 2010 [44];
Te20As30Se50 glass was used, and the optical fiber had a
multilayer reflective cladding. The fiber preform was made
by stack and draw technique and consisted of six rows of
capillaries stacked from 162 elements. Two samples of
hollow-core fibers with a core diameter of 32 and 58 mm
were drawn from the preform, the first layer of glass
delimiting the core was very thick, and the shape of the
core±cladding boundary was close to round. Unfortunately,
the authors were unable to observe the light propagation
through the hollow core of fabricated samples in the range of
2±20 mm. But already the following year, a hollow-core
optical fiber with a revolver structure was demonstrated,
also made of glass with the composition Te20As30Se50; the
fiber cladding consisted of eight contacting capillaries, the
optical fiber was made by stack and draw technique, the core
diameter was 380 mm, and the thickness of the capillary wall
was 13 mm. The transmission of CO2 laser radiation through
the hollow core of this optical fiber was demonstrated for the
first time. The optical loss in this fiber was 11 dB mÿ1. Also,
chalcogenide glasses can be formed by extrusion; for example,
in [45], a revolver-type hollow-core chalcogenide fiber was
used for spectroscopy in the mid-IR range. This fiber was
produced by extrusion and showed an optical loss of
0.1 dB mÿ1 at a wavelength of 10.5 mm.

Features of chalcogenide glasses include a strong depend-
ence of viscosity on temperature (this is a common problem
with all low-melting glasses). A significant problem with
chalcogenide glasses is the heterogeneity of the composition,
since all glasses of this class allow a wide range of component
concentrations; when forming bulk glass samples, the glass
often segregates into domains with different compositions.
This, in turn, leads to viscosity inhomogeneities, which makes
the fabrication ofmicrostructured optical fibers very difficult.
Also, one should not forget about such problems of
chalcogenide glasses as the toxicity of components and low
strength of glass compared to silicate glasses.

Tellurite glasses. Tellurite glasses are those based on
tellurium oxide. Unfortunately, pure tellurium oxide is very
prone to crystallization, and additives of other oxides are used
to stabilize the glass. In relation to fiber optics, two systems
are most widely used: zinc-tellurite and tungstate-tellurite
glasses [46]. The glass transparency range of both systems
extends to 5 mm. Compared to chalcogenide glasses, tellurite
glass is less toxic and more technologically advanced. The
main problem with tellurite glasses is the admixture of OH
groups, which is extremely difficult to get rid of; even a small
content of OH groups in the glass leads to significant losses in
the range of about 3 mm. Nevertheless, researchers can
dehydrate tellurite glasses to very high purity [47]. Tellurite
glasses are actively used to create microstructured optical
fibers, including hollow-core ones. For example, Ventura et
al. [48] demonstrated a tellurite HCF for transmitting single-

mode laser radiation with a wavelength from 4.9 to 6 mm, and
Ref. [49] reported delivering mid-infrared radiation at a
wavelength of up to 10 mm with a low loss of 2.1 dB mÿ1.

2. Revolver optical fiber as the basis
of promising optical communication lines

Hollow-core optical fibers open new prospects in the area of
fiber-optic communication lines, since the abandonment of
the solid-state core will also remove the fundamental
limitations imposed by the core material on the optical
characteristics of optical fibers. For transmitting informa-
tion over long distances, the key characteristic of fibers is the
amount of optical loss.

In modern telecommunication fibers, optical losses
have a minimum at a wavelength of 1.55 mm, which is
� 0:15 dB kmÿ1 and has already been reached in practice. The
spectral position and magnitude of the minimum optical loss
is determined by mechanisms such as Rayleigh scattering and
phonon absorption in fused silica. However, when moving to
hollow-core fibers, in most cases filled with air, the concen-
tration of molecules in the core drops by more than three
orders of magnitude, which radically reduces the influence of
scattering and absorption processes in the core on optical
losses. The ability to pump air out of the core further raises
the question of how much optical loss can be reduced in
hollow-core fibers compared to modern telecommunications
fibers. In addition, the hollow core can provide a wide
spectral bandwidth and transmit information at the speed of
light in a vacuum, which is � 1:5 times faster than silica core
fibers. Another advantage is the strong suppression in the
hollow core of unwanted nonlinear effects that create noise in
communication lines. Taken together, these advantages of
hollow-core fibers create prospects for significantly increas-
ing the capacity of next-generation fiber-optic communica-
tion lines.

The desire to outperform modern telecommunications
fibers and reduce the minimum optical loss below the
fundamental limit (� 0:15 dB kmÿ1) has stimulated active
research on hollow-core fibers since their inception [1]. It
quickly became clear [18] that photonic-crystal type hollow-
core fibers, which were the first to appear, do not allow
solving this problem. The minimum level of optical loss
demonstrated in such fibers is� 1:2 dB kmÿ1 at a wavelength
of 1620 nm. In this case, the limiting factor is the scattering of
radiation at the roughness of numerous air±glass interfaces in
a microstructured cladding.

Although the amplitude of roughness at air±glass inter-
faces is very small (less than 1 nm), it cannot be completely
eliminated [18]. Therefore, to reduce optical scattering losses,
it was necessary to reduce the proportion of radiation
interacting with the interface between the hollow core and
the microstructured cladding of the fiber. This was reached
with the advent of antiresonant hollow-core fibers with
negative curvature of the core±cladding interface [2, 4, 37,
50]. Such fibers not only renewed the hope for overcoming the
fundamental limit of optical loss in telecommunication fibers
but also showed the possibility of reaching low optical loss
over a wide spectral bandwidth (Fig. 10). In this case, a
particularly important role was played by the revolver-type
hollow-core fibers developed at the Fiber Optics Research
Center of the Russian Academy of Sciences [2, 4], which
significantly simplified the design and fabricating technology
of hollow-core fibers and, thus, served as a starting point for
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the further development of new types of hollow-core fibers
[25, 26, 51±53].

In revolver-type hollow-core fibers, the main contribution
to optical losses comes from the leakage of radiation from the
hollow core into the fiber cladding. To suppress this
mechanism of optical loss, the most productive approach
turns out to be the use of nested capillaries in the fiber
cladding [25, 26]. Subsequently, it was HCF with nested
capillaries that became the main type of hollow fiber
considered for telecommunication applications. Already in
2014, using numerical modeling methods, it was shown that
the leakage losses of the fundamental mode in such fibers can
be as low as 0.1 dB kmÿ1 at wavelengths from 1.5 to 2.5 mm
[26]. This result gave new impetus to active research on the
optical properties and improvement of the technology for
fabricating such fibers.

Over the past five years, optical losses in hollow-core
fibers have decreased at an impressive rate. Researchers from
the University of Southampton have experimentally demon-
strated hollow-core fibers with optical losses of 1.3 dB kmÿ1

(2018) [60] and 0.65 dB kmÿ1 (2019) [61]. Optimizing the
technology for drawing long (more than 1 km) sections of
hollow-core fibers with nested capillaries, as well as improv-
ing measurement techniques, allowed the same group to
reduce optical losses to 0.28 dB kmÿ1 (2020) [62]. And the
optimization of the optical fiber cross-section geometry led to
a reduction in losses, first to 0.22 dB kmÿ1 (2021) [63], and
then to a record low value of 0.174 dB kmÿ1 (2022), reached
using double-nested capillaries in the optical fiber cladding
[53].

Thus, today, hollow-core fibers have already reached a
level of optical loss comparable to the fundamental limit of
modern telecommunication fibers in the spectral region of
about 1.55 mm. Moreover, numerical simulation results
indicate that optical loss as low as 0.055 dB kmÿ1 [5] can be
reached in hollow-core fibers with double-nested capillaries.

The practical implementation of such low optical losses
will open a fundamentally new page in the field of fiber-
optical communication lines. Today, various scientific groups
and telecommunication companies are experimenting with
data transmission through hollow-core fibers [64±68].

The current level of technological development makes it
possible to produce hollow-core optical fibers several kilo-
meters long, as well as to splice them, and the optical losses
introduced by the spliced connection of hollow-core optical

fibers amount to a rather small value of � 0:2 dB [66, 68].
Thus, one of the first practical applications of hollow-core
fibers may be the transmission of information over short
distances (4 10 km) inside data centers or financial organiza-
tions, for which it is critical to receive up-to-date information
with minimum time delays. Laboratory experiments [64, 65]
demonstrated the possibility of transmitting data through a
� 1-km-long hollow-core fiber. At the same time, the
information transmission rate was 100 Gb sÿ1 per spectral
channel. It should be noted that the total data transfer rate
can easily be scaled, given the exceptionally wide (� 700 nm)
bandwidth of the hollow-core fiber used in the experiments.

An increase in the information transmission distance in
hollow-core fibers with nested capillaries up to hundreds of
kilometers in length was demonstrated inRef. [66]. Two fibers
with lengths of 3.4 and 4.3 km were spliced into one segment
7.7 km long, which was closed in a loop for repeated
recirculation of the optical signal. Using a symbol rate of
32 Gbaud and trying various modulation formats, a data
transmission range of � 618 km was reached.

The transition from laboratory experiments to deploy-
ment of communication lines under real field conditions
requires the creation of a fiber-optic cable based on hollow-
core optical fibers. The technology of laying an optical fiber in
a cable is an important component in real communication
networks, since the optical fiber in a cable can be subject to
micro- and macrobending, increasing optical losses in the
communication line. Recent paper [68] demonstrated a fiber
optic cable based on a hollow-core optical fiber with double
nested capillaries, which reached a data transmission range of
more than 1000 km in a 48-channel wavelength division
multiplex link with a transmission rate of 800 Gbit sÿ1 in
each channel.

Thus, the potential capabilities of hollow-core optical
fibers are being systematically realized, and hollow-core
fibers themselves are increasingly becoming a realistic basis
for the next generation of high-speed fiber-optic communica-
tion lines.

3. Transporting radiation
with high mean and/or peak power

3.1 Properties of standard
and hollow-core optical fibers: a comparison
As the power of laser radiation propagating along an optical
fiber of any type increases, starting from a certain threshold
power value, radiation-induced damage to the optical fiber
may occur.

In the most obvious cases, damage to the fiber occurs
because of a thermal micro-explosion: in a certain small
volume of the fiber material, the energy release exceeds the
amount of heat that is removed due to thermal conductivity.
The flux of heat removed due to thermal conductivity
increases approximately in proportion to the temperature. If
heat generation increases faster with temperature, then the
conditions for a thermal explosion are realized. In this case,
heating the substance above the temperature of parity
between heat release and thermal conductivity losses leads
to further heating, which accompanies an increase in the
absorption coefficient of light radiation; as a result, the
heating rate of the substance increases. This avalanche-like
process is the above microexplosion. As a simple example, let
us consider the possibility of destructing a silica standard
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communication fiber (with a solid glass rather than hollow
core) due to heating by laser radiation. Its optical loss is about
0.2 dB kmÿ1 (at a wavelength of minimum loss) at room
temperature and increases drastically at a temperature of the
order of T1 � 1100 �C [69]. If we assume for estimation that
the optical losses in the fiber are due only to the absorption of
radiation (which obviously overestimates the heat energy
release), then we can estimate the threshold power of laser
radiation, above which a thermal explosion develops (from
the condition of equality of energy release in the core and heat
removal from the core due to thermal conductivity) in the
following form:

Pth � 2pT1lT
a

;

where lT � 1:46 W (m �C)ÿ1 is the thermal conductivity
coefficient of fused silica, and a � 0:2 dB kmÿ1

(4:6� 10ÿ5 mÿ1) is fiber optical losses. The threshold power
Pth under the assumptions made turns out to have a relatively
high value of Pth � 200 MW.

