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Abstract.  Efficient Raman generation in a molecular hydrogen-
filled hollow-core fibre having a cladding in the form of a single ring 
of capillaries has been demonstrated for the first time. The pump 
source used was a Q-switched Nd : YAG laser with a pulse duration 
of 125 ns, and a single-pass (cavity-free) configuration was 
employed. The maximum average output power at 1.9 mm was 300 
mW, and the differential quantum efficiency was 87 %, a record 
level for such experiments.
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1. Introduction

Raman lasers (or SRS lasers) are currently among the most 
efficient  frequency  conversion  devices.  The  quantum  effi-
ciency  of  both  fibre  [1]  and  solid-state  [2]  Raman  lasers 
reaches  tens of percent, approaching unity  in a number of 
cases.  Whereas  a  typical  frequency  shift  W  in  solids  is 
~100  cm–1, Raman lasers that employ hydrogen, the light-
est gas, ensure a frequency shift W = 4155 cm–1 owing to a 
stimulated  vibrational  Raman  transition  in  molecular 
hydrogen [3]. As shown in experiments with hydrogen-filled 
cells,  single-  and  two-stage hydrogen Raman  lasers  ensure 
highly  efficient  long-wavelength  generation  in  the  ranges 
1.87 – 1.9 and 8 – 9 mm [4], as well as in the 16 mm range [5] 
and even near 30 mm [6]. However, in the case of usual pump 
beam focusing into a gas cell by lenses, pump powers on the 
order of megawatts or higher were needed to reach Raman 
threshold.  The  use  of  waveguide  structures  allows  one  to 
considerably increase the interaction length of pump light in 
a Raman-active medium, ensuring a considerable reduction 
in threshold pump intensity and power. Even the first exper-
iments aimed at creating Raman lasers based on silica glass 
fibre  [7,  8]  demonstrated  the possibility of  lasing  at  pump 
powers  under  100  W.  The  use  of  silica  glass  fibres  with 
almost  lowest possible optical  losses and  fibre Bragg grat-

ings as mirrors made it possible to produce efficient multi-
stage Raman fibre lasers [9].

The  Raman  shift  in  silica  glass  fibres  does  not  exceed 
1330  cm–1  (Raman  amplification  at  this  frequency  shift  is 
observed in phosphosilicate glass fibres [10]). The shift is far 
smaller than that in hydrogen Raman lasers, and increasing 
the number of conversion stages to compensate for the small 
shift reduces the efficiency of the Raman laser [11], even with 
no allowance for the increase in the optical loss in the fibre at 
long wavelengths of the IR spectral region (see e.g. Dianov et 
al. [12]). The advent of hollow-core (HC) fibres with compar-
atively low losses [13] paved the way to gas-filled fibre lasers, 
including those based on stimulated Raman scattering (SRS). 
In particular, hydrogen-filled hollow-core fibres were success-
fully used to make highly efficient pulsed Raman fibre lasers 
employing vibrational and rotational transitions of molecular 
hydrogen [14 – 16]. Moreover, Couny et al. [17] demonstrated 
a cw Raman fibre laser employing a rotational transition of 
ortho-hydrogen, with a frequency shift w = 587 cm–1 (conver-
sion of pump light at a wavelength lp = 1064 nm to Stokes-
shifted light at lS = 1135 nm). Very recently, Wang et al. [18] 
have for the first time demonstrated efficient (48 % quantum 
efficiency)  Raman  conversion  from  lp  =  1.06  mm  to  lS  = 
1.9  mm  in  a  hydrogen-filled  hollow-core  fibre.  An  essential 
point  is  that  their  Raman  laser  operated  in  pulsed  (pulse 
duration  t  =  0.7  ns),  transient  (in  terms  of  phase  relax-
ation) mode, which prevented it from reaching the largest 
possible Raman gain coefficient [18].

