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Hollow-core revolver fibers (RF) are a special type of hollow optical fibers with negative 
curvature of the core-cladding boundary. Their reflective cladding usually consists of a single 
layer of capillaries surrounding the hollow core. The physical mechanisms responsible for the 
waveguide properties of these fibers are discussed. A review of the optical properties and 
possible applications of hollow-core revolver fibers is given. Particular attention is paid to 
hydrogen Raman lasers of the mid- IR spectral range based on hollow-core revolver fibers and 
emitting in the range of 2.9–4.4 μm.
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Полые револьверные световоды (РС) являются особым типом полых световодов 
с отрицательной кривизной границы сердцевина- оболочка. Их отражающая оболочка 
обычно состоит из одного слоя капилляров, окружающих сердцевину. Обсуждаются 
физические механизмы, ответственные за волноводные свой ства данных световодов. 
Приведен обзор оптических свой ств и возможных применений полых револьверных 
световодов. Особое внимание уделено водородным рамановским лазерам среднего 
ИК-диапазона, основанных на полых револьверных световодах, излучающих 
в диапазоне 2,9–4,4 мкм.
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вынужденное комбинационное рассеяние (ВКР)
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1.  InTRoducTIon
Revolver fibers (RF) is a new type of hollow-core optical 
fibers (HCF), which were first proposed and imple-
mented in 2011 at the Fiber Optics Research Center of 
the Russian Academy of Sciences  [1]. Cross-sections 

of hollow RFs, implemented to date, are presented in 
Fig. 1 (a - c). In [1], using the example of optical fibers 
of this type, the concept of optical fibers with a nega-
tive curvature of the core-cladding boundary was first 
introduced.
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The analysis showed that this property (negative 
curvature) leads to a significant decrease in optical 
loss. Later on, fibers with negative curvature also 
referred to both to core fibers in the form of hypocy-
cloid  [2], and to light guides with a cladding consist-
ing of elements similar to a stylized image of an ice 
cream cone or a parachute, developed later  [3]. The 
main types of optical fibers with negative curvature of 
the cladding are shown in Fig. 1 (d). But RFs are signif-
icantly different from other fibers with negative cur-
vature of the cladding due to the fact that, first, the 
cladding elements have cylindrical symmetry (more 
precisely, the cross- sectional shape of the elements is 
close to circular or elliptical) and, second, they can be 
placed around the core without contacting each other, 
which improves the fiber characteristics [4] (see Fig. 1 
(a) and Fig. 1 (b)). Therefore, the authors proposed to 
refer to the optical fibers with a reflective cladding in 
the form of a single layer of cylindrical capillaries as to 
revolver fibers [5].

It should also be noted that in the publications 
relating to the RF, they were sometimes referred to 
as photonic- crystal fibers (PCF). Apparently, in this 
case, this term is inappropriate. Indeed, the wave-
guide properties in the PCF are due to the fact that 
they have a two-dimensional periodic structure in 
cross- section with a period of the order of the wave-
length with the forbidden zones corresponding to the 
transparency zones of the optical fibers. In contrast 
to the PCF, the RF waveguide properties are mainly 
due to the reflection of radiation from structures at 

the core-cladding interface that do not have transla-
tional symmetry. The optical properties of the RF are 
determined by the material of the fiber, the geomet-
ric parameters of the cross- section of the fiber, and 
the stability of these parameters along the length 
of the fiber. The properties of the RF were studied 
by numerical methods in a significant number of 
researches (see, e. g., [9]).

This review is organized as follows: in the next 
section, the basic properties of the RF are considered 
using a simple analytical model; in Section 3, the 
properties of actual RF and the results of their numeri-
cal modeling are considered; Section 4 is dedicated to 
manufacturing technology of the revolver fibers. The 
use of the RF to create a hydrogen Raman laser of mid-
 IR range is considered in Section 5.

2.   APPRoxImATe vIsuAl descRIPTIon 
oF THe RF's lIgHT- guIdIng 
PRoPeRTIes

The RF's optical properties are determined by the opti-
cal properties of the material of which the fiber is 
made, and by the many geometric parameters of its 
cross- section, such as the diameter of the core, the 
shape and number of capillaries in the cladding, the 
diameter of the capillaries, their wall thickness, etc. 
As a result, the optical properties of RF can be obtained 
with sufficient accuracy only as a result of laborious 
numerical modeling (see, e. g., the recent extensive 
review  [9] and references therein). In this section, 
however, an attempt is made to show that the main 

Fig. 1. Photographs of transverse sections of revolver fibers: (a) RF with one row of contacting capillaries in a cladding [1] ; (b) RF 
with one row of non-contacting capillaries [4]; (c) RF with one row of double embedded capillaries [6], [7]; (d) a family of fibers 
with negative curvature of the core-cladding boundary
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waveguide properties of RF can be understood using 
some sort of successive approximation method.

As an initial approximation to the RF, the simplest 
model of an optical waveguide in the form of a hole in 
a dielectric (shown schematically in Fig. 2a) is taken. 
This hollow waveguide (HWG) was considered in detail 
in  [10]. In this case, the Fresnel reflection from the 
surface separating the hollow core and the dielectric 
determines the level of optical losses of the fiber (Fig. 
2d, black line). It is possible to significantly reduce 
the optical loss of the waveguide by increasing the 
reflection coefficient from the core-cladding interface, 
e. g., by arranging reflection from two surfaces, using 
a capillary with a thin glass wall (tubular waveguide, 
TWG) as a waveguide, and constructive interference 
of radiation reflected from both surfaces of the capil-
lary. This type of fiber was considered in  [11, 12], and 
it can be taken as a second approximation to the RF 

(TWG model). In this case, the capillary wall serves 
as a Fabry- Perot interferometer, and the transmis-
sion spectrum of the optical fiber accordingly acquires 
a band structure. When the resonance condition is 
satisfied for radiation incident on the wall with an 
angle of incidence close to π / 2, the reflection coeffi-
cient decreases, which leads to large optical losses in 
the fiber. If the resonance condition is violated (or the 
antiresonance condition is satisfied), the reflection 
coefficient from the capillary wall increases signifi-
cantly, and the transparency zones of the optical fiber 
are formed (see Fig. 2 (d), red line).