There are also other processes that can limit the power of
radiation transmitted through an optical fiber, which are
characterized by significantly lower threshold power values.
When the light radiation of sufficient intensity propagates
through the core of a fused silica fiber (again, for simplicity,
we consider a fiber with a solid core), a nonlinear process such
as stimulated Raman scattering (SRS) develops, i.e., the
conversion of pump radiation quanta into quanta of lower
energy (the Stokes frequency shift) leading to a significantly
greater thermal effect (compared to the example discussed
above). As was shown by Biriukov et al. [70], when single-
mode radiation propagates through a fiber with a core
diameter of 8 mm, the threshold power value is Pth � 10 kW.
This estimate agrees with available experimental data: single
mode CW fiber lasers have an output power not exceeding
several kilowatts. In the absence of thermal equilibrium when
transmitting short radiation pulses, the threshold value of the
peak pulse power turns out to be significantly higher than the
values characterizing CW radiation. Currently, special solid-
state silica fibers have demonstrated the generation of laser
pulses with a peak power reaching � 1 MW [71]. Another
process that limits themaximumpower transmitted through a
silica-core fiber is self-focusing. The threshold power for self-
focusing in fused silica is of the order of 1MW [72] and is thus
comparable to the experimental values reached.

In contrast to all-solid-state optical fibers based on fused
silica, hollow-core optical fibers, also made of fused silica, are
more resistant to high transmitted radiation powers, even
though heat removal from the field-confining elements in the
hollow core is more difficult than with all-solid-state optical
fibers. This resistance is primarily due to such a distribution
of the radiation field in the HCF that almost all the power is
transmitted through the hollow core, usually filled with gas,
and the power propagating through the glass elements of the
reflective cladding is � 10ÿ5 of the total power. In addition,
the hollow core of an optical fiber is usually filled with air, the
density of which is three orders of magnitude lower than the
density of a solid, because of which nonlinearity coefficients
of the gas as an optical medium are also approximately three
orders of magnitude lower. Recently, it was shown possible to
transport radiation with a power of 1 kW over 1 km along an
HCF with a core diameter of 31 mm [73] and CW narrow-
band (84 GHz) radiation with a power of 2.2 kW over a
distance of about 10 m along an HCF with a core diameter of

23 mm [74]. This is a direct demonstration of the unique
capabilities of HCFs for transporting high-power laser
radiation due to their exceptionally low nonlinearity and
high destruction thresholds. The core of the HCF is usually
filled with air; the threshold self-focusing power in air at
atmospheric pressure is also about three orders of magnitude
higher than in most solid-state optical materials and amounts
to � 3 GW [75]. This value also limits the maximum possible
power that can be transmitted through an HCF (without
additional core vacuumization). And, relatively recently, the
transmission of pulses (hundreds of femtoseconds long) with
such a peak power was experimentally realized using a
revolver-type fiber [76], that is, with a peak power approxi-
mately three orders of magnitude higher than the maximum
values for all-solid-state fibers.

It should be noted that, when most of the radiation
propagates through a narrow hollow core filled with air, it is
necessary to consider the possibility of optical breakdown of
the air under the effect of laser radiation. Optical gas
breakdown has been widely studied, especially at the
beginning of the laser era, and the available data show that
the threshold laser light intensity for breakdown in atmo-
spheric-pressure air is of the order of 1011 W cmÿ2 for
nanosecond pulses, increasing to � 1014 W cmÿ2 for shorter
pulses with a duration in the picosecond range [77]. The
threshold power varies depending on the diameter of the
focusing area (in the case of hollow-core fibersÐon the
diameter of the hollow core) approximately as � d

ÿ3=2
c .

Apparently, this explains the fact that, in numerous experi-
ments carried out by the authors, in which the laser radiation
with an intensity of � 1012 W cmÿ2 propagated along a
hollow-core fiber, no spontaneous optical breakdown in the
core was observed [78]. Thus, the ability of the HCF to
transport pulsed laser radiation with approximately three
orders of magnitude higher power than all-solid optical fibers
(with a fused silica core) is demonstrated.

Observing the actual process of destruction of an optical
fiber under the action of high-power laser radiation faces
great experimental difficulties, since the point of destruction
occurrence is usually not localized; it is determined by the
random distribution of sites of relative weakness in the
structure of the fiber under study. In addition, such experi-
ments require the use of high-power lasers, which increases
the cost of these experiments. But another approach to
studying this problem is also possible. The fact is that, after
the formation of a strongly radiation-absorbing region in the
optical fiber (plasma), this region, under the influence of the
same laser radiation, begins to move towards the laser,
destroying the optical fiberÐ the so-called fiber fuse effect
[79] takes place. Since the phenomenon of plasma formation
under the influence of an electromagnetic field is usually
called discharge [80], we can say that, in this case, we are
dealing with the propagation of an optical discharge along an
optical fiber. And the speed of such propagation can range
from meters per second to kilometers per second, depending
on the intensity of the laser radiation [81, 82].

It is obvious that the propagation of an optical discharge
along optical fibers has much more catastrophic conse-
quences for fiber systems than does destruction at one point
during, e.g., a `pure' thermal explosion. And, second, the
phenomenon of optical discharge propagation has signifi-
cantly lower threshold conditions for radiation power than a
thermal explosion. When these threshold conditions are
exceeded, the optical fiber finds itself in a kind of unstable
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state, namely, if a plasma source is accidentally formed in
some way in the energy transport channel, the radiation-
supported plasma begins to move towards the laser radiation,
destroying the optical fiber.

A fiber line in which the laser radiation intensity is below
the threshold for the propagation of an optical discharge is
much safer. In solid-state fibers based on fused silica with a
not small mode field diameter (more than 8 mm), an intensity
of laser radiation of the order of 1 MW cmÿ2 is sufficient for
the propagation of an optical discharge, which corresponds to
a total transmitted radiation power of only a few watts. A
report on the results of studying this process can be found in
Refs [82, 83]. As to the possibility of a similar effect in hollow-
core fibers, only a few years ago such an effect was observed in
an HCF [78, 84, 85]. Since, in fact, the conditions of
supporting the optical discharge propagation along the
optical fiber determine the possibility of its application
under `nonsterile' real exploitation conditions, we will dwell
on these results in more detail.

3.2 Propagation of optical discharge
through a revolver optical fiber
Usually, the simplest picture of interaction between laser
radiation and a fiber core in the process of destructive wave
propagation along the fiber is observed when CW laser
radiation is used [69, 70, 86]. However, to date, it has been
impossible to observe the destruction wave propagation
along an HCF under such conditions. Apparently, this fact
is explained by the necessity to use CW lasers of sufficiently
high power in experiments. Some idea of the physical
processes that can take place during HCF destruction under
exposure to CW laser radiation can be obtained using the
results of Ref. [87]. In this paper, the processes of propagation
of air plasma supported by laser radiation (i.e., optical
discharge (OD)) were also studied in glass tubes (as in
HCFs), but of much greater diameter, of the order of 10 mm
(for comparison, the HCF hollow-core diameter is commonly
a few ten up to a hundred micrometers). The experiments
were carried out in a quasicontinuous regime, since the
duration of the laser pulses (l � 1:06 mm) amounted to
about 5 ms, which exceeded all characteristic times of the
process studied. From the results of Ref. [87], it follows that,
when a center of laser radiation absorption arises inside the
tube, an optical discharge develops there, which travels along
the tube towards the laser at a relatively low intensity of the
quasi-CW laser radiation (� 1 MW cmÿ2, the laser power
being about 2MW). As the laser radiation intensity increases,
the regime of OD propagation changes from thermal
conduction to optical detonation (see [80]). In this case, the
observed velocity of OD propagation increases from nearly
1 m sÿ1 to 2 km sÿ1. Similar processes are expected to occur in
HCFs, with a correction for the substantially smaller
diameter of the core.

The value of laser radiation power required for the
propagation of CW OD along a hollow-core optical fiber
can be estimated in the following way. It is known that the
threshold intensity of laser radiation for the propagation of
an OD along a tube depends on the tube diameter as
Ith � 1=dc [80]. Such a dependence on the tube diameter
appears due to the energy losses along the radius to the tube
walls. Therefore, based on the data of Ref. [87], we conclude
that, for anHCFwith a core diameter of 20 mm, the threshold
power should be of the order of 500 W (the laser radiation
intensity in the fiber being Ith � 5� 108 W cmÿ2).

When using lasers with lower average power, observation
of the formation and propagation of plasma along theHCF is
also possible, but in pulse-periodic regimes, which provide
significantly higher radiation intensities in the fiber core than
the above estimate for CW radiation. Thus, when 10-ns pulses
of Nd:YAG laser radiation propagated through a photonic-
crystal optical fiber with a hollow core filled with atmospheric
air, a limitation on the energy of pulses transmitted along an
8-mm-long optical fiber was observed due to the occurrence
of optical breakdown at a laser radiation intensity of about
6:2� 1011 W cmÿ2 [88]. In another paper [89], when
transporting nanosecond pulses (Nd:YAG, t � 12 ns, fre-
quency of 10 Hz) through an HCF (Kagom�e fiber, core
diameter of 50 mm), spontaneous initiation of the fiber
destruction process was observed in several experiments at
radiation intensities of about 5� 1010 W cmÿ2 in the core,
after which a destruction wave propagated along the optical
fiber towards the laser with an average velocity of� 5 cm sÿ1.
In this case, the reflective microstructured cladding of the
optical fiber was completely destroyed. When proceeding to
ultrashort pulses, the threshold intensities of HCF destruc-
tion increase. Thus, in Ref. [90], the possibility of delivering
femtosecond (duration of� 100 fs) pulses with an intensity of
up to 1011 W cmÿ2 through an HCF (a revolver optical fiber
was used as the HCF) over a distance of 10 m without
degradation of radiation parameters was shown. In this
case, the threshold for fiber destruction was not reached.

Reference [84] showed the possibility in principle of the
quasi-CW propagation of an OD along a revolver hollow-
core optical fiber with a mean velocity of about 1 m sÿ1 over
distances of � 1 m under the action of pulsed-periodic
radiation with a mean power of about 2 W (with a
wavelength of 1064 nm). Using nanosecond pulses of a
relatively complex shape (each 130-ns pulse was a sequence
of individual 100-ps pulses) makes it possible in principle to
obtain information on the processes occurring in HCFs
during OD propagation from the pattern of its core
damages, which is impossible in the case of its complete
destruction, as, for example, in [89]. In the experiments [78],
the laser radiation intensity on the fiber axis reached
2� 1012 W cmÿ2 in the maxima of picosecond pulses.
However, no optical breakdown was observed in this case,
so it was necessary to initialize OD especially to observe the
process of optical fiber destruction, as in the majority of such
experiments (see, e.g., [83]).

Reference [78] presents the first detailed study of the
phenomenon of catastrophic destruction of hollow-core
optical fibers exposed to pulsed laser radiation. To construct
the physical picture of OD propagation along an HCF, the
analysis of fiber damages arising during OD movement was
applied, as was earlier done in Ref. [91]. Changing the
medium surrounding the silica structure of the revolver
optical fiber (ROF) allowed detecting the drastic dependence
of the mean OD propagation velocity along the hollow-core
optical fiber on the properties of the environment. Note that
such a phenomenon has never been detected in OD propaga-
tion through conventional all-solid-state fibers (see, e.g.,
review [79]).