Various cladding designs have been proposed for hydro-
gen Raman fibre lasers. Use was made first of Kagome lat-
tice photonic crystal fibres (PCFs) [14] (Fig. 1a) and then of 
PCFs  with  a  hexagonal  reflective  cladding  structure  [16] 
(Fig. 1b). In searching for a hollow-core fibre cladding con-
figuration minimising the optical  loss, Wang et al.  [19, 20] 
proposed  fibres with  a  hypocycloid-shaped  core – cladding 
interface (Fig. 1c), and Pryamikov et al. [21] proposed fibres 
with a simple structure, whose cladding had the  form of a 
single  ring  of  capillaries  (which  were  referred  to  as  fibres 
with  a  negative  curvature  of  the  core – cladding  interface) 
(Fig.  1d).  Subsequently,  this  term was  applied not only  to 
fibres with a hypocycloid-shaped core but also to later pro-
posed  fibres  whose  cladding  consisted  of  elements  resem-
bling a stylised image of a parachute [22] (Fig. 1e). But fibres 
of the type proposed by Pryamikov et al. [21] (Fig. 1d) differ 
significantly from other fibres with a negative curvature of 
the  core – cladding  interface:  first,  in  that  the  elements  of 
their  cladding  have  cylindrical  symmetry  (more  precisely, 
the elements have a nearly circular or elliptical cross section 
[23]) and, second,  in that they can be arranged around the 
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core without contacting each other, which allows fibre char-
acteristics to be improved [24, 25] (Fig. 1f). It is, therefore, 
reasonable to use special notation for fibres of the type rep-
resented in Figs 1d and 1f. Since their cross section resem-
bles  that of a  revolver  cylinder,  they will be  referred  to as 
‘revolver-type’ HC fibres.

In this paper, we report the first efficient IR Raman source 
at lS = 1.9 mm based on a revolver-type fibre with a hydrogen-
filled hollow core. In contrast to a previous study [18], we use 
steady-state  Raman  conversion  due  to  comparatively  long 
pump pulses (t = 125 ns). We have studied the spectral and 
temporal characteristics of the Raman laser and measured its 
SRS threshold as a function of molecular hydrogen pressure 
in the HC fibre.

2. Experimental setup

The cross section of the revolver-type HC fibre developed for 
this study is shown in Fig. 1f. Its outer diameter is 155 mm. 
The fibre is made of Heraeus F-300 pure silica glass. The air 
core  of  the  fibre  is  formed  by  eight  capillaries  with  a  wall 
thickness of 2.35 mm and outer diameter of 28.7 mm. The air 
core diameter is 57 mm and the calculated fundamental mode 
diameter at the pump wavelength is 40.4 mm. The optical loss 
spectrum obtained for this fibre by numerical simulation has 
the form of several transmission bands separated by high-loss 
bands [Fig. 2, spectrum ( 1 )]. An important point is that the 
pump wavelength (lp = 1.064 mm) and first Stokes wavelength 
(lS = 1.907 nm) lie in the region of optical loss minima in the 
corresponding transmission bands. Note also that the wave-

lengths of a number of anti-Stokes components also fall in the 
low optical loss region (Fig. 2).

Also shown in Fig. 2 is the experimentally measured loss 
in the revolver-type HC fibre at wavelengths from 1 to 2 mm 
[spectrum ( 2 )]. The calculated and experimentally determined 
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Figure 1. Cross-sectional electron-microscopic images of various types of hollow-core optical fibres: (a) Kagome lattice PCF [14]; (b) PCF with a 
hexagonal cladding structure [16]; (c) Kagome lattice PCF with a hypocycloid-shaped core – cladding interface [20]; (d) revolver-type HC fibre with 
contacting capillaries [21]; (e) HC fibre with parachute-shaped cladding elements; (f) revolver-type HC fibre with noncontacting capillaries (this 
work; configuration first examined by Kolyadin et al. [24]).
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Figure 2. ( 1 ) Calculated and ( 2 ) measured optical loss spectra for the 
fundamental mode of the revolver-type HC fibre. The vertical arrows 
indicate the pump wavelength (S0) and the spectral position of one vi-
brational Stokes component (S1) and two vibrational anti-Stokes com-
ponents  (AS1, AS2); W = 4155 cm–1  is  the shift corresponding  to  the 
Q(1) vibrational transition of molecular hydrogen.
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spectral  positions  of  the  transmission  bands  agree  well, 
whereas  the measured  optical  loss  significantly  exceeds  the 
calculated one. The discrepancy  is  probably  caused by  two 
factors: deviations of  the  real  fibre  structure  from  the  ideal 
parameters (used in our calculations) and uncertainties in our 
optical  loss measurements for the fundamental mode of the 
HC fibre, arising from uncontrolled excitation of higher order 
modes  (which  have  considerably  higher  losses)  in  the mea-
surement process. Since the number of modes supported by 
the fibre increases with increasing frequency, the contribution 
of the higher order modes to the measured optical loss causes 
the observed minimum loss to increase in going to higher fre-
quency transmission bands. The measured optical loss at the 
pump  wavelength  (1064  nm)  and  first  Stokes  wavelength 
(1907 nm) was 0.25 and 0.1 dB m–1, respectively.