Later, the mechanism was actually reconsidered 
in  [13] and was abbreviated as ARROW (AntiReso-
nant Reflecting Optical Waveguide). Note that further 
improvement of the resonantly reflecting fiber clad-
ding is possible (see, e. g.,  [14]), which in the case of 
RF leads to a structure with double embedded capil-

Fig. 2. (a) Transverse (1) and longitudinal (2) sections of a hollow waveguide [10]; (b) - transverse (1) and longitudinal (2) sections 
of a tubular waveguide [12]; (c) transverse section (1) of the RF [1], approximation of part of the walls of the reflecting capillaries 
by the mirror sides of the angle α (2), reflection pattern of a beam propagating along the RF from the angle with the mirror sides-
projection onto the cross section of the optical fiber (3); (d) - Calculated optical loss spectrum for silica glass waveguides:  
1 - hollow waveguide (HWG), 2 - tubular waveguide (TWG) and 3 - revolver fiber (RF). For all waveguides, the diameter of the 
hollow core is assumed to be 77 μm, and the wall thickness of the capillaries (for TWG and RF) is 1.15 μm
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laries  [7.8] (see Fig. 1 (c)). Finally, giving a thin glass 
wall at the core-cladding interface negative curvature 
when forming a reflective cladding from a capillary 
layer (PC [1]) preserves the band structure of the trans-
mission spectrum, but leads to a further increase in 
the reflection coefficient at the core-cladding inter-
face and, as a result, to further reduce optical fiber 
loss. Qualitatively, this can be explained as follows. 
The parts of the capillary walls located closer to the 
center of the core act as parts of the cladding in the 
TWG model. Parts of the walls of the capillary that 
deviate significantly from the circle inscribed in the 
core of the RF interact with electromagnetic radiation 
as sides of the angle with a highly reflective coating 
(see Figure 2 (c), 2). In the ray approximation, it can 
be said that light rays are reflected from these angu-
lar structures (see Fig. 2 (c), 3), and a decrease in the 
glide angle of the rays during reflection compared 
with reflection from portions of capillaries close to the 
center of the fiber leads to a significant lower optical 
loss compared to the TWG model.

Furthermore, when the capillaries in the cladding 
are separated by a distance  d << (2 · π) / k⊥, where k⊥ is 
the component of the wave vector perpendicular to 
the fiber axis, the conditions for the propagation of 
radiation along the core are practically unchanged 
compared to the cladding with contacting capillar-
ies. This approximately corresponds to the removal 
of the vertex of the 'mirror' angle indicated by the 
dashed line in Fig. 2 (c), 3. However, in this case, the 
excitation of the cladding modes associated with the 
areas of contact of the capillaries with each other will 
be significantly reduced. All this results in a further 
effective reduction of optical losses in the RF. In an 
experiment, this result was first obtained in [4].

High coefficient about Friction at the core-cladding 
interface already in the case of HWG leads to the fact 
that the modes in the HWG are similar to the modes 
in ideally conducting metal fibers, when the radiation 
wavelength is far from the cutoff wavelength. This 
feature was noted in [10]. The RF, like any other fibers 
with negative curvature of the cladding, are character-
ized by an even greater reflection coefficient from the 
core-cladding interface. For this reason, the radiation 
power in the RF is even more concentrated in the hol-
low core. The optical absorption of the material from 
which the RF is made is fading into the background 
in these circumstances, while the losses in the RF are 
mainly caused by the emission of radiation from the 
core and are determined mainly by the geometrical 
parameters of the cladding and the conditions of its 
Fresnel reflection. This means that RF can be used 
to transport radiation and observe various optical 

phenomena even in those spectral regions where the 
material of the fiber (e. g., silica glass) is opaque.

As shown by the simplified RF models discussed 
above, the possibility of transmitting low-loss laser 
radiation in RF in the ultraviolet and mid- IR spectral 
ranges is mainly due to the value (taking into account 
changes in the spectrum) as real Re (n(λ)) and imagi-
nary Im (n(λ)) parts of the refractive index of the fiber 
material. Note that the choice of material for RF is 
significantly limited: until now, RF has been made 
from quartz, chalcogenide  [15] and organic glasses 
(polymethyl methacrylate) [16]. The waveguide proper-
ties are also affected by the ratio of the wavelength to 
the main geometric dimensions of the RF, such as the 
diameter of the hollow core Dcore and the wall thick-
ness of the capillaries d. However, this ratio can be 
optimized for the concerned wavelength in the process 
of creating the fiber.

For RF made of silica glass, optical losses in the 
mid- IR range increase with a wavelength of up to 
7.3  μm (see Figure 2d). This occurs for two reasons: 
Re(nSiO2

) decreases [17], which leads to a decrease in the 
Fresnel reflection coefficient from the air-glass inter-
face (here, the Fresnel reflection coefficient is mainly 
determined by the value of Re(nSiO2

), since the value of 
Im(nSiO2

) is small in compared to unit). Furthermore, 
the absorption of radiation in the wall of the quartz 
capillary begins to manifest itself in the wavelength 
region of about 5 μm. As a result, the efficiency of the 
ARROW mechanism decreases, and the value of the 
reflection coefficient from the capillary wall begins to 
decrease, approaching the values   characteristic of the 
HWG model. This is also true for large wavelengths in 
the mid- IR range, with the exception of small areas of 
about 7.3 μm and possibly about 9 μm and 20 μm. Note 
that at these wavelengths, the value of Re(nSiO2

) is 
close to unity, and there is practically no reflection at 
the air-glass interface, so that hollow microstructured 
fibers (MSF) made of silica glass cannot exhibit any 
waveguide properties at these wavelengths.

In the near infrared and in the visible range, quartz 
glass fibers, like the quartz glass itself, work best. 
When dislocated along the wavelengths toward the UV 
range, the value of Re(nSiO2

) increases, which reduces 
the optical loss in the RF. However, at a wavelength 
of about 150  nm, the value of Im(nSiO2

) increases 
sharply, which, as in the mid- IR range, leads to the 
'shutdown' of the ARROW interference mechanism. 
As a result, the value of optical losses increases to 
a level that is determined by only one reflection at 
the core-cladding interface (hollow fiber). Neverthe-
less, the results obtained show that quartz glass RF 
can be used up to vacuum ultraviolet (124 nm) [18]. In 
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the case of RF made of chalcogenide glass, the wave-
guide properties of RF were demonstrated up to wave-
lengths of ~10 μm [15]. Terahertz radiation can also be 
transmitted through waveguides made of polymers 
(e. g., polymethyl methacrylate), structurally similar 
to RF [16].