3.2.1 Experimental setup to observe the effect. A schematic
diagram of the experiment is presented in Fig. 11a. It is like
the one used in Ref. [84]. Through the lens 1, the laser
radiation enters the core of the ROF about 50 cm long or
more with the input efficiency of 80%. The experiments were
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carried out with ROFs of two types, ROF1 and ROF2. In
both cases, the optical fiber was a fused silica structure with a
polymer coating. The cross section of ROF1 and ROF2 silica
structures are shown in Fig. 12. In some cases, the polymer
coating was removed from segments of the optical fiber.
Particularly, in several experiments, in the segment 3
(Fig. 11a), the polymer coating of ROF2 was removed to
place this segment in an immersion liquid and to observe the
process ofODpropagationwithmicroscope 4. The image was
recorded with camera 5, the shutter of which was open during
the whole time the OD moved in the camera field of view. In
addition, the process of OD propagation was recorded by TV
camera 6 with at a rate of up to 240 frames per second. In the
chosen ROF 30-mm-long segment, the OD plasma glow was
recorded by a photodiode (PD). After the OD initiation near
the output end face of fiber 8 (by contacting the output face
with a metal plate), the movement of OD 9 along the air-filled
core of the optical fiber began with the average velocity V.
The arrow indicates the direction of OD propagation. Note
that, without initiating, no OD occurred in our experiments,
and the radiation passed through the entire segment of the
ROF without visible perturbations.

The Nd:YAG laser served as a source of single-mode
radiation. The laser operated in the combined Q-switch and

mode-locking regimes and generated nanosecond trains of
picosecond pulses (NTPPs) with the parameters indicated in
Fig. 11b. Power values of up to 1 MW were reached in the
maxima of picosecond pulses (PPs), which allowed observing
OD in revolver optical fibers. The average power of laser
radiation Pav at the ROF output when initiating the OD
amounted to about 4 W for ROF1 and 2 W for ROF2. The
average power in nanosecond pulses was 16 (8) kW at the
output of ROF1 (ROF2) and at the maxima of PPs it reached
2.0 (1.0)MW,which corresponds to a laser radiation intensity
at the core axis of the ROF1 (ROF2) fibers of 2:4� 109

�5:2� 109�W cmÿ2 averaged over the NTPPs and 3:2� 1011

�7:0� 1011�W cmÿ2 in the PP maximum, respectively.
The wavelength of the Nd:YAG laser was in the

transparency regions for both ROF1 and ROF2. Optical
losses in the fibers at this wavelength were substantially
below 1 dB mÿ1 and, in fact, did not affect the propagation
of radiation through the used short segments of the ROF. The
OD was initiated in ROFs of both types.

3.2.2 Description of optical discharge propagation. After
launching laser radiation into the ROF (4 W into ROF1 and
2 W into ROF2), the OD was initiated and then propagated
along the fiber with a velocity of� 1 m sÿ1. The OD was seen
as a spot brightly shining in the visible range thatmoved along
the fiber towards the source of laser radiation. Although the
laser operated in the pulsed regime and the duration of
nanosecond pulses (more precisely, NTPPs) amounted to
nearly 10ÿ4 of the time separating them, on average the OD
moved along the optical fiber with a nearly constant mean
velocity (averaged over a few periods between NTPPs). It is
interesting that by order ofmagnitude it turns out to be nearly
the same as that of the OD in standard silica fibers with a solid
core under the action of CW laser radiation having a similar
mean power Pav [81]. Figure 13 presents a photograph of an
OD propagating along ROF1 with an exposure of (1=120) s.
The motion of the OD along the ROF1 is directly represented
in the video record made with camera 6with a deceleration of
about 10 times [92].

The results of OD propagation through the optical fibers
ROF1 and ROF2 were substantially different. In the case of
ROF1, after OD passage, the silica fiber structure was fully
destroyed, and its fragments were kept together only by the
polymer coating. This led to a change in the equilibrium
conditions of the ROF1 fiber, which during the experiment
was fixed in the hanged state (see Fig. 13). Therefore, in the
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Figure 11. (a) Experiment schematic diagram. (b) Laser radiation
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Figure 12. Images of ROF1 (a) and ROF2 (b) cross sections. 1Ðsupport

tube; 2Ðcapillaries of reflective cladding; 3Ðhollow core. Basic geome-

trical dimensions (ROF1/ROF2): support tube outer diameter 125 mm/
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Figure 13. Photograph of OD propagating along ROF1 shot by camera 6

(Fig. 11a) with an exposure of (1=120) s. Point of laser radiation input into

ROF1 is on the right, point of OD initiation is on the left.
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process of OD propagation, mechanical vibrations of the
ROF1 fiber were excited (which can be considered a
manifestation of a certain `optomechanical effect'; see [92]).
Note that, in the process of optical discharge propagation in
the CW regime along hard-core silica fibers with the same
mean velocity, no movements of the whole fiber (and its
vibrations) are observed, in full agreement with the laws of
mechanics (a video of a discharge traveling along a commu-
nication fiber in the CW regime can be seen, e.g., in Ref. [93]).
If during the propagation along ROF1 the OD appeared in
the segment with a preliminarily stripped polymer coating,
the optical fiber was destroyed, and the OD propagation
stopped (which is confirmed by the ROF1 fiber breakage in
the end of the video record [92]). Apparently, when the silica
structure of ROF1 is broken, the pressure of heated air in the
fiber core falls, increasing the laser radiation absorption
length in the hollow core of the ROF1 and disturbing the
gasmotion in the core, which ultimately leads to a violation of
the OD initiation process by the next NTPP and, therefore,
stops the OD. It should be noted that this phenomenon can be
used to protect communication lines based on hollow-core
optical fibers. For this purpose, it is sufficient to provide in
the line a segment of optical fiber with a sufficiently thin
support tube, cleaned of polymer. Then, the OD that has
arisen for some reason will stop on arrival at this segment,
thus protecting the rest of the fiber system from damage.

In the case of ROF2 with the wall of the carrying tube
twice as thick (see Fig. 12), the fiber after the OD passage
preserves visible integrity. Saving the main elements of the
ROF2 structure after the passage of OD allowed studying the
damage to the fiber structure caused by theODand extracting
information about the processes that take place during OD
propagation from the form of damage produced.

A comparison of oscillograms of the laser radiation and
the ODplasma glow in the visible spectral range shows that in
most cases the OD plasma glow correlates with the laser
radiation. Typical oscillograms are presented in Fig. 14. The
comparison of oscillograms in Figs 14a and 14b shows that
during the pause between PPs the OD plasma does not fade
and the number of laser PPs supporting the propagation of

OD is substantially less than the whole number of pulses in
the NTPP. The OD is maintained only by PPs with a high
enough amplitude. PPs manifest themselves as peaks of the
OD plasma flow, but the oscillogram of the OD glow (b) also
has a `constant' (on the nanosecond time scale) component.
Therefore, the time constant ofODplasma relaxation exceeds
13 ns, the interval between the adjacent picosecond pulses.
But between NTPPs the plasma glow is absent. Every new
train of picosecond pulses initiates the formation of plasma in
the fiber core. From a comparison of Figs 14a and 14b, an
estimate follows that the OD arises at a laser radiation
intensity equal to � 20% of the maximum intensity in
picosecond pulses.

However, in some cases, the number of maxima of the OD
glow during one NTPP reduces to a few units (the number of
corresponding maxima in Fig. 14b is 17). And in a few cases,
the glow of the OD plasma is not observed at all: some kind of
NTPP `skips' appear in the oscillograms of the OD glow. At
present, such variations in the OD plasma behavior seem
random, with the frequency of occurrence of � 10%. Their
origin requires additional investigation.

It was found that, at Pav 4 1:0 W, no OD initiation or
propagation along the ROF2 was observed in any cases.
But at Pav 5 1:5 W, OD propagation was observed in
all experiments. The corresponding intensity values in
the maxima of PPs on the ROF2 axis amount to
3:5� 1011 W cmÿ2 4 Ith 4 4:7� 1011 W cmÿ2.

The velocity of OD propagation along the fiber was
determined from the data of video recording with camera 6
(Fig. 11a). It turned out that the average velocity of the OD
motion Vav substantially depends on whether the ROF is
coated with a polymer or not. In the case of ROF2 fully
polymer coated, the time dependence of the path length
traveled by the OD corresponded to motion with an
approximately constant average velocity (Fig. 15, line 1), in
this case Vav � 0:91 m sÿ1. However, if the polymer coating
was removed from a part of ROF2 and the silica structure of
the fiber was in direct contact with air, then, unlike in ROF1
with a less strong silica cladding, OD also propagated over
this section of ROF2 without destroying it, but with
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significantly higher values ofVav. The time dependence of the
path length traveled by the OD L�t� in this case had the form
of a polygonal line (Fig. 15, line 2), different segments of
which corresponded to motion with a velocity of Vav �
0:92 m sÿ1 (on the segment with the polymer coating) and
Vav � 2:84 m sÿ1 (on the segment without coating), i.e.,
� 3 times faster. This result has been multiply reproduced in
experiments. Its possible explanation, associated with the
difference in the coefficient of shock waves reflection from
the silica±air and silica±polymer interfaces, is presented in
Ref. [78].

Figure 16 presents photographs of one and the same
segment of the ROF2 fiber before, during, and after the OD
passage shot with camera 5 (see Fig. 11). Before the OD
passage, the fiber is uniform in length (Fig. 16a). The time±
integrated photograph of OD plasma glow (Fig. 16b) (the
shutter of the camera was open the entire time the OD was in
the field of view of the camera) testifies that the OD on the
presented segment propagated continuously through the
hollow core of ROF2. In the photograph shot after the OD
passage (Fig. 16c), the destruction of the reflective ROF2
cladding is fixed, which has a structure close to periodic with a
period of about D � 180 mm. Within each period (where the
periodicity holds), the segments with significant damage of
the reflective cladding capillaries (light in Fig. 16c) alternate
with less damaged segments, where the capillaries have been
saved with practically no defects (dark in Fig. 16c).

3.2.3 Physical processes responsible for optical discharge
propagation along a hollow-core fiber. The above experimen-
tal results can be explained as follows (Fig. 17). Immediately
after the initiation (plasma formation in the hollow core of the
fiber using a metallic target), under the action of a laser
picosecond pulse (PP), a light-supported detonation wave
(LSDW) propagates with velocity [94]

VLSDW �
�
2�g 2 ÿ 1� Ip

r0

�1=3
�4�

and passes the distance SLSDW � VLSDW t. Here, r0 is the air
density in the core of the ROF, Ip is the radiation intensity in a
picosecond pulse, g is the adiabatic exponent, and t is the time.
Under the conditions of the experiments considered,
VLSDW � 300 km sÿ1 and SLSDW�tp� � 30 mm.

After the PP end, the light-detonation wave is no longer
supported by the laser radiation and now continues its
movement as a damped shock wave (SW). Its path length in
Fig. 17 is denoted by SSW. The traversed path length is in best
correspondence with the path length passed by a spherical
shock wave from a point explosion with energy E equal to the

energy of the picosecond laser pulse [95]

SSW �
�
E

r0

�1=5

t 2=5 : �5�

This yields the path length passed by the OD during the
period between two picosecond pulses D � SLSDW � SSW �
130 mm, which, bearing in mind the approximate character of
numerical estimates performed, is close enough to the value of
D � 180 mm observed experimentally.

The next PP, which comes in 13 ns, comes to be absorbed
at the leading edge of the SW with the power still high, as a
result of which the process of LSDW formation and
relaxation repeats. In the HCF segments where the pressure
step in the LSDW and SW is high enough, the destruction of
capillaries forming the reflective cladding of the HCF occurs.
In the regions between them, no destruction of capillaries is
observed. After the end of the HTPP, the OD plasma in the
core completely relaxes and the OD plasma propagation
under the action of the next NTPP begins from the very
initiation. In this case, the OD can be initiated in a region
containing fragments of destructed capillaries at the expense
of increasing the electric field strength in sharp pieces of fused
silica.