Figure 3 shows a schematic diagram of the experiment. 
The  pump  source  used  was  a  Q-switched  solid-state 
Nd : YAG  laser  emitting  at  1064  nm.  The  laser  generated 
125-ns pulses at a repetition rate of 1.2 kHz and an average 
power of up to 4 W. With a total emission bandwidth of 0.07 
± 0.01 nm, the laser output was single-mode and elliptically 
polarised. To control the power level and polarisation state 
of the laser beam, it was passed through a Glan prism (GP1) 
to give a  linearly polarised beam. Next,  the  linearly polar-
ised  light was  sequentially  passed  through  a  l/2  plate  and 
another Glan prism  (GP2), which allowed us  to gradually 
vary the beam power by rotating the l/2 plate. The polarisa-
tion state of the transmitted beam was controlled using a l/4 
plate.

The beam was coupled into the revolver-type HC fibre 
using  a  plano-convex  lens  (L1)  with  a  focal  length  of 
60  mm, which ensured ~53 % coupling efficiency. The fibre 
length in our experiments was 2.25 m. The fibre ends were 
secured  in  hermetically  sealed  miniature  cells  (HSCs), 
which had a sapphire window for light incoupling and out-
coupling.  The  gas  delivery  system  allowed  the  cells  and 
fibre  to be  filled with molecular hydrogen at pressures  in 
the range 1 – 31 atm at room temperature. At the fibre out-
put,  the  beam  was  collimated  by  a  micro-objective  (L2) 
and directed to a beam splitter. After the beam splitter, one 
optical  channel was  used  for  spectral measurements with 
different types of spectrum analysers, which ensured a sen-
sitivity range from 200 to 2400 nm. The other component 
of the beam was passed through a dispersion prism. Next, 
the  power  of  individual  spectral  components  was  deter-
mined by a power meter. To determine the shape of pump 
and  first  Stokes  pulses,  a  photodetector with  a  6-ns  time 
resolution was used instead of the power meter. The photo-
detector  signal  was  visualised  using  a  high-speed  1-GHz 
oscilloscope.  Placing  a  white  paper  sheet  instead  of  the 

power  meter,  we  were  able  to  obtain  the  visible  emission 
spectrum  at  the  fibre  output  using  a  conventional  camera 
(Fig. 4b).

3. Results and discussion

When the pump power in the HC fibre at a hydrogen pressure 
of 31 atm exceeded some threshold (Pth ), we observed Stokes 
generation at 1907 nm. In addition, there was a considerable 
number of anti-Stokes components in the range from the UV 
to lp (Fig. 4). The Stokes and anti-Stokes components propa-
gated  only  in  the  pump  propagation  direction,  and  the 
observed  radial  intensity  distribution  in  all  the  Stokes  and 
anti-Stokes components roughly corresponded to the funda-
mental mode. The overall anti-Stokes power did not exceed 
2% of the power of the first Stokes (1907 nm) component. The 
spectral position of the components corresponded to a change 
in pump photon energy by various linear combinations of the 
energies of vibrational [Q(1)] and rotational [S(1)] transitions 
of ortho-hydrogen [18, 26]. At a high gas pressure (31 atm in 
this study),  the Raman gain coefficient reaches a maximum 
level and is independent of pressure [27]. Under such condi-
tions,  the  SRS  threshold  for  the  vibrational  transition  of 
molecular  hydrogen  was  reached  at  an  average  launched 
pump power of ~300 mW.