3.   RF wITH vARIous desIgns 
oF ReFlecTIve clAddIng

The spectral properties of RF were studied in detail by 
numerical modeling and experimentally. Optical loss 
is one of the main parameters of RF. Fig. 3 shows the 
experimentally achieved optical losses to date in HCF 
of various types of silica glass, including RF. For com-
parison, the absorption spectrum of pure silica glass is 
also shown. As seen in Fig. 3, in the ultraviolet range, 
the optical losses of RF (Fig. 3, data 15)  approach the 
absorption level of pure quartz glass (Fig. 3, data 2). 
Note that HCF having a square (data 14) and hexagonal 
(data 11) core without negative curvature demonstrate 
properties similar to those of the RF here. In the near 
infrared range, optical fibers with photonic band gaps 
(PCF) (data 6)  have the lowest optical loss. At wave-
lengths of 3–4.4 μm in the mid- IR, both RF (data 5, 16, 
17) and HCF with elements of the cladding structure in 
the form of an “ice-cream cone” (data 8) show the same 
optical losses, which are lower than in pure quartz 
glass (data 3). It is worth noting that RF (Fig. 3, data 4, 
16) are the only hollow quartz fibers that exhibit opti-
cal transmission at wavelengths above ~4.4 μm.

Fig. 3 shows that RF expand the applicability of 
quartz fiber optical fibers to the mid- IR range (above 

~3 μm). For example, at a wavelength of 4.4 μm, where 
the absorption coefficient of silica glass is about 
4000  dB / m (Fig. 3, data 3), RF made of silica glass 
allowed for demonstration of optical losses at the level 
of 1 dB / m (Fig. 3, data 16). It should be noted that in 
comparison with RF made of quartz glass, solid- state 
optical fibers from special types of glasses can have 
lower optical losses in the mid- IR range. For exam-
ple, optical losses of less than 0.1  dB / m have been 
demonstrated in fluoride fibers in the spectral range 
of 2.0–4.5  μm  [36] with wavelengths up to 6.5  μm in 
chalcogenide fibers  [37, 38]. In the longer wavelength 
range (8–16  μm), silver halide optical fibers exhibit 
optical losses below 1  dB / m  [39]. As a rule, all-glass 
non-quartz optical fibers intended for mid- IR range 
can provide 10–1000 times lower losses than those 
in the RF made of quartz glass. However, the use of 
silica glass RF can be beneficial at wavelengths of up 
to ~5  μm, since a reasonable level of optical attenua-
tion can be achieved using well-developed technology. 
Moreover, the damage threshold in RF is much higher 

in comparison with all-glass non-quartz optical fibers 
for mid- IR range. Thus, hollow RF are indispensable 
for applications related to the transportation of high-
power radiation.

3.1.  RF with contacting and non-contacting 
capillaries in the cladding

After the first RF that had contiguous capillaries in 
the cladding (Fig. 1 (a))  [1], a modified RF with non-
contacting capillaries in the cladding (Fig. 1 (b)) was 
proposed  [4]. It turned out that this kind of the RF 
structure has lower optical losses than the previous 
one. Subsequently, RF with non-contacting capillaries 
in the cladding were used in many researches (see, 
e. g., [32, 34, 40]).

By numerical modeling it was shown that the 
absence of common points between the capillaries 
eliminates additional resonances in the passbands 
(Fig. 4). In the course of numerical modeling, two 
models of RF were compared. There, all the geomet-
ric parameters of the RF were identical, except that 
the gaps between the capillaries in one of the optical 
fibers (red line in Figure 4) were filled with glass (see 
the detail in Figure 4). Thus, the whole difference 
between the two curves in Figure 4 (a) is determined 
by the presence of nodes between the capillaries in the 

Fig. 3. Optical losses in pure quartz glass (F300, Heraeus, 
Hanau, Germany) (blue curves, 1–3) and the minimum 
optical losses obtained to date in various types of hollow 
silica glass fibers (HCF). RF data is highlighted in red. In 
the legend of the figure, the experimental data are indexed 
by numbers in parentheses, followed by references to 
the literature in square brackets. See the text for more 
information
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cladding. The cladding of each fiber consisted of eight 
capillaries, which had outer and inner diameters of 
63 μm and 51 μm, respectively. The minimum distance 
between non-contacting capillaries was 1.3  μm. The 
loss spectra were calculated in the spectral range of 
3–6.5 μm for both RF. The modeling results show that 
the presence of nodes between the capillaries leads to 
an increase in the optical loss of the fiber due to reso-
nances between the core and cladding modes.

For the first time, RF with individual capillaries 
in the cladding was fabricated in [4]. The fiber had an 
outer diameter of 290 μm, a core diameter of 110 μm, 
and a capillary wall thickness of 6 μm. The fiber cross- 
section and the measured spectrum of optical losses 
are shown in Fig. 5. It can be seen that the average 
level of optical losses measured in the spectral range 
of 2.5–5 μm was about 4–5 dB / m. In the longer wave-
length range of about 5.8 and 7.7  μm, the measured 
losses were 30 and 50  dB / m, respectively. The pass-
band at 3.3 and 4.3  μm has a number of absorption 
peaks that are associated with the absorption lines of 
HCl (similar to [3]) and atmospheric CO2, respectively. 
The optical absorption of silica glass is also given for 
comparison (Fig. 5, black curve).

To analyze the experimental results, a numerical 
simulation of optical losses was performed for the 
fundamental mode of this fiber (Fig. 5, green curve). 
As can be seen from Fig. 5, the calculated and experi-
mentally obtained edges of the passband coincide well. 
On the other hand, data on the minimum level of loss 
in bandwidths are significantly different. Apparently, 
this is mainly due to the presence of higher- order 
modes during loss measurement (during the experi-
ment, a multimode light source was used to excite a 
short section of the fiber). This explanation is consist-
ent with the results of loss measurements by the cut-
back method using a low-mode He- Ne laser (3.39 μm) 
in an 11-meter fiber. This experiment showed that 
at the indicated wavelength, the composition of the 
modes in the fiber is stabilized at the fiber length over 
3 m. When only the first few modes are present in the 
fiber, the loss level is only 50 dB / km (red star in Figure 
5), which is much closer to the loss level estimated 
for the main mode at 3.39 μm. Thus, the level of real 
losses in the fiber with a low-mode mode of propaga-
tion of light is quite low and can be estimated using 
the estimated loss spectrum (Fig. 5, green curves).