The experimental data obtained show that, to support the
OD propagation regime along a hollow-core optical fiber,
much higher threshold values of the laser radiation intensity
are required: more than 1011 W cmÿ2 (recall, for comparison,
that, for the OD propagation along a solid-core fused silica
fiber, an intensity substantially lower than � 106 W cmÿ2 is
required).

4. Nonlinear optics
in gas-filled hollow-core optical fibers

4.1 Nonlinear compression and generation
of ultrashort laser pulses in hollow-core optical fibers
The generation of ultrashort pulses (USPs) in hollow-core
optical fibers has been a dynamically developing problem for
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Figure 16. Photograph of the same ROF2 segment before (a), during (b),

and after (c) the passage of an OD through it. In all three cases, the fiber

without a polymer coating was in an immersion liquid. (a) Illumination

from below; (b) intrinsic OD glow; (c) side illumination; total width of

each frame is 3.5 mm.

200

150

100

0

50

0.5

0.4

0.3

0.2

0.1

0

SLSDW

SLSDW

SSW

90 100 110

90 100 110
Time, ns

S
�t�

,m
m

In
te
n
si
ty
,

ar
b
.u

n
it
s

Figure 17. Schematic of OD propagation along an HCF. BottomÐ

picosecond pulses of laser radiation (depending on time), topÐpath

length passed by the OD depending on time.

142 A D Pryamikov, A V Gladyshev, A F Kosolapov, I A Bufetov Physics ±Uspekhi 67 (2)



a few ten years already [96, 97]. The spectral broadening of
pulses necessary to reduce the pulse duration in an HCF is
reached due to a nonlinear interaction between laser pulses of
high intensity and the gas medium filling the core of the HCF.
The main nonlinear effect responsible for the spectral broad-
ening is self-phase modulation (SPM). It is known that
nonlinear changing the wave phase in time leads to a change
in its frequency; therefore, when a pulse propagates through a
Kerr-nonlinear medium, its spectrum is broadened, which is
accompanied by the inducing of a linear chirp (carrier
frequency modulation) [98]. The first HCFs that were used
to compress laser pulses were hollow-core fibers of fused silica
with a small length (60±70 cm) and large hollow core radius
(140±160 mm) [96, 99]. Using systems based on such HCFs,
few-cycle laser pulses exceeding in energy the pulses obtained
earlier bymore than three orders ofmagnitudewere obtained.
The generation of femtosecond pulses of such duration and
with such values of energy compared to the generation in
optical fibers with a solid-state core of fused silica has been
achieved due to two main factors. First, the nonlinear
coefficient n2 in noble gases filling the core of HCFs was
nearly three orders of magnitude less than that in fused silica.
Second, the size of the fiber core was significantly increased in
correspondence with the scaling law for peak powers of the
launched laser pulse [97]. Ref. [99] proposed a scheme for
pulse compression based on the SPM effect in HCFs of fused
silica with the core filled with krypton and argon. The gases
were at a pressure of the order of 2 atm. Pulses from a titan±
sapphire laser at a wavelength of 780 nm with a duration of
20 fs were used. The pulse energy was of the order of 40 mJ. As
a result of interacting with the gaseous medium, spectrally
broadened pulses were obtained at the output of the hollow-
core fiber, which were directed to a system of two prisms of
fused silica and compressed to 4.5 fs, the pulse energy being
15 mJ. In addition, the system used a chirped mirror to
compensate for phase distortion during pulse propagation
through the hollow core and a sequence of compressor
prisms. Despite the energy loss, the peak power in the pulse
increased. In this case, a problem arose related to the
multimode property of such a hollow-core waveguide, which
was solved by choosing the regime of input laser beam
focusing. Thus, an HCF-based compressor together with a
chirped mirror to compensate for dispersion became one of
the key technologies for generating high-intensity laser pulses
with a few oscillations of the electromagnetic field [100].
Based on a similar scheme and an HCF with the core surface
coated with layers of silver and polymer, the authors of
Ref. [101] managed to compress input pulses with a duration
of 100 fs and energy of 1±2 mJ at a wavelength of 785 nm to a
duration of� 20 fs with energies up to 300 mJ. The HCF core
was filled with air at atmospheric pressure, and the main
problem due to this fact was a strong shift of the pulse
spectrum towards the long-wavelength region due to intra-
pulse Raman scattering. This is exactly why silver and
polymer coatings made a necessary contribution to the
dispersion properties of the HCF core mode, ensuring
successful pulse compression.

Among the latest achievements in using fused silica HCFs
with thick walls and large hollow core diameters, it is worth
mentioning the generation of pulses with several oscillation
periods in the mid-IR spectrum range [102]. For this purpose,
a straight HCF filled with krypton with a hollow core
diameter of 1 mm and length of 2.8 m was chosen, outside
which an external grating-pair compressor was placed. Two

pulses with an energy of 2.8 mJ and duration of 160 fs at a
wavelength of 4 mm were launched into the HCF from a
parametric amplifier. As a result of spectrum broadening by
approximately an octave due to SPM and further compres-
sion, pulses with a duration of 22.9 fs and an energy of 2.7 mJ
were obtained at the output.

The above compressors of laser pulses allowed reaching
the maximum energies in the compressed pulses at a level of a
few mJ, but their duration could not be less than a few ten
femtoseconds [103]. This is because the geometric parameters
of the HCFs used, i.e., an outer diameter of 1±2 mm and core
diameter of the order of a few hundred micrometers, allowed
using them in the straight shape only. In addition, they had to
be situated in special metallic V-grooves, the length of which
commonly did not exceed 1 m. Naturally, this reduces the
possibility of SPM spectrum broadening. To extend the
capabilities of transmitting short femtosecond pulses with
high energy, the authors of Ref. [104] proposed usingHCFs in
the form of capillaries, but with a much thinner wall. They
were called stretched flexible hollow-core fibers. In experi-
ment [104], they used fused silica capillaries two meters long
with a hollow core diameter of 320 mm. It was demonstrated
that, when feeding this HCF with femtosecond laser pulses of
a Gaussian shape with a duration of 120 fs and energy of
120 mJ, due to the SPM effect, it is possible to obtain output
pulse compression to 10 fs. Note also Ref. [105], in which in a
similar two-meter HCF in the form of a silica glass capillary
with a helium-filled hollow core diameter of 450 mm and
pulses with a duration of 4 fs with 3 mJ of energy were
obtained. Circularly polarized radiation in the form of pulses
with a duration of 23 fs and energy of 8 mJ were delivered to
the HCF input. For a more efficient compression process in
the HCF hollow core, a pressure gradient in the helium was
created. In the presence of a pressure gradient in the gas filling
the core of the fiber, the nonlinear interactions in the gas
increase gradually, thus reducing the probability of self-
focusing and gas ionization.

The approach to compressing laser pulses in HCFs with
external compressors in the form of gratings and chirped
mirrors has also been extended to microstructured HCFs.
The first microstructured HFCs used to compress laser pulses
were those with Kagom�e cladding and negative curvature of
the core±cladding interface [106]. The HCF was filled with
xenon at a pressure of 8 atm. In this paper, the authors
spectrally broadened picosecond pulses from a disk mode-
locked laser at a wavelength of 1.03 mmand compressed them
to durations of less than 250 fs and energies of the order of
1 mJ (Fig. 18). In another paper [107], using an HCF with
negative curvature of the core±cladding interface and photon-
ic-crystal Kagom�e cladding, pulses with a duration of 330 fs
and energy of 70 mJ from a Yb laser were compressed.

The pulses were compressed to durations of 34 fs and an
energy of 50 mJ in an HCF with the core diameter of 40 mm
filled with air at atmospheric pressure. The HCFs made of
fused silica with negative curvature of the core±cladding
interface and with cladding consisting of capillaries are also
widely used to compress laser pulses. In Ref. [108], the
compression of femtosecond laser pulses occurred in two
stages and was used to generate ultrashort pulses in the deep
ultraviolet with an energy of the order of 1 mJ. Such pulses
were generated due to the appearance of dispersive waves in
the propagation of solitons, arising due to self-compression in
HCFs filled with a mixture of neon and helium. In this case,
the solitons themselves were generated via the pumping of the
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HCF with ultrashort laser pulses < 25 fs, created by
compressing 300-fs pulses from an ytterbium fiber laser,
launched into another HCF filled with argon. The pressure
of gases in both HCFs was regulated to achieve an optimal
regime for the generation of ultrashort pulses. At the output
of the first HCF, a system of chirped mirrors was used to
compensate for the dispersion and the positive chirp occur-
ring in the first HCF in the process of SPM. A similar two-
stage pulse compression scheme was used in Ref. [109]. In
different stages, HCFs with different hollow core diameters
and different numbers of capillaries in the cladding were used
(Fig. 19). In the present case, in the first stage, comprising an
HCF and chirped mirrors, a compression of the laser pulse
from an ytterbium laser with a duration of 340 fs to 25 fs
occurred. The first HCF was filled with krypton, and the
diameter of its core was 86 mm. At the output of the second
HCF with the core diameter of 59 mm, filled with neon, a
pulse with the duration of 3.8 fs, which amounted to 1.25 of
the optical oscillation period, was obtained. The pulse energy
was 5 mJ.

Worth noting is also recent paper [110], in which the
authors compressed a 250-fs pulse at a wavelength of 1.03 mm

to 13.3 fs in anHCF filled with xenon. The energy of the input
pulse was 3.8 mJ, and the energy of the output pulse was
2.7 mJ. The setup comprised external chirped mirrors, as in
the above examples.

In Ref. [111], picosecond pulses from a holmium laser
(Ho:YLF) with a power of a few mJ were compressed to
pulses with a duration of the order of 300 fs at a
wavelength of 2050 nm in an HCF with negative curvature
of the core±cladding interface and Kagom�e cladding. The
HCF core was filled with argon. SPM was the main
nonlinear process that led to pulse broadening. At the
HCF output, there was an outer compressor consisting of
two prisms, which allowed pulse compression to 285 fs
with the energy being 125 mJ. Two-stage systems for laser
pulse compression were successfully applied in the mid-IR
spectral range. The authors of Ref. [112] used the same
approach as in Ref. [111] to compress picosecond pulses
from an Ho:YLF laser at a wavelength of 2050 nm. In this
case, they used the second HCF in the system for the self-
compression of the laser pulse. As a result of passing 3.3-ps
pulses with an energy of 140 mJ through the first HCF with
Kagom�e cladding and negative curvature of the core±
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Figure 18. Compression of picosecond laser pulses in an HCF with Kagom�e cladding. (Adopted from Ref. [106].)
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cladding interface, followed by an additional compression
system of prisms, a pulse with a duration of 285 fs and an
energy of 90 mJ was obtained. As a result of self-compres-
sion when passing through the second HCF with an air-
filled core, the pulse duration became 48 fs.