Figure 5 shows a characteristic scattered visible light spec-
trum observed through the lateral surface of the revolver-type 
HC fibre (see Fig. 4a). The strongest lines are observed at 738, 
565, 457 and 384 nm. These wavelengths correspond to four 
anti-Stokes components (AS1 – AS4) of the Q(1) vibrational 
Raman  transition  in  molecular  hydrogen.  In  addition,  the 
spectrum contains a number of weaker lines, some of which 
(e.g. those at 830 and 880 nm) arise from the xenon lamp used 
to pump the neodymium laser and the others correspond to 
scattering from the vibrational transition of ortho-hydrogen 
with a Stokes shift w = 587 cm–1.

Emission  spectra  obtained  at  the  output  end  of  the 
revolver-type HC fibre are presented in Fig. 6 in a wide spec-
tral  range, which  includes both  the visible and IR spectral 
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Figure 3. Schematic  of  the  experimental  setup:  (GP1,  GP2)  Glan 
prisms; ( l/2, l/4) half- and quarter-wave plates for 1064 nm; (L1, L2) 
lenses; (HSC) hermetically sealed miniature cell; (HCF) hollow-core fi-
bre; (BS) beam splitter; (SA) spectrum analyser.
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Figure 4. (a) General view of emission from the revolver-type HC fibre 
at p = 31 atm and a pump power above the threshold for Stokes genera-
tion at a wavelength of 1.907 mm; (b) output visible emission spectrum 
obtained after the dispersion prism under the same conditions as above. 
The high brightness of the AS2 (565 nm) line prevented us from measur-
ing the spectrum in a wide wavelength range, so it was reduced using a 
specially designed mask placed between the prism and screen. The co-
lours  are  somewhat  distorted  because  of  the  specific  features  of  the 
spectral sensitivity of the camera.
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regions.  Spectra  ( 1 )  in  Fig.  6 were  obtained with  linearly 
polarised pump  light.  In addition to  the pump wavelength 
(1064  nm),  the  spectrum  contains  the  first  Stokes  line 
(1907 nm) and the first (738 nm) and second (565 nm) anti-
Stokes lines, which result from pump light scattering by the 
Q(1)  vibrational  transition  of molecular  hydrogen,  with  a 
frequency shift W = 4155 cm–1, and from four-photon inter-
action  of  the  pump  light  with  the  Stokes  and  anti-Stokes 
components. It can be seen that the pump conversion to the 
Stokes wave is the most efficient. When circularly polarised 
pump  light  was  used,  the  Raman  spectrum  contained,  in 
addition, lines shifted by a frequency w = 587 cm–1 [Fig. 6, 
lines  ( 2 )]  (like  in  Wang  et  al.  [18]),  suggesting  that  the 
Raman process involved the S(1) rotational transition. The 
differences between noise levels and spectral linewidths are 
caused  by  the  fact  that  the  overall  spectrum  presented  in 
Fig.  6  was  obtained  using  three  spectrometers,  which  dif-
fered  in sensitivity and resolving power. It  is worth noting 

that the reason for the significantly larger number of spec-
tral components in the spectrum presented in Fig. 4 in com-
parison with that in Fig. 6 is that the former spectrum was 
obtained in an experimental configuration without compo-
nents intended to control the power level and polarisation of 
the beam (Glan prisms and wave plates), which enabled an 
about twofold increase in the pump power launched into the 
HC fibre.

Figure  7  shows  the output Stokes power  [curve  ( 1 )]  and 
transmitted pump power [curve ( 2 )] as functions of the average 
pump  power  launched  