3.2.   RF with single and double embedded 
capillaries

In the mid- IR spectral range, the material losses 
of silica glass vary from 0.1  dB / m to 105  dB / m for 
wavelengths from 2  μm to 6  μm  [41]. Thus, the total 

losses in silica glass RF, starting from wavelengths 
>2  μm, are increasingly determined by the material 
losses of silica glass. In this case, the designs of 
ordinary revolver optical fibers ((Fig. 1 (a) and (b)) 
and optical fibers with embedded capillaries in the 
cladding (Fig. 1 (c)) behave differently in the region 
of high material losses of silica glass  [41]. RF with 
embedded capillaries transmit radiation with losses 
smaller than in a conventional RF, up to a certain 
wavelength in the mid- IR range. In this case, the 
second capillary acts as a second reflecting surface 
and an increase in the reflection coefficient from 
the cladding gives a gain in total losses over the 
average with ordinary RF (with single capillaries, Fig. 
1 (a, b)). With a further increase in the wavelength 
and, therefore, the level of material losses, the 
second reflecting wall of the embedded capillary of 
the RF can no longer compensate for the growth of 
material (and total losses, respectively). That is why 
the first hydrogen Raman laser with a generation 
wavelength of 4.4  μm  [31, 42, 43] was built on the 
basis of an ordinary RF with one layer of capillaries. It 
was shown in [4] that revolver silica glass fibers allow 
transmission of radiation up to a wavelength of 8 μm 
with losses of the order of several tens of  dB / m (Fig. 
5). For practical applications of silica glass RF in this 
spectral region, this loss level is too high. Therefore, 
it is believed that for the RF made of silica glass, 
the applicability limit is limited to a wavelength 
of approximately 5  μm, since in the region of this 
wavelength, the material losses of silica glass increase 
by approximately an order of magnitude compared to 

Fig. 4. (a) Estimated losses of the main modes for quartz 
RF with adjacent and non-contacting capillaries in the 
cladding; (b) and (c) are cross-sections of these RFs
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previous values   (Fig. 5 (a)). Thus, in the transparency 
region of quartz glass, RF with double embedded 
capillaries exhibit lower optical losses compared to 
RF with single ones. In the field of high optical losses 
in quartz glass, RF with single capillaries have an 
advantage. In addition to the above, the influence of 
bending losses must always be taken into account.

In order to pass radiation through a quartz glass 
revolver fiber in the mid- IR range, in the region 
of a wavelength of 5  μm, with acceptable losses at 
the level of ~1  dB / m, it is necessary to optimize the 
geometric structure of the cladding: the capillary 
wall thicknesses giving the desired transmission 
zone at given wavelength, the distance between 
the capillaries, their number and size of the hollow 
core. Another way to solve the problem of transmit-
ting radiation in revolver optical fibers in the mid- IR 
range with low losses is to use special glasses (chalco-
genide, tellurite), which have small material losses 
in this range.

3.3.  RF properties in the uv wavelength 
range

A somewhat different situation is observed when 
radiation is transmitted in the UV spectral range. 
The measured material losses of silica glass in the 
spectral range from 200 to 400  nm are not as large 
as in the mid- IR spectral range and vary in the 
range from a few tenths to ~10 dB / m [20]. Therefore, 
comparing the role of waveguide and material losses, 
it can be stated that waveguide losses play a major 
role in this case. Thus, the main mechanism to 
reduce the level of total losses in this case is the 
optimization of geometric oh structure of quartz 
glass RF. On the one hand, low waveguide losses can 

be obtained by increasing the diameter of the hollow 
core, which is much larger than the considered 
wavelength. On the other hand, this leads to the 
excitation of a large number of modes of the hollow 
core due to the heterogeneity of the fiber structure 
arising during its drawing, as well as to the 
narrowing of the transmission zones of the fiber [30]. 
Therefore, as in the case of RF in the mid- IR range, 
it is necessary to choose some optimal design with a 
certain wall thickness of the capillary wall to comply 
with all the above conditions, with certain distances 
between the capillaries and with a certain diameter 
of the hollow core. The use of RF with embedded 
capillaries in this spectral range seems unlikely 
due to the complexity of their manufacture (e. g., 
maintaining the size and shape of the cladding 
capillary during drawing). Furthermore, the number 
of capillaries in the cladding is also important. For 
example, in  [44], the waveguide mode in quartz 
glass RF was demonstrated with four capillaries 
in the cladding with losses of about 0.5  dB / m at a 
wavelength of 350 nm. But the size of the capillaries 
compared with the diameter of the core is such 
that the loss in bending should be large. In RF, 
demonstrated in [30], with a hollow core diameter of 
15  μm and eight capillaries in the cladding, several 
transmission zones were observed in the UV range 
from 200 to 350  nm. Losses were at the level of 
1–2  dB / m. The authors attribute such a rather high 
level of waveguide losses to the imperfect design 
of the drawn fiber. In conclusion, it is worth to 
mention the polygonal fiber, localizing light due to 
the so-called double antiresonant mechanism  [29]. 
The authors of [29] proposed the use of a fiber with a 
square core-cladding boundary suspended on special 

Fig. 5. (a) measured losses 
(red); losses measured 
with a 3.39 μm He-Ne laser 
(red star); material losses 
in quartz glass (black); 
estimated losses of the 
main RF mode (green); 
(b) photograph of the 
RF cross-section, Dcore = 
110 μm, the wall thickness 
of the capillaries d = 6 μm
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struts attached to a support tube. This fiber gave a 
system of transmission zones up to a wavelength of 
241  nm, with losses comparable to those in the RF 
presented in [30].

4. desIgn And FAbRIcATIon oF RF
To date, most fiber optic revolver fibers have been 
made of quartz glass. Significantly greater difficulties 
arise in the manufacture of RF from glasses of other 
types, e. g., chalcogenide. The processes of fabrication 
of these fibers are considered further.

4.1. Quartz glass RF fabrication technology
One of the significant advantages of RF over, e. g., 
Kagome-type optical fibers is the simpler structure of 
the optical fiber and, therefore, a simpler technology 
for their fabrication, since the reflective cladding 
contains only one layer of capillaries.

Workpieces for RF are made by assembling from 
capillaries. To this end, prefabricated capillaries are 
inserted into the support pipe (see Fig. 6). In this case, 
the capillaries can either abut against each other 
(Fig. 6a), or at the beginning and at the end of the 
assembly additional auxiliary bursting elements can 
be inserted between the capillaries (Fig. 6b). In the 
first case, a fiber with contacting capillaries [1] or an 
ice-cream cone structure [3] is obtained, in the second 
case, a revolver fiber with spaced capillaries [4] is pos-
sible. Furthermore, both simple single capillaries (Fig. 
6a) and capillaries of a more complex design, e. g., 
double embedded capillaries (Fig. 6b), can be used to 
fabricate a fiber. The result is either single- capillary 
RF that work better in the areas where the intrinsic 
absorption of silica glass is of great importance, or 
double- capillary RF that provide less optical loss in 
the spectral regions where absorption in quartz glass 
is not yet decisive for losses in the RF.

After the assembly stage, the workpiece undergoes 
primary heat treatment in order to weld the capil-
laries to the carrier tube, however, this procedure 
is optional, e. g., in  [15], when fabrication RF from 
chalcogenide glass, the capillaries were not welded 
because of the fear of cracking of the workpiece after 
such heat treatment.