In addition to the approach described above, an approach
to laser pulse compression in HCFs due to the presence of
anomalous dispersion in them in the necessary spectral range
has found application. In this case, the self-compression of
laser pulses occurs in the soliton regime. This issue was
partially discussed above for two-stage schemes of generat-
ing ultrashort laser pulses. It is exactly this technique which is
believed to allow obtaining the shortest pulses with durations
of less than a period of optical oscillation and a multioctave
spectral width [97]. On the other hand, it has been pointed out
that in this case complex nonlinear processes occur, which are
very sensitive to the parameters of the laser pulse entering the
system. The main difficulty is to choose necessary values of
energy of the pulse input in the system and the corresponding
peak powers. The mechanisms of self-compression of laser
pulses in an HCF without external dispersion-compensating
elements in the experimental setup was demonstrated for the
first time in Ref. [113]. In this case, a 30-fs pulse with an
energy of 2.2 mJ was focused on anHCF only 2.5 cm long and
with the hollow core diameter of 150 mm. The HCF was filled
with argon at a low pressure. The calculation showed that the
radiation intensity in the HCF was at a level of 1015 W cmÿ2,
quite enough to ionize the gas at the leading edge of the pulse.
At this level of radiation intensity, the fast ionization of the
gas at the leading edge of the pulse leads to a fast decrease in
the plasma refractive index, which, in turn, leads to a strong
shift of the pulse spectrum towards the shortwave region
accompanied by the appropriate spectrum broadening. An
important role in pulse propagation is also played by the self-
steepening effect. Thus, the pulse duration at the HCF output
could be reduced to 13 fs without using any external
dispersion compensators.

As mentioned above, the main mechanism of self-
compression of laser pulses with energies of the order of a
few mJ is based on forming high-order solitons in an HCF
with anomalous dispersion. Reference [114] theoretically
predicted the possibility of supporting the soliton mode of
pulse propagation in microstructured HCFs with Kagom�e
cladding. The theoretical calculations were experimentally
confirmed in Ref. [115], where the authors demonstrated the
spectral broadening of a 30-fs pulse with an energy of 1 mJ,
introduced in anHCFwithKagom�e cladding. In this case, the
excitation of dispersive waves was also observed, which gave
rise of spectrum broadening in the HCF up to wavelengths
lying in the deep ultraviolet. Further work in this area has led
to obtaining pulses with a duration of 1.7 of the optical cycles
at a wavelength of 800 nm [116]. In the experiment, a 10-cm-
long HCF with Kagom�e cladding was also used. The core of
the HCF 30 mm in diameter was filled with argon or krypton.
As a result of soliton self-compression in the HCF, pulses
with a duration of less than two periods of optical wave
oscillations and an energy of 1 mJ per pulse were obtained.
The process of soliton formation was accompanied by the
emission of dispersive waves. An efficient system of soliton
self-compression of pulses was also obtained in an HCF with
Kagom�e cladding and negative curvature of the core±
cladding interface. The HCF length was 20 cm and the
diameter of the fundamental mode was � 64 mm [117]. Here,
a very simple scheme was used, shown in Fig. 20.

The pump was implemented using a parametric amplifier
with a tunable wavelength of 1.4±1.9 mm, which produced
80-fs pulses with energies of up to 120 mJ. The HCF core was
filled with xenon at a pressure of 4 atm. As a result of
compression, pulses as long as one period of the optical
wave with energies of up to 100 mJ were obtained. It is worth
noting that the effective soliton self-compression of laser
pulses is also possible in the short-wave spectral region. In
Ref. [118], pump pulses with an energy of 2.6 mJ and duration
of 54 fs at a wavelength of 400 nm were compressed to a
duration of 11 fs. In this case, the core of the HCF with
Kagom�e cladding was filled with the surrounding air and had
dimensions that allowed reaching a sufficient level of
anomalous dispersion.

To finalize this review of the generation of ultrashort laser
pulses, it is worth mentioning Ref. [119], where the role of an
HCF was played by conventional glass capillaries. The
authors of Ref. [119] experimentally demonstrated that,
when 10-fs pulses with an energy of 337 mJ from a titanium±
sapphire laser are launched into a capillary filled with helium
at a pressure of 0.4 atm, soliton self-compression makes it
possible to obtain pulses with a duration of 1.2 fs with a
possibility of proceeding to the attosecond region of pulse
durations. The capillary of fused silica was 3 m long with a
core diameter of 250 mm.

The supercontinuum generation in HCFs of various types
could be a logical continuation of describing variousmodes of
generating ultrashort laser pulses in such HCFs. First of all,
we would like to mention studies where the supercontinuum
generation was accompanied by the emission of dispersive
waves, which, in turn, gave rise to the generation of pulses in
the deep ultraviolet region. InRef. [120], the authors obtained
supercontinuum generation from the deep ultraviolet to near-
infrared in the wavelength range from 113 to 1000 nm. An
HCF with a Kagom�e cladding having a core diameter of
about 30 mm was filled with helium or neon. The pumping
was implemented with 35-fs pulses at a wavelength of 800 nm
from a titanium±sapphire amplifier. The energy of the input
pulses varied from hundreds of nanojoules to tens of
microjoules. The pressure in the HCF core could vary up to
30 atm. It was found that there are several basic mechanisms
leading to the generation of high-frequency components in
the pump pulse at the wavelength of 800 nm. In the
experiment considered, it was possible to reveal two of them:
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Figure 20. Schematic of a setup for soliton self-compression of laser pulses

in an HCF with Kagom�e cladding and negative curvature of the core±

cladding boundary. An electron spectrometer with two detectors is shown

at the beam output. (Adopted from Ref. [117].)
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the appearance of coherent radiation in the form of dispersive
waves in the visible spectral range and up to the deep
ultraviolet (180±550 nm), as well as a frequency shift in the
generated soliton to the short-wave side, arising due to
photoionization in the gas. It is known that the generation
of dispersive waves at high frequencies from a compression
soliton arising from a pump pulse can be interpreted as a
cascade four-wave mixing process. Ignoring dispersion terms
higher than those of the third order, we can express the
dispersive wave frequency as

odw � osol � 3jb2j
b3

; �6�

where osol is the soliton central frequency, b2 is the group
velocity dispersion, and b3 is the third-order dispersion, both
of the last two terms taken at the pump frequency. As the
frequencies approach those of electronic transitions in the
gas, it becomes necessary to add higher-order dispersion
terms to Eqn (6), which changes the phase matching
conditions. To generate dispersive waves at a wavelength of
< 200 nm when pumping at a wavelength of 800 nm, it is
necessary to have a wavelength of zero dispersion at
wavelengths of < 400 nm. In experiments, this was reached
by means of changing the gas pressure in the HCF core,
choosing the optimal value of the core diameter. Thus, in
addition to the generation of a supercontinuum in a wide
range of the spectrum, ultrashort dispersive waves in theHCF
with a Kagom�e cladding and a hollow core filled with helium
and neon were obtained. Emission of dispersive waves was
observed in the range from 120 to 200 nm in pulses with an
energy of about 50 nJ, with an efficiency of about 1%.

In Ref. [121], the authors complicated the structure of the
fused silica Kagom�e cladding by introducing additional
thickenings of bridges near the boundary of the hollow core.
This allowed obtaining supplementary peculiarities of the
HCF waveguide dispersion, since the bridges provided new
resonances in the HCF transmission spectrum, in addition to
the proper resonances determined by the wall thickness of the
Kagom�e cladding. As a consequence, they managed to find
four zero-dispersion wavelengths in the desired spectral
intervals and to control the supercontinuum spectral char-
acteristics. An HCF with a core diameter of 50 mm was filled
with krypton at a pressure of 6 atm. The supercontinuum was
excited by 80-fs pulses at a wavelength of 800 nm and had a
width from 200 nm to 1700 nm.

Besides the HCFs with Kagom�e cladding, HCFs of fused
silica with the cladding consisting of capillaries were also used
to generate a supercontinuum. The authors of Ref. [122]
observed supercontinuum generation simultaneously in
several transmission bands of an HCF with a cladding
consisting of eight capillaries. The hollow core diameter was
equal to 61.5 mm, the core was filled with air at atmospheric
pressure, and 205-fs pulses with an energy of 110 mJ at a
wavelength of 1028 nm were introduced in it. As a result, the
generation of a supercontinuum was observed in 11 transmis-
sion bands of the HCF, and its spectral width was from 415 to
1593 nm. It was theoretically predicted that its width can be
extended to 4200 nm. An interesting result on superconti-
nuum generation in several HCF transmission bands [123]
was obtained using a fused silica fiber consisting of seven
capillaries and having a hollow core diameter of 44 mm. The
core of this HCFwas filled with argonwith a pressure of up to
30 atm. Pumping pulses with a duration of 100 fs and energy

of 8 mJ were introduced in the center of the most longwave
transmission band with the wavelength of 2460 nm. As a
result, the spectral width of the supercontinuum was from
200 nm to 4000 nm with the output energy at a level of 8 mJ.
As was described above, these were the processes of efficient
self-compression of solitons due to nonlinear soliton±plasma
interactions and the corresponding generation of dispersive
waves in the ultraviolet spectral region that could lead to such
a supercontinuum spectral width.

Finally, we should mention Ref. [124], in which a super-
continuum from 400 nm to 1200 nm was obtained in a fused
silica HCF with a hollow core diameter of 26 mm and six
capillaries in the cladding. The core was filled with nitrogen at
a pressure of 40 atm, and the HCF length was 10 m. A laser at
a wavelength of 532 nm with a pulse duration of 20 ps served
as a pump source. An additional continuum was observed in
the spectral range from 250 nm to 360 nm. In this case, the
supercontinuum was due to the excitation of a broad Raman
frequency comb corresponding to the vibrational transitions
in nitrogen molecules. This process was supplemented with a
strong contribution from the Kerr nonlinearity of the
medium.

4.2 Gas fiber lasers
and mid-infrared range development
The invention of hollow-core optical fibers opened the way to
developing a new type of laserÐ the gas fiber laser (GFL)
Using the gas filling the fiber hollow core, such radiation
sources can combine the advantages of fiber lasers (compact-
ness, low lasing threshold, single-mode radiation) and gas
lasers (high output power, narrow lasing line).

During the last � 10 years, the most intense development
was of GFLs lasing in the mid-IR range at wavelengths above
2 mm, which is due to a combination of several factors. First,
themid-IR range is of great interest for practical applications,
because it covers the absorption lines of many chemical
compounds. Second, the current state of hollow-core fiber
technology already allows fabricating fibers with fairly low
optical losses in the spectral range of 2±5 mm. In this case, it is
important that the microstructured HCF cladding fabrica-
tion is based on the well-developed fused silica technology.
And third, gas mixtures as active media for GFLs offer a wide
choice of laser transitions in the mid-IR range.

The pumping of gas active media can, in principle, be
implemented in various ways, including pumping with optical
(laser) radiation, gas discharge, or chemical reactions.
However, almost all GFLs implemented practically use
optical pumping, which is considered in more detail in
Section 4.2.1. The first gas discharge GFL in the world was
demonstrated only in 2023 as a result of collaborative work of
two laboratories of the Prokhorov General Physics Institute,
namely, the Laboratory of Hollow-Core Optical Fibers and
the Laboratory of Gas Discharge Lasers. Gas discharge
GFLs are considered in more detail in Sections 4.3. and 4.4.

4.2.1 Gas fiber lasers with optical pumping. The most wide-
spread approach in the design of gas fiber lasers with optical
pumping is the use of the single-pass cavity-free configuration
(Fig. 21). A solid-state fiber laser can serve as a pump source,
which makes it possible to implement an all-fiber GFL design
by splicing the fiber output of the pumping laser to the input
face of the hollow-core fiber. Nevertheless, in most cases, the
pumping laser radiation is introduced into the hollow-core
fiber by means of bulk optical elements, which allows
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investigating the potential capabilities of GFL, despite the
technological problems with splicing hollow-core fibers not
having been fully solved yet. The HCF ends are hermetically
fixed in miniature gas-filled cuvettes, which have windows for
the radiation input/output and allow pumping various gases,
which serve as an active lasermedium, into the hollow core. In
this case, the hollow-core fiber ensures a small diameter of the
mode field (� 20ÿ70 mm) and a large length (� 1ÿ30 m) of
interaction of radiation with the active medium, which allows
reaching an optical gain sufficient to excite laser oscillation
from quantum noise during a single pass of radiation along
the fiber.