In the process of drawing a fiber, excessive gas 
pressure is supplied inside capillaries to prevent them 
from collapsing under the action of surface tension 
forces. Usually, this is done via a gas pressure regula-
tor, which is connected to all capillaries and main-
tains the necessary overpressure. This approach has a 
significant drawback that does not allow fabricating 
RF with exactly the same capillaries. Obviously, the 
capillaries used for the fabrication of the workpiece 

inevitably have size deviations from the average value, 
therefore, the surface tension forces tending to col-
lapse the capillary will differ for each capillary, which 
means that for each capillary it is necessary to use an 
individual pressure control system, which is difficult 
to practically implement. As a rule, in practice, the 
same pressure is applied to all capillaries, and the 
scatter of capillary sizes in the workpiece increases 
during the drawing of the fiber (see Fig. 7, upper 
arrow). This is because capillaries having a diameter 
less than the average decrease their relative size even 
more during the drawing process, and capillaries 
with a size higher than the average increase during 
the drawing process (the average means the diameter 
of the capillary at which the surface tension forces 
are balanced by internal overpressure). Neverthe-
less, the use of high-quality tubes (e. g., Heraeus 
quartz pipes) as a 'feedstock' for the manufacture of 
capillaries allows one to achieve good results even by 
technology with the same pressure being applied to 
all capillaries.

There is an alternative approach to the extrac-
tion of microstructured optical fibers, which is also 
applicable to the RF drawing. The method is called 
the 'technology of drawing with top end sealed' (Fig. 
7, lower arrow)  [45]. The essence of this technology 
is that the cavity of the workpiece is sealed from the 
top end of the workpiece. Thus, each cavity initially 
contains a certain amount of gas and all cavities are 
isolated from each other. During the drawing process, 
the lower part of the workpiece is heated, the pressure 
in the cavities increases, and the cavities themselves 
expand. The degree of increase in the volume of the 
cavity is determined by the ratio of the temperature of 
the top end of the workpiece to the temperature in the 
waist zone (in the bulb) and, to a first approximation, 
does not depend on the diameter of the cavity. In 
other words, all the workpiece cavities at each instant 
of time increase by the same number of times  [45]. 
Thus, the scatter in the size of the capillaries avail-
able in the RF workpiece is also preserved in the fiber. 
Whereas when using technology with the same pres-
sure applied to all capillaries, the deviation of the 
capillary sizes from the average value increases with 
the drawing of the fiber.

A significant drawback of the 'technology of draw-
ing with top end sealed' is that during the draw-
ing process the top, initially cold end of the work-
piece approaches the hot zone and heats up, and 
as a result, the degree of inflation of the cavities 
decreases. That is, the RF drawn using this technol-
ogy have a smoothly varying capillary size along the 
length of the fiber.
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4.2.   Fabrication technology and RF 
properties based on chalcogenide 
glasses

Although the waveguide mode of propagation in a 
revolver fiber made of quartz glass up to a wavelength 
of 7.9 μm was demonstrated in [4], the optical loss in 
the revolver fiber is more than 10 dB / m at wavelengths 
greater than 4.5  μm. Apparently, it is impossible to 
construct a hollow fiber waveguide from quartz glass 
with reasonable dimensions, which would have an 
optical loss of ~1  dB / m at wavelengths greater than 

~5  μm. Therefore, to move further into the longer 
wavelength range of the spectrum, it is necessary to 
develop hollow fibers from other materials. Tellurite 
glasses have a wider transparency region  [46]. Their 
use allows for advancing to a wavelength of 5.5–6 μm. 
But a more radical gain comes from the use of oxygen-
free glasses, chalcogenide ones in particular.

The situation with technology is becoming much 
more complicated. Both the quality of the initial 

chalcogenide glass tubes and their physical properties 
lead to the fact that obtaining RF from them with geo-
metric parameters comparable in quality rather than 
in accuracy with the parameters of RF from quartz 
glass is a much more difficult task (which can be seen 
by comparing the cross- sections of the quartz fibers 
in Figures 6 (c) and (d) and chalcogenide in Figures 
8 (b) and (d)). The first chalcogenide glass revolver 
fiber was manufactured in 2011 [15]. High-purity glass 
As30Se50Te20 was used for its fabrication, the fiber 
was made using “stack and draw” method. The sup-
port tube was made by centrifugal casting inside an 
evacuated quartz tube. The capillaries were made by 
the double crucible method from a chalcogenide glass 
melt. The elimination of the stage of obtaining a glass 
tube by centrifugation for the drawing of capillaries 
has reduced the likelihood of crystallization of chalco-
genide glass and, thereby, the total optical loss in the 
fiber. The pre-form was an assembly of a supporting 
glass tube and 8 capillaries with a given geometry and 
wall thickness located in one layer near the inner wall 
of the supporting tube (Fig. 8 (a)).

An optical fiber with an outer diameter of 750 μm 
and a core diameter of 260  μm was drawn from the 
pre-form assembly obtained, the capillary wall thick-
ness was 13 μm (see Fig. 8 (b)). The optical loss in this 
fiber was 11  dB / m at a wavelength of 10.6  μm. The 
optical fiber carried the CO2 laser radiation through 
the hollow core, which was recorded using a thermal 
imager Fig. 8 (c).

Then, in 2014, using a similar technique, a fiber 
was manufactured from a simpler and more techno-
logically advanced chalcogenide glass As2S3  [47] (Fig. 

Fig. 6. Cross-sections of optical elements at the main 
stages of fabricating RF with double embedded and single 
capillaries. (a) photograph of a RF workpiece with single 
capillaries adjacent to each other; (b) photograph of the 
assembled RF workpiece with quartz elements between 
double capillaries, Ø25 mm; (c) an image of a cross-
section of a drawn RF obtained with a scanning electron 
microscope (SEM) with contacting capillaries (from the 
workpiece shown in Fig. 6 (a)); (d) an image of a section of a 
drawn RF with double embedded non-contacting capillaries 
obtained with a scanning electron microscope, Ø110 μm 
(from the workpiece shown in Fig. 6 (b))

Fig. 7. Illustration of RF drawing with the uniform pressure 
applied to all capillaries (above) and RF drawing with top 
end sealed (bottom)
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8 (d)). The minimum optical loss in this fiber was 
3  dB / m at a wavelength of 4.8  μm, and absorption 
bands of typical impurities are observed in the fiber 
loss spectrum, e. g.: S-H bands at 6.8; 4.1; 3.7; 3.1 μm; 
bands from CO2 admixture at 4.31 and 4.34  μm; OH 
groups at 2.92  μm; COS at 4.9  μm, molecular H2O at 
6.33 μm. This suggests that a significant proportion of 
the power in this fiber is spread over the glass.

In 2015, Gattass et al. used extrusion technology 
to produce the pre-form of a revolver fiber from As2S3 
glass [48]. As a result, a pre-form with a diameter of 18 
mm and a length of 135 mm was obtained (Fig. 9 (a)). 
The fiber drawn from this pre-form had the following 
geometric dimensions: the core diameter was 172 μm, 
the sizes of oval capillaries were 70 by 75 μm, and the 
capillary wall thickness was 7 μm (Fig. 9 (b)). Optical 
losses were 2.1 dB / m at a wavelength of 10 μm.

In all researches with chalcogenide RF, theoretical 
calculations of optical losses were carried out using 
the finite element method. In this case, the experi-
mentally measured losses are almost always several 
orders of magnitude higher than the theoretically cal-
culated values. The observed difference is explained by 
the strong sensitivity of the optical properties of the 
fiber to variations in the geometric parameters of the 
resulting structures. The increased sensitivity of chal-
cogenide fibers to variations in geometric parameters 
compared to quartz fibers is due to the high refractive 
index of chalcogenide glasses, i. e. with the same 
absolute variations in geometric thicknesses, varia-
tions in optical thicknesses in chalcogenide fibers are 
by 3–4 times greater than in quartz fibers. Further-
more, the temperature dependence of the viscosity 
of chalcogenide glasses is several times sharper than 
the temperature dependence of the silica glass viscos-
ity (chalcogenide glasses are 'short'), i. e. at the same 
temperature gradients and temperature fluctuations 
during the drawing process, the quality of chalco-
genide microstructured fibers is lower than that of 
quartz. It is also obvious that the purity and uniform-
ity of the chalcogenide glasses used is significantly 
inferior to the purity and uniformity of high-quality 
quartz glass used in the manufacture of RF.

In all works on chalcogenide RF, the loss spectra 
obtained as a result of theoretical modeling contain 
frequent resonant peaks. This fact is explained by the 
resonant coupling of the hollow core modes with clad-
ding modes. Similar resonance peaks are sometimes 
observed in theoretically calculated loss spectra of 
quartz revolver optical fibers at the long-wavelength 
edge of transmission bands  [9] (see also  [4], Fig. 4). 
However, in the case of chalcogenide fibers, the cut-
off of transmission spectra is almost always observed 

in mathematical modeling. This is because the set 
of cladding modes in the case of chalcogenide RF is 
denser due to the high refractive index of chalcoge-
nide glasses. But in the experiment, narrow peaks of 
optical loss in the transparency zones of chalcogenide 
RF were never observed. Apparently, due to the poor 
geometry of the fabricated fibers, the real peaks in the 
loss spectra are broadened.

5.  RF-bAsed RAmAn FIbeR lAseRs 
oPeRATIng In THe mId- IR RAnge

When comparing the optical losses in pure quartz 
glass and hollow core optical fibers (see Fig. 3), we can 
see that if in the UV range the achieved losses for HCF 
are only comparable to the losses in v- SiO2, then in the 
mid- IR range HCF have several orders of magnitude 
lower losses and, in fact, open up possibilities for 
silica glass fibers for operating in the mid- IR range, 
in particular for the creation of lasers. Moreover, at 
present, most of the smallest values   of experimentally 
obtained data on HCF losses in the mid- IR range 
belong to RF (Fig. 3).

Gas fiber lasers can be designed based on HCF. 
Such lasers are capable of combining the advantages 
of both fiber lasers (compactness, reliability, single-
mode radiation) and gas lasers (a  wide range of gen-
eration wavelengths, high output power, and a small 

Fig. 8. a) RF workpiece of glass As30Se50Te20, outer/
inner diameter of the pipe 16/11 mm, outer/inner diameter 
of the capillaries 3/2.4 mm; b) a photograph of the RF 
obtained from this workpiece. The outer diameter of the 
fiber is 750 μm; c) intensity distribution of the CO2-laser 
radiation at the output of a given fiber (in the production 
unit). On top of the distribution there is a schematic 
representation of the given RF; d) photograph of a cross-
section of an As2S3 glass fiber. The outer diameter is 820 μm
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generation line width). The active medium of gas fiber 
lasers is gas that fills the hollow core of the fiber and 
has dipole- active or Raman-active transitions. In this 
case, the hollow fiber provides a small diameter of 
the mode field and a long interaction length of radia-
tion with the active medium, as a result of which the 
thresholds for the generation of lasers at active centers 
and the thresholds of nonlinear processes, such as, for 
example, stimulated Raman scattering (SRS), can be 
reduced by several orders of magnitude compared to 
non-waveguide schemes.

Currently, active research is underway to create 
mid- IR gas fiber lasers based on the Raman effect in 
gas-filled HCFs. In particular, the RF-based Raman 
lasers are shown that generate at wavelengths from 
2.9 to 4.4 μm [42, 43, 49].

In most works, gas fiber lasers are created accord-
ing to a non-resonator single-pass scheme  [5, 50–53]. 
Due to the high localization of radiation in the core 
(d~5÷50 μm) throughout the entire length of the fiber 
(~1–10 m), hollow fibers filled with active gas provide 
amplification in one pass, sufficient for the develop-
ment of generation from quantum noise. Thus, the 
single-pass scheme allows one to implement efficient 
gas fiber lasers (GFL) based on both SRS [5, 50, 52] and 
population inversion [51]. Currently, the creation of a 
resonator for GFL remains a technically challenging 
task, since there are no components such as fiber cou-
plers and analogues of fiber Bragg gratings for hollow 
fibers. Nevertheless, in several researches, resonator 
patterns of GFL using a ring resonator on bulk ele-
ments  [40] and a resonator formed by Bragg gratings 
welded to the ends of the active hollow fiber [54] were 
studied.

As the active medium of gas fiber Raman lasers, 
light molecular gases such as light hydrogen (1H2), 
deuterium (D2), methane (CH4) or ethane (C2H6) 
are of interest, since they have a large Raman shift 

(4155  cm-1, 2987  cm-1, 2917  cm-1 and 2954  cm-1, respec-
tively). This circumstance opens up the possibility of 
creating single- stage mid- IR Raman lasers, the pump 
source for which can be pulsed nanosecond erbium 
fiber lasers that generate about ~1.5  μm in a well-
developed spectral range.

A key component for creating efficient mid- IR 
Raman lasers is a hollow fiber, the characteristics 
of which must satisfy certain conditions. A neces-
sary condition for SRS generation is the excess of SRS 
gain over the amount of optical loss in the fiber. It is 
known  [55] that a kind of quality parameter (PF)) can 
be introduced that characterizes a fiber as a medium 
with SRS amplification:

PF =
( p )
g0

+
( s )
g0

. 