Raman gas fiber lasers. Stimulated Raman scattering
(SRS) of light in molecular gases filling the hollow core of a
fiber is one more method of generating laser radiation,
especially in the mid-IR range. SRS not only extends the
range of lasing wavelengths available for gas fiber lasers but
also simplifies the requirements concerning pump sources,
since it is no longer necessary to exactly fit the pumping
radiation to fixed narrow absorption lines of the active gas. In
fact, well-known near-IR range lasers can be used to pump
Raman GFLs, in which the pump photons lose a part of their
energy to excite molecular vibrations and the rest of the
energy is radiated in the form of a Stokes wave shifted to the
longer-wave spectral region. Thanks to large Stokes shifts
when using the vibrations of the lightest molecular gases
(OR � 4155, 2987, and 2917 cmÿ1 for H2, D2, and CH4,
respectively), Raman GFLs offer an opportunity to obtain
mid-IR range radiation through a very few Raman cascades.
Moreover, the SRS on rotational transitions of molecular
gases provides an additional degree of freedom to enrich the
output spectrum of Raman GFLs.

The first Raman laser on a photon crystal hollow-core
fiber filled with hydrogen was reported in 2002 [125]. In this

work, conversion of green radiation (532 nm) into red
(683 nm) was implemented via a Raman vibrational transi-
tion in the hydrogen molecule, which provide a large Stokes
shift (4155 cmÿ1). However, interest in GFLs soon moved to
the near and mid-infrared range, since the SRS in light gases
allowed significant spectral shift to the red side, and the
hollow-core fibers possess sufficiently low losses in these
ranges and allowed operating with high power laser radia-
tion pulses. It should also be noted that the possibility of
controlling the HCF transmission spectrum allows control-
ling the SRS process in molecular gases, e.g., selecting the
SRS on rotational transitions of the hydrogen molecule and
suppressing the Raman conversion on vibrational transitions
that usually develops first. This approach was demon-
strated in Ref. [126], where the spectral positioning of
high-loss resonant spectral band of the HCF was used to
suppress the SRS on a vibrational transition in hydrogen
pumped at a wavelength of 1.064 mm with the Stokes
component of the SRS on a rotational transition at a
wavelength of 1.135 mm.

The first Raman GFL generating in the mid-IR range
was demonstrated in 2017 [127, 128]. A revolver hollow-
core fiber 11 m long with the core filled with an H2=D2 gas
mixture at a total pressure of 30 bar was used as an active
medium. The pump source was an erbium fiber laser at a
wavelength of 1.56 mm, generating pulses with a duration
of 3.4 ns, repetition rate of 25 kHz, and average power of
2.4 W. The SRS of pumping radiation on the vibration of
D2 molecules allowed lasing at a wavelength of 2.9 mm in a
single pass through the active medium. The quantum
efficiency of the Raman GFL amounted to � 10%. In
addition, the Stokes wave (l � 2:9 mm) had enough
intensity to serve as a pump for the SRS on rotational
transitions of the D2 and H2 molecules. As a result, in the
output spectrum of the Raman GFL, lasing lines at
wavelengths of 3.3 and 3.5 mm were observed.

Further extension of the lasing wavelength of Raman
GFLs into the mid-IR range became possible thanks to a
reduction in the optical losses in a revolver optical fiber to a
value of the order of 1 dB mÿ1 at a wavelength of 4.4 mm.
Using this optical fiber filled with pure hydrogen at a pressure
of 30 atm, the authors of Ref. [129] demonstrated the first gas
fiber laser, implementing a 1:56! 4:4-mm single-cascade
Raman conversion (Fig. 22a).
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Figure 21. Single-pass cavity-free scheme commonly used to design gas

fiber lasers with an optical pump. L1 and L2 are lenses for the radiation

input/output from the hollow core of a fiber filled with active gas.
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The quantum efficiency of a Raman GFL lasing at a
wavelength of 4.4 mm in the first reports amounted to� 15%
[129]. In subsequent papers by the same authors, the
characteristics of the erbium pump source, the hollow-core
fiber length, and the pressure of the active gas were optimized
[130, 131]. As a result, a nanosecond Raman GFL was
realized, generating single-mode radiation with an average
power of 1.4 W at a wavelength of 4.42 mm [131] (Fig. 22b).
This achievement convincingly demonstrated the capability
of Raman GFLs to generate high average power (> 1 W),
regardless of the large quantum defect of the conversion
1:56! 4:42 mm, which converts 65% of energy into heat.
The quantum efficiency of the Raman GFL, calculated from
the average power, amounted to 53%, which corresponds to
the theoretical limit, caused by optical losses (1.1 dB mÿ1,
l � 4:42 mm) in a hollow-core optical fiber.

An all-fiber scheme of a hydrogen Raman GFL at a
wavelength of 4.42 mm was realized in Ref. [132]. Using a
standard optical fiber splicer, the fiber output of an erbium
pump laser was spliced to the input face of the hollow-core
fiber. The splice point ensured hermeticity and mechanical
strength, and introduced optical losses of the order of 3 dB
due to the difference between the mode field diameters of the
spliced fibers. As a result, the all-fiber generation of
nanosecond pulses with an average power of 360 mW at a
wavelength of 4.42 mm was demonstrated. The quantum
efficiency of the GFL amounted to 46%.

The lasing wavelength in Raman GFLs is easily changed
by tuning the pump source wavelength. In Refs [133, 134], a
hydrogen Raman GFL was implemented for monitoring the
absorption bands of CO2 molecules in the spectral region near
4.2 mm. For this purpose, the necessary wavelength of the
erbium fiber pump laser was chosen in the region near
1.53 mm. By increasing the pump pulse duration to � 7 ns,
the authors of [133] managed to decrease the influence of
transient effects of the 1:53! 4:2-mm Raman conversion in
hydrogen and to reach quantum efficiency at a level of 74%.
The energy of the output pulses reached 17.6 mJ. In addition,
the studies of noise and long-term stability of the Raman
GFL were carried out [134], which showed that the long-term
drift of the energy and peak power is directly related to the
large amount of heat released during the 1:53! 4:2-mm
Raman conversion. For practical application of Raman
GFLs with a high average power, further investigation of
long-term stability of their output parameters is necessary.

One of the advantages of Raman GFLs is the possibility
of easy variation of the operating spectral range by merely
changing the composition of the hollow core gas filling. For
example, keeping the GFL design fully unchanged, including
the hollow-core optical fiber and the erbium fiber pump laser,
but using methane instead of hydrogen as the active gas, it is
possible to implement single-cascade Raman GFL lasing in
the spectral range near 2.84 mm [135, 136]. Moreover, by
varying the erbium pump laser wavelength in the spectral
range of 1.54±1.56 mm, continuous tuning of the RamanGFL
lasing wavelength was demonstrated in the range from 2.796
to 2.863 mm [137].

To reach the lasing threshold in Raman GFLs, pump
sources with sufficiently high radiation intensity are required.
Such pump lasers are widely available in the spectral range
near 1 mm and allow implementing several cascades of
Raman conversion in hollow-core optical fibers. Using two
segments of different hollow-core fibers filled with methane,
the authors of Ref. [138] demonstrated two-cascade 1:06!

1:54! 2:81-mm Raman conversion. The pump pulses with a
duration of 0.4 ns and a peak power of up to 400 kW were
converted with the quantum efficiency of 87%and 75% in the
first and the second cascade, respectively, so that the total
quantum efficiency amounted to 65%.

Double-cascadeRamanGFLs can also be implemented in
a single segment of a hollow-core fiber, which was shown by
the example of 1:06! 1:54! 2:81-mm conversion in
methane [139, 140], where nearly 40% of pump quanta were
converted into those with the wavelength of 2.81 mm. It was
shown in [139] that the energy of output pulses at a
wavelength of 2.81 mm can reach 113 mJ, and the estimated
peak power exceeded � 10 MW. It is important to note that
the pump pulse duration in Ref. [139] was only 12 ps, which is
comparable to the phase relaxation time of an excited
vibrational state in methane molecules and, therefore, can
lead to a decrease in GFL efficiency because of the transient
regime of Raman conversion. Although the duration of
pulses at a wavelength of 2.81 mm was not studied in
Ref. [139], the results of this work raise the question of the
possibility of creating femtosecond GFLs of the mid-IR
range.

Raman conversion of femtosecond pulses in hollow-core
optical fibers filled with molecular gases faces the following
problem. The duration of femtosecond pump pulses turns out
to be much shorter than the phase relaxation time T2 of the
excited vibrational levels in molecular gases. For example, at
a pressure of 30 atm, the phase relaxation time in molecular
hydrogen amounts to T2 � 200 ps, and in molecular deuter-
ium T2 � 150 ps [141]. Thus, for pump pulses with a duration
less than� 10 ps, the Raman conversion in these gases occurs
in a highly transient regime �tp 5T2�. As a result, in order to
reach the threshold of stimulated Raman scattering, the
pump intensity should be increased, which leads tomanifesta-
tion of concurrent nonlinear effects based on Kerr nonlinear-
ity, which can sufficiently reduce the efficiency of Raman
conversion up to its complete suppression.

To solve this problem, a method based on introducing
linear frequency modulation (chirp) into the pump pulses
[142] is used. This method was demonstrated in bulk gas cells
to generate ultrashort pulses in the visible and near-IR
spectral ranges [143±148]. In recent years, this method
was implemented in hollow-core optical fibers filled with
various gases [149±153]. Under a pump at a wavelength of
1.03 mm, pulsed lasing was demonstrated with a duration
of 560 fs at a wavelength of 1.46 mm in methane [149] and
39 fs at a wavelength of 1.8 mm in hydrogen [151]. Using a
two-cascade conversion in deuterium [152] and in a
mixture of deuterium and hydrogen [153], ultrashort
pulses were generated in the mid-IR range. The measured
duration of the output pulses amounted to 920 fs at a
wavelength of 2.68 mm [152] and 4.6 ps at a wavelength of
3.9 mm [153].

It should be noted that the generation of ultrashort pulses
in Raman GFLs not only is of interest in itself but can also be
considered a step towards mid-IR supercontinuum genera-
tion in hollow-core optical fibers. In this case, the efficiency of
converting the pump energy into the long-wave region
increases thanks to the Raman mechanism. The possibility
in principle of proceeding from the generation of fixed
spectral components to the generation of a mid-IR super-
continuum using a Raman GFL was shown in our recent
papers by both numerical simulation (up to 4 mm) [154] and
experimentally (to 3.3 mm) [155] (Fig. 23).
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Population inversion gas fiber lasers. The first optically
pumped gas fiber laser with population inversion was
demonstrated in 2010 [156, 157]. Laser generation was
observed at two wavelengths near 3.1 mm in a hollow-core
fiber filled with acetylene at a pressure of 9.3mbar. An optical
parametric oscillator served as a pump source. Its pulsed
(5 ns) radiation was precisely tuned in the wavelength
region near 1.52 mm to hit exactly the narrow (< 1 GHz)
absorption lines of the active gas.

Acetylene was used as an active medium in many key
experiments on the development of GFLs with population
inversion; therefore, it is reasonable to consider the diagram
of energy levels of acetylene in more detail. In the wavelength
region near 1.53 mm, the acetylene molecule has an absorp-
tion band (Fig. 24a) corresponding to the transitions between
the rotational sublevels of the ground and excited �n1 � n3�
vibrational states (Fig. 24b). The laser oscillations occur in
the spectral region near 3.1 mm in the transitions between the
n1 � n3 (the upper lasing level) and n1 (the lower lasing level)
vibrational states. In this case, the dipole-allowed transitions
are those with the change in rotational quantum number
Dj � �1, which leads to simultaneous lasing at two close
wavelengths and is a characteristic feature of most GFLs
based on the population inversion between the vibrational-
rotational levels of molecular gases.

The radiative transitions from level n1 to the ground
vibrational state are forbidden in the dipole approximation;
therefore, for the relaxation of the lower lasing level
population and restoration of the ground state population,
it is necessary to provide a sufficient rate of molecular
collisions determined by the active gas pressure. However,
the molecular collisions cause the relaxation of not only the
lower �n1� but also the upper �n1 � n3� lasing level, which can
lead to a decrease in efficiency or disruption of lasing. Thus,
the choice of the active gas optimal pressure is of critical
importance to obtain stable lasing, especially in the CW
mode.

The lasing efficiency in the first acetylene GFL was only
1% [157]. As the pump pulse energy reached 1 mJ, the output
pulses at a wavelength of 3.1 mm had an energy of 6 nJ and
duration of� 4 ns. The efficiency was low because of the high
level of optical losses (� 20 dB mÿ1) at the lasing wavelength
in the hollow-core fiber, the length of which amounted to
1.65 m.

Decreasing the optical losses in the hollow-core fiber to
5 dBmÿ1 at a wavelength of 3.1 mmallowed an increase in the
efficiency of nanosecond acetylene GFLs up to 27%, which is
close the theoretical limit of efficiency for such lasers [158].

Further progress in GFLs is associated with the optimiza-
tion of the optical pumping scheme. The fact that the
absorption band of acetylene in the spectral region near
1.53 mm overlaps with the operating spectral range of erbium
fiber lasers and amplifiers allowed using all-fiber sources of
pumps instead of bulk parametric oscillators. The authors of
Ref. [159] first pumped a GFL with a fiber-coupled tunable
semiconductor laser, the radiation of which was modulated
by an external modulator and then amplified by an erbium
fiber amplifier. The obtained pump source generated pulses
with a duration of 20 ns with a repetition rate of 10 kHz and
maximum pulse energy of 5 mJ. The pump source wavelength
was 1.53037 mm, coincident with one of the most intense
absorption lines P(9) of acetylene molecules (see Fig. 24). It is
important to note that the line width of the fiber pump source
did not exceed 100MHz, which is less than the spectral width
of the P(9) absorption line (� 500 MHz) and much less than
the line width of the parametric oscillator (� 3:5GHz) used in
earlier papers [157, 158]. As a result of more efficient
absorption of pump photons, the ratio of the GFL output
power to the incident pump power reached 20%, which is at
least two times higher than in the earlier papers.
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participating in the formation of population inversion in the gas fiber laser.
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In addition, to increase GFL efficiency, the active gas
pressure in Ref. [159] was reduced to 0.7 bar, which led to a
decrease in the rate of molecular collisions and substantially
decreased the radiationless relaxation of the upper lasing
level. As a result, the maximum GFL efficiency, calculated
with respect to the absorbed pump power, amounted to 30%
and the energy of the output pulses at a wavelength of
� 3:1 mm reached 0.76 mJ [159]. It should be noted that the
reduced concentration of the active gas molecules can lead to
incomplete pump absorption and saturation of the gain.
However, this problem was solved by using a longer hollow-
core fiber (10.5 m), which was possible due to low optical
losses (� 0:1 dBmÿ1) both at the pump wavelength (1.53 mm)
and at the lasing wavelength (� 3:1 mm) [159].

The intention to reduce the lasing threshold stimulated
studies of GFL resonator designs. The authors of Ref. [160]
applied an additional passive segment of a hollow-core fiber
to recirculate the radiation generated at a wavelength of
3.1 mm in a ring resonator (Fig. 25). As a result, lowering the
lasing threshold allowed the authors to demonstrate for the
first time a mid-IR gas fiber laser operating in CW mode
[160]. Moreover, when using an output mirror with a low
transmission coefficient (7%), the lasing threshold decreased
only to 16 mW, which allowed CW oscillation even while
pumping the GFL with a diode laser with a power of 20 mW
without using erbium fiber amplifiers.

Further studies have shown that the CW mode of
acetylene GFL oscillation can also be obtained in a cavity-
free single-pass setup [161]. Using a CW erbium fiber laser
with an output power of 10 W as a pump source, stable CW
oscillation of an acetylene GFL at a wavelength of 3.1 mm
with an output power of 1.1 W and differential efficiency of
33% [161] was demonstrated, which approaches the theoret-
ical limitations.

The possibilities of output power scaling in CW gas fiber
lasers in the mid-IR range were considered in recent papers
[162, 163]. The main idea of these papers consisted in
increasing the pump wavelength so that it would be closer to
the maximum of the gain contour of erbium amplifiers and
still would overlap with the edge of the acetylene molecular
absorption band (Fig. 24a). This allows increasing the output
power of the erbium fiber pumping laser, at the same time
decreasing the proportion of power contained in the broad-
band amplified spontaneous radiation, which does not
participate in the excitation of active molecules but creates
an additional thermal load on the input end face of the
hollow-core fiber. The optimization of the erbium fiber
pump source generating at a wavelength of 1.535 mm caused
an increase in its output power to 50 W. The pump radiation
was introduced into the hollow-core fiber filled with acet-

ylene, the input face of which was placed in a low-pressure gas
cell with water cooling. Under the continuous operation of
the pump source, the output power of the GFL reached 6.5W
at a wavelength of 3.1 mm, and switching the pump to the
pulsed mode (20 ns, 10 MHz) at the same average power
(50 W) allowed demonstrating a record-breaking average
power at a wavelength of 3.1 mm, reaching 7.9 W [163].

Acetylene GFLs allow tuning the lasing wavelength, since
the radiation of the erbium pump laser can be tuned over the
spectrum, scanning different absorption lines of acetylene.
Using this approach, a stepwise tuning of the lasing
wavelength in the range of 3.09±3.21 mm with a step of
� 4 nm has been demonstrated [164]. In this case, the mean
output power of theGFL reached� 0:3W in the pulsedmode
and � 0:8 W in the CW mode.

Being a very convenient active medium, acetylene facili-
tated the fast development of gas fiber lasers. However, from
the very first studies of GFLs based on population inversion,
other molecular gases have also been studied as potential
active media. In the spectral region near 3.1 mm, laser
oscillation was demonstrated on HCN molecules [158] that
have an energy level diagram analogous to that of acetylene.

The longest lasing wavelength reached in population
inversion GFLs amounted to 4.6 mm when pumping at
1.517 mm and was obtained with N2O molecules filling the
hollow core of a fiber [165]. The differential efficiency of
lasing was only 3%, limited by optical losses of � 30 dB mÿ1

at a wavelength of 4.6 mm in a hollow-core fiber. This result
can be significantly improved, since hollow-core fibers in the
mid-IR range with much less optical loss are now available.

Using CO2 molecules as an active medium, in 2019, a gas
fiber laser generating CW radiation at a wavelength of 4.3 mm
was realized [166]. The pump source was a tunable laser
diode, whose radiation was amplified with a thulium fiber
amplifier. The pump wavelength was tuned to the absorption
line R(30), corresponding to transitions of carbon dioxide
molecules from the ground vibrational state to the 2n1 � n3
(2.0006 mm) excited vibrational state. The lasing at a
wavelength l � 4:3 mm occurred on the transition between
the upper �2n1 � n3� and the lower �2n1� lasing energy levels.
The optimal pressure of the active gas in the hollow core
amounted to 5 mbar and the used hollow-core fiber 5 m in
length had low optical losses at the wavelengths of both
the pump (0.7 dB mÿ1, l � 2 mm) and the laser output
(1.2 dB mÿ1, l � 4:3 mm). As a result, a slope efficiency of
19.3% with respect to the absorbed pump power was
obtained, and the lasing output power at l � 4:3 mm
amounted to 82 mW, which at that time was the highest
output power generated by any fiber laser at wavelengths
above 4 mm. In subsequent papers, the author not only
increased the GFL output power to � 560 mW but also
demonstrated a stepwise tuning of the lasing wavelength
within the spectral range of 4.27±4.43 mm [167].

HBr is onemore molecular gas successfully used as aGFL
active medium. The pump radiation from a thulium fiber
laser with 8 W of power, tunable within a spectral range
near 1.96 mm, was introduced into a 5-m-long hollow-core
filled with HBr molecules at a pressure of 5 mbar. As a
result, CW laser oscillation with stepwise wavelength
tuning within the range of 3.81±4.496 mm was implemen-
ted [168]. The GFL output power reached 500 mW, the
efficiency being about 18%. In subsequent papers, the HBr
HGL output power was increased to 3.1 W at a wavelength
of l � 4:16 mm [169].

Mirror
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Figure 25. Schematic diagram of a GFL using a ring cavity [160].
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4.3 Studies of gas discharge fiber lasers
However, the characteristics of optically pumped GPLs are
limited by the maximum characteristics of the pump laser.
Full-scale realization of the capabilities of hollow-core fibers
(resistance to high-intensity radiation, broad spectral range of
transmission, etc.) in all-fiber optical circuits makes it
necessary to solve the problem of generating the laser
radiation in the HCF itself using no other solid-core fiber
lasers with their inherent limitations as a pump source. One of
the possible approaches to solving this problem is the
development of gas discharge fiber lasers (GDFLs) based on
hollow-core optical waveguides (although in the form of
capillaries) was considered theoretically back in 1964 [10].

Today, gas discharge lasers are well known and widely
used in research and technology (e.g., helium±neon and
carbon dioxide lasers). The construction of a waveguide gas
discharge laser (not yet in a fiber version) was first realized in
1971 as a helium±neon laser at 633 nm [170] and in 1972 as a
CO2 laser [171]. Note also the demonstration of a waveguide
helium±neon laser at 3.39 mm in 1975 [172]. In all these cases,
the generated radiation was guided inside glass capillaries
with inner diameters of 3.3 mm [171], 430 mm [170], and
510 mm [172]. Decreasing the waveguide diameter facilitates
reducing the bending optical losses. In addition, the decrease
in the diameter of the discharge tube usually leads to the
growth of optical gain in the gas discharge plasma. But
already at a capillary inner diameter as small as about
0.5 mm, researchers faced electric discharge instability, and
further reduction of the capillary diameter made maintaining
the discharge rather problematic due to the large loss of
electrons on the capillary walls. In a few papers, this effect was
overcome using a combined electric pump. Thus, pumping in
the form of a combination of DC voltage and radio frequency
voltage was used in Ref. [170] and a combination of DC and
microwave voltage in Ref. [172]. As a result, rigid capillary
waveguide lasers are still being exploited, but the use of
capillaries as waveguides and the requirement of rectilinear-
ity that follows (needed to ensure a low level of optical losses
[10]) commonly restrict their length to a few tens of
centimeters.