PF is expressed in terms of the fiber parameters: 
optical losses at the pump wavelength α(λp), at the 
Stokes generation wavelength α(λs) and the Raman 
gain of the fiber g0 (e. g., in dB / (m×W)) for the Raman 
conversion λp → λs. The physical meaning of the value 
of PF having a power dimension (W) is as follows: this 
is the threshold pump power for a Raman laser on 
the considered optical fiber placed in some high- Q 
resonator. Therefore, the smaller the value of PF, the 
closer the fiber in its characteristics to the optimal for 
the selected Raman transform λp → λs.

It is known that for direct (i. e., not bent) HWG 
and TWG optical losses depend on the diameter of the 
hollow core as 1 / D3 and 1 / D4, respectively  [12, 14, 56]. 
Therefore, for both the HWG and TWG models, in the 
case of direct fiber, the quality parameter PF is propor-
tional to 1 / D (for HWG) and 1 / D2 (for TWG), because 
g0 is proportional to 1 / D2 (if  the effective fiber area is 
proportional to D2). Therefore, the more D is, the less 
is PF. Thus, there is no optimum for direct optical fib-
ers depending on the diameter of the hollow core. The 
situation changes if we take into account the losses 
caused by the bending of the fiber. The ability to bend 
is one of the main advantages of optical fibers. Assum-
ing that we are working with HWG and TWG that are 
wound with a certain radius R, the bending losses in 
such fibers are proportional to the diameter of the hol-
low core D. As a result, the optical losses of such fibers 
have a minimum at some value of the diameter of the 
hollow core at any specific wavelength. Therefore, the 
quality indicator PF reaches its the minimum value 
at a certain diameter of the hollow core Dmin, which 
determines the optimal diameter of the fiber core for 
the Raman conversion. If we take R = 15  cm, and the 

Fig. 9. (a) An optical fiber pre-form obtained by extruding 
from As2S3 glass; (b) RF made of As2S3 glass [48]

a) b) 100 µm



437Photonics vol. 13 № 5 2019 437Photonics vol. 13 № 5 2019

Волоконно-оптические устройства и технологии Fiber Optic Devices & TechnoligiesВолоконно-оптические устройства и технологии Fiber Optic Devices & Technoligies

hollow core is filled with hydrogen at a pressure of 30 
atm, then using the HWG and TWG models, we will 
obtain Dmin >> 75 for both models. A much more com-
plicated numerical modeling of real RF gives approxi-
mately the same value [57].

It is important that the value of PF should be signif-
icantly lower than the available pump radiation power. 
Let us estimate the parameter PF for a model fiber with 
a hollow core diameter of ~75  μm (Aeff ~ 2.4  ∙ 10–5  cm2) 
filled with molecular hydrogen at room temperature 
and pressure ≥10 atm (gR ~ 1  cm / GW, g0 = gR / Aeff). Con-
sidering the optical losses αp ≤ 0,1 dB / m (near IR) and 
αs ≤ 1 dB / m (mid- IR) in principle achievable in such a 
fiber, we obtain the quality parameter PF ≤ 100 W. Peak 
radiation power that is many times greater than this 
value can be achieved using existing solid- state and 
fiber nanosecond pulsed lasers. However, it should be 
noted that the creation of quartz hollow fibers with 
an optical loss level of ≤1  dB / m in the mid- IR range 
is a non-trivial task, since the material absorption 
of quartz glass in the wavelength range of 3–5  μm 
sharply increases from ~50 to ~50,000  dB / m. Never-
theless, RF with approximately similar parameters 
were created and served as the basis for the first mid-
 IR Raman lasers.

Up to now, single-pass patterns similar to those 
shown in Fig. 11 have been used in Raman mid- IR 
lasers  [58]. In  [49],  [58], a quartz revolver fiber was 
used as an active fiber, the theoretical transmission 
spectrum of which is shown in Fig. 10 (a). The fiber 

length was 15 m; the diameter of the mode field was 
45 μm. When the hollow core was filled with molecu-
lar deuterium D2 (partial pressure of 28 atm) with an 
admixture of molecular light hydrogen 1H2 (partial 
pressure of 2 atm), SRS generation was obtained at 
wavelengths of 2.9, 3.3, and 3.5 μm (Fig. 10 (b)). The 
peak power of the most intense spectral components 
in the mid- IR was 0.25 kW (λ = 2,9  μm) and 0.37 kW 
(λ = 3,5 μm), which corresponds to an average power 
of 23 and 37 mW, respectively. The quantum conver-
sion efficiency was 10% (for λ = 2,9  μm) and 6% (for 
λ = 3,5  μm) and allows for further optimization. Note 
that by selecting the partial pressures of the gases 1H2 
and D2 and adjusting the pump power, it was possible 
to achieve predominant generation at a wavelength of 
2.9 or 3.5 μm.

In  [42, 59, 60] the RF structure was modified in 
such a way as to shift its transparency region to the 
region of ~4  μm (Fig. 12a). The diameter of the fiber 
mode field was 56  μm. In the fiber, when it is filled 
with molecular hydrogen 1H2 at a pressure of 30 atm 
in a pattern similar to that shown in Fig. 11, Raman 
generation was first obtained at a wavelength of 
4.4 μm (Fig. 12b) [42.60]. Using single-mode radiation 
from this laser, the optical losses of RF were meas-
ured at a wavelength of 4.4 μm, which turned out to 
be 1.13  dB / m, in good agreement with the results of 
numerical modeling of such fiber (0.92  dB / m)  [59]. 
The length of the used RF in these experiments was 
15 m.

Fig. 10. (a) The optical loss spectrum of a hollow core fiber, designed to create a GFL in the spectral region of 2.9 – 3.5 μm [49, 58]; 
(b) - The emission spectrum measured in [58] at the output of a gas fiber Raman laser. A mixture of molecular deuterium and 
light hydrogen at room temperature and partial pressures of 28 and 2 atm, respectively, was used as the active medium. The peak 
pump power at a wavelength of 1.56 μm was 14 kW
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By numerically solving the system of equations 
of coupled waves for vibrational Raman scattering 
in molecular hydrogen 1H2, a theoretical analysis of 
the Raman scattering was made at a wavelength of 
4.4  μm. In this case, the measured optical loss val-
ues   of 0.04  dB / m and 1.13  dB / m at wavelengths of 
1.56 and 4.4  μm, respectively, were used (Fig. 12), as 
well as the value of the Raman gain gR = 0,43 cm / GW, 
calculated for the conversion of 1.56 → 4.4  μm based 
on the known data on the line width and scattering 
cross- section for the vibrational transition Q(1) of the 
1H2 molecule [61–63]. The optimal Raman laser length 
obtained by theoretical analysis was about 3.5 m, 
which is significantly less than the length of the hol-
low fiber (15 m) used in the experiment [42, 43].

One of the interesting results of  [59] is the ability 
to maintain a stationary SRS mode when pumping gas 
fiber lasers with nanosecond pulses. It is known  [61] 
that if the duration of the pump pulse (τP) and the 
transverse relaxation time of optical phonons (Т2) sat-
isfy the relation τP ≤ 20 ∙ T2, then the SRS transition goes 
into a non-stationary mode, in which the coefficient 
of SRS gain is reduced. For the vibrational transition 
Q(1) in molecular hydrogen at room temperature and a 
pressure of ~10 atm, the transverse relaxation time is 
T2 ≈ 0,64 ns and, as a result, pump pulses of a few nano-
seconds duration should lead to unsteady SRS genera-
tion. However, the time T2 can be easily controlled by 
changing the gas pressure, since with increasing pres-

sure, the collision frequency of molecules increases, 
which leads to a more frequent failure of the phase of 
molecular vibrations and, therefore, reduces the value 
of T2. The indicated effect was observed in [59] with a 
change in the hydrogen pressure in the range 10–70 
atm and made it possible to increase the output power 

Fig. 11. Scheme of the experimental setup. L1 and L2 are 
aspherical lenses; HCF – Hollow RF; Al2O3 – sapphire 
windows of gas cells at the ends of the RF; ZnSe – 
collimating lens from zinc selenide; Ge - germanium plate 
2 mm thick

Erbium fiber laser

λ = 1,56 µm

τ = 3,4 ns

f = 25–150 kHz

L1 L2

СПС

L = 3–15 м

Al2O3
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1H2 / D2

Optical filters
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Optical 

spectrum analyzer

(OSA 207)

Power meter

Fig. 12. (a) Calculated optical loss spectrum of a hollow core revolver fiber (black dashed line) [43]. Also shown is the loss 
spectrum measured using a supercontinuum source in the near-IR range (blue line). The red star represents the optical losses 
measured using narrow-band laser sources at wavelengths of 1.56 and 4.4 μm [59]. (b) The emission spectrum at the output of 
a RF filled with 1H2 light hydrogen at room temperature and a pressure of 30 atm. The introduced peak pump power was 18 kW 
[42, 43]
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of the Raman laser (Fig. 13), which was pumped by 
pulses of duration τP = 3.5 ns.

By optimizing the length of the fiber and the pres-
sure of hydrogen in the hollow core, as well as using 
linearly polarized pump radiation at a wavelength of 
1.56 μm and a Raman laser scheme that allows main-

taining the polarization of radiation, a 53% quantum 
efficiency was achieved for a single- stage conversion 
of 1.56 → 4.42 μm. It was possible to demonstrate the 
SRS generation of nanosecond pulses at a wavelength 
of 4.4 μm with an average power of 1.4 W [64], while 
the rotational components at wavelengths of 1.72 and 
1.91  μm were significantly suppressed. Fig. 14 shows 
the emission spectrum at the output of such a Raman 
laser and the dependences of the output power on the 
pump power obtained.

The currently demonstrated peak power of pulsed 
nanosecond gas fiber Raman lasers generating in 
the region of 3–5 μm is about 2 kW [59]. This value is 
limited not by the characteristics of the RF, but by 
the available power of the fiber erbium pump laser. 
Recent researches [65, 66] have demonstrated gas fiber 
Raman lasers with an output peak power of 400 kW 
and 150 kW at wavelengths of 1.55 and 1.9 microns, 
respectively. The use of such lasers as a pump source 
for gas-filled quartz RF opens the way to the creation 
of efficient gas fiber Raman lasers generating nano-
second pulses with a peak power of ~100 kW in the 
spectral range of 3–5  μm. Furthermore, such mid- IR 
lasers can be realized due to two-stage Raman scat-
tering in the same section of the RF filled with one or 
more gases.

It is known that the Raman conversion from the 
near (λ = 1.56 μm) to the mid- IR range (λ = 3–5 μm) is 
accompanied by a large quantum defect, which can 
make it difficult to obtain a high average power at the 
Stokes wavelength. However, in a recent researcg [53] 

Fig. 13. The experimental dependence of the pulse energy 
of the output radiation at a wavelength of 4.4 μm on the 
pressure of light hydrogen in the hollow core [59]. The 
duration of the pump pulses was τp = 3.5 ns. The vertical 
dashed line corresponds to a pressure of 38 atm, at which 
the time of transverse relaxation of the molecular vibrations 
of hydrogen is T2 = 0.175 ns, satisfying the relation 
τp = 20 ∙ T2.
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devoted to gas fiber lasers based on population inver-
sion, efficient generation of radiation at a wavelength 
of 3.1  μm when pumped at λ = 1.53  μm was demon-
strated. Despite a large quantum defect comparable to 
a quantum defect in Raman lasers, an output power 
of more than 1 W was achieved in a continuous mode. 
This result emphasizes the capabilities of gas fiber 
hollow-core fiber lasers, including Raman lasers, to 
generate high average power in the mid- IR range with 
a large quantum defect and the corresponding energy 
release in the fiber.

conclusIon
Compared to other hollow optical fibers, the RF 
are distinguished, first of all, by the simplicity of 
their design. Being made of quartz glass, they are 
capable of transporting radiation with wavelengths 
from vacuum ultraviolet to the mid- IR range. It was 
experimentally shown that the optical loss in the RF 
does not exceed a level of the order of 1  dB / m in the 
range from 200  nm to 4.4  μm. In the near IR region, 
hollow photonic crystal fibers (PCF) exhibit lower 
losses (of  the order of 1  dB / km per 1.5  μm versus 
30 dB / km in RF (see Fig. 3). But in a PCF with a hollow 
core, radiation interacts with several periods of the 
photonic crystal, which, on the one hand, allows one 
to obtain low optical losses, and on the other hand, 
leads to an increase in optical losses in the spectral 
regions where the fiber material has high losses. 
RF, especially with simple capillaries in the cladding 
(see Fig. 1 (a, b)) are characterized by much less 
overlapping the radiation distribution with the fiber 
material, which allows the RF to work in the region 
of high losses of the cladding material, therefore, the 
first effective Raman lasers operating in the mid- IR 
range (at a wavelength of 4.4 μm) were created based 
on quartz glass RF. The ability to transport short 
high-power laser pulses without distortion, which 
can be and has been already applied in the delivery of 
radiation from the laser to the point of consumption, 
is among the advantages. This is facilitated by their 
high radiation strength and low nonlinearity  [67]. 
Further advancement in the mid- IR range is possible 
due to the transition to chalcogenide RF. The first 
experiments in this area showed the possibility of 
transporting CO2 laser radiation up to 10.6 μm.
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