The possibility of creating fiber gas discharge lasers began
to be investigated nearly 15 years ago, soon after the
invention of hollow-core fibers. The main problem here is
the difficulty of maintaining plasma in the thin (about 100 mm
in diameter) hollow core. This order of the diameter value is
used practically in all studies of HCFs and is determined by
the acceptable level of HCF bending losses. The first studies
on the way to creating GDFLs were carried out at the Hong
Kong Polytechnic University in 2007±2008 [173±175]. In
these studies, the discharge was excited in an HCF by
applying a DC voltage of � 10 kV, both in glass capillaries
and in HCFs with various values of the inner diameter (for
capillaries) and diameters of the hollow core (for HCFs). In
terms of exciting the electric discharge, there is no difference
between a usual capillary and an HCF with similar holes. It
should also be noted that a conventional glass capillary in fact
is also an optical waveguide with a hollow core (as was shown
in Ref. [10]). In these papers, it turned out to be possible to
demonstrate the ignition and maintenance of a discharge in
glass capillaries and HCFs with the inner diameter dC � 344,
250, 150, 50, and 20 mm in Ar, He, and CO2 at a pressure of
about 20 Torr. The lengths of waveguide segments between
the electrodes were very small, from 13 to 2.9 cm.When using
higher voltages (� 30 kV), it was possible to excite the

discharge in a segment of an optical fiber with the hollow
core diameter of 250 mm and length of 26 cm [175].

The next series of studies onGDFLs with the excitation of
electric discharge by DC voltage was carried out at the
University of Bath (United Kingdom) [176±179]. Already in
2014, the optical gain in an electrically pumped gas-filled
HCF was reported [176]. A DC electric charge with a voltage
up to 40 kV was used for pumping. The mixture of He and Xe
in the proportion of 5:1 at a total pressure of � 10 Torr was
used. The hollow core diameter of the revolver-type HCFwas
dC � 120 mm.With a 100% reflecting mirror at one end of the
fiber, the level of luminescence at the output at the other end
of the fiber increased more than twofold, which was
interpreted by the authors as the amplification of radiation
by the atomic transition of Xe. The gain was recorded in this
way at the transitions of neutral xenon atoms with wave-
lengths of 3.11, 3.37, and 3.51 mm. However, no GDFL was
created, and this result has not been further developed to date.

Finally, in several studies carried out by the team of Prof.
Benabid of the University of Limoges (France), the possibil-
ities of exciting an electric discharge in hollow-core optical
fibers by electromagnetic radiation in the microwave range
were investigated (see review [6]). Indeed, in terms of several
parameters, methods with gas lasers excited by a microwave
discharge can have a substantial advantage over excitation by
DC voltage or by high frequency (HF) fields [180]. In papers
by the Benabid team, the possibility was shown of igniting
and maintaining electric discharge in a hollow-core fiber with
the dC� 125 mm core filled with argon [181] under the action
of a microwave field source with a frequency of 2.45 GHz and
power of 200 W. The discharge was maintained in the fiber
hollow core at the expense of exciting a surface electromag-
netic wave propagating along the plasma column filling the
core of the HCF. A surface electromagnetic wave was formed
using a special surfatron device [6], comprising a cavity for the
microwave radiation. As was demonstrated earlier [182], such
a device is capable of efficient excitation of the microwave
discharge in tubes with a large diameter (� 1 cm). The length
of the HFC region occupied by the discharge plasma was
restricted to a value of� 4 cm. The argon pressure was about
1 Torr. So far, no optical gain has been observed in such a
device, but it was proposed to be used as a source of UV
radiation.

An analysis of the above papers allows the following
conclusions. Using DC voltage to excite an electric discharge
in anHCFwith a hollow core diameter of the order of 100 mm
requires high voltage values (tens of kV), which substantially
restricts the possibilities of applying such devices. In addition,
the use ofDC voltage is accompanied by the necessity to place
the electrodes inside the gas volume of the GDFL, increasing
the probability of violating the waveguide properties of the
fiber hollow core by the particles produced in the process of
electrode degradation during operation.

The use of radiofrequency fields eliminates the need for
electrodes, but otherwise differs little from the use of DC
voltage [77]. Moreover, generating the necessary values of
field strength in the radiofrequency range is much more
difficult than in the case of DC voltage or in the microwave
range.

Using electromagnetic waves in the microwave range, in
particular, at frequencies of the order of 3 GHz, to maintain
the discharge makes the amplitude of electron vibration in
the field of the same order as or smaller than the hollow
core diameter, which reduces the probability of electron
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loss on the fiber wall as compared to the lower-frequency
fields. Moreover, the wide use of magnetrons operating at
a frequency of 2.45 GHz in domestic appliances (popular
microwave ovens) made the sources of this radiation
relatively cheap and easily available.

The possibility of maintaining a discharge in inert gases in
HCFs with a hollow core diameter of 100 mm or more by
means of microwave radiation has been shown experimen-
tally in Ref. [183]. The electric field strengths necessary to
maintain the microwave discharge in hollow cores of various
diameters filled with various inert gases at various pressures
were experimentally measured in Ref. [184]. The obtained
results lay the foundation for the creation of the first gas
discharge fiber laser.

4.4 First gas discharge fiber laser
To deliver microwave radiation to the middle of the fiber
core, a side input design with the electric field vector directed
perpendicular to the HCF axis was chosen. An evident
advantage of this scheme is the absence of the necessity to
use high voltages (tens of kilovolts) to maintain the
discharge.

4.4.1 Setup of the experiment. A magnetron operating at a
frequency of n � 2:45 GHz in the pulsed mode was used as a
microwave field source to maintain the gas discharge in the
experiments. The pulse repetition rate amounted to� 400Hz,
the pulse duration was � 20 ms, and the maximum peak
power reached 8 kW.

Magnetron radiation was introduced into the wave-
guide, which was single-mode for the magnetron radia-
tion, and only the H10 wave propagated through it. The
transverse dimensions of the waveguide were too large
compared to the hollow core diameter for efficient
absorption of the microwave field energy by the plasma
in the hollow core of the fiber.

Therefore, for a kind of focusing of microwave radiation,
a slot antenna setup was used (Fig. 26). A more detailed
description of exciting the microwave discharge in an HCF
can be found in Ref. [183].

Experiments were carried out with HCFs made of pure
fused silica (F300, Heraeus) filled with inert gases (argon,
neon, helium at a pressure from units to hundreds of Torrs);
the diameter of the fiber hollow core sequentially decreased to
100 mm.

It is known that the ignition (or initiation) of discharges of
all types (including those under the action of a microwave
field) requires much higher electric field magnitudes than its
maintenance after the initiation. Therefore, in Ref. [183], the
preliminary ionization of the gas by means of UV radiation
was used to initiate the electric discharge in the HCF under
the action of a microwave field. As a result, the electric
discharge was ignited and maintained by the microwave
field in the entire segment of the HCF, located in a slot on
the side surface of the microwave waveguide, i.e., at a length
of around 300 mm.

A typical photograph of the optical fiber with the
discharge burning in it is presented in Fig. 27.

4.4.2 Gas discharge xenon laser based on a hollow-core optical
fiber. The method of exciting a gas discharge in an HCF
exposed to microwave radiation allowed the first demonstra-
tion of a GDFL on a revolver hollow-core optical fiber [185].

A schematic diagram of the GDFL is presented in Fig. 28.
The revolver fiber was filled with an He:Ar:Xe mixture of
gases in the proportion of 100:10:1 at a total pressure of
130 Torr. The fiber ends were hermetically inserted into
miniature vacuum chambers connected to a vacuum system
and a system of gas filling. The design of the vacuum
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Figure 26. Schematic diagram of the experiment: 1Ðpart of rectangular

microwave waveguide, a � 9 cm, b � 4:5 cm, 2Ðhollow-core optical

fiber, 3ìlongitudinal slot in the side wall of the waveguide, 4Ðsealed

end of the optical fiber; 5Ðconnection of the optical fiber to the vacuum

system and gas filling system, 6Ðdirection of propagation of electro-

magnetic radiation from magnetron along the waveguide, 7Ðpiston

reflecting radiation back and thus forming a standing wave; 8Ðmercury

lamp for initiating microwave discharge.
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Figure 28. Schematic diagramof the experiment: 1ÐrevolverHCF120 cm

long; 2Ðmicrowave field region 32 cm long; 3Ðminiature vacuum
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mirror; 5Ðoutput laser mirror; 6Ðrecording instrumentation (photo-

detector, spectrum analyzer); 7Ðmercury lamp for initiating microwave

discharge.
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chambers also comprised laser cavity mirrors and allowed
their alignment. High-reflection mirror 4 (see Fig. 28) of the
cavity was a polished aluminum plate. Output mirror 5 had a
multilayer coating that provided a high reflection coefficient
at the possible emission lines of the xenon laser. The
transmission spectrum of the output mirror is presented in
Fig. 29. A part of the laser revolver fiber 32 cm long was
placed in the region of the pulsed microwave field at a
frequency of 2.45 GHz with a pulse duration of 20 ms and
pulse repetition rate of 400 Hz. The maximum microwave
electric field strength directed perpendicular to the fiber axis
reached � 1 kV cmÿ1 in the experiments. A view of the
revolver HCF cross section is shown in Fig. 30b. The hollow
core had a diameter of 130 mm.

Microwave discharge was initiated in the HCF by means
of a short-term (� 1 s) exposure to UV radiation from a
mercury lamp (7) (see Fig. 28). After alignment of themirrors,
laser oscillations arose at a wavelength of 2.027 mm. The laser
radiation spectrum was recorded with a Yokogawa AQ637B
spectrum analyzer (Fig. 31). Preliminarily, the lasing line
position was determined by means of a photodetector

sensitive in the spectral range from 1 to 5 mm (Fig. 30a). The
maximum lasing peak power was � 1 mW.

The results presented show a possibility in principle of
creating a new type of laserÐa gas discharge fiber laser. This
opens up the possibility of improving the design of such lasers
in the process of further investigations. In the future, GDFLs
that combine the advantages of fiber and gas discharge lasers
will find numerous applications in various areas of science
and technology.

5. Conclusion

Hollow-core optical fibers opened fundamentally new cap-
abilities of transmission, generation, and nonlinear conver-
sion of optical radiation in such regimes, which are not
available for solid-core fibers. The invention of hollow-core
revolver-type optical fiber was an important milestone on the
way of HCF development. Revolver fibers are distinct from
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other types of HCFs by their design simplicity, predictability,
and reproducibility of optical properties. These properties not
only opened access to studying these optical fibers for many
research groups but also made revolver fibers a starting point
for developing new designs of hollow-core optical fibers with
increasingly perfect characteristics.

Practically all hollow-core optical fibers that presently
find application in research and technology are those with
reflective cladding formed by a single layer of capillaries not
in contact with each other, i.e., hollow-core revolver-type
optical fibers. The best characteristics are possessed by those
hollow-core optical fibers with one layer of nested capillaries,
often referred to as NANFs (nested anti-resonant nodeless
fibers) and DNANFs (double NANFs). They are exactly
those that presently demonstrate the lowest optical losses.
However, the anti-resonant mechanism of loss reduction in
HCFs alone is insufficient to provide the loss level obtained in
such fibers. The performed calculations of the electromag-
netic field in revolver fibers show that a substantial contribu-
tion to the reduction of leaky losses is due to the negative
curvature of the boundary between the cladding and the core.

To date, the hollow-core optical fibers have already
manifested their unique properties for the implementation
of new communication lines, nonlinear devices and radiation
generators, the transmission of high-power radiation in
various frequency ranges, and the development of new types
of fiber lasers, including gas discharge ones.

Further development of hollow-core fibers and devices
based on themwill surelymake a great contribution to solving
many problems, from creating a new generation of high-speed
optical communication systems to the development of new
types of sensors, sources, and converters of optical radiation
with the unique properties required for numerous practical
applications.

The study was funded by the Russian Scientific Founda-
tion, grants 22-22-00575, https://rscf.ru/project/22-22-00575/
(theoretical studies and numerical experiments) and 19-12-
00361, https://rscf.ru/project/10-12-00361/ (fabricating tech-
nology, experimental investigation, and application of hol-
low-core optical fibers).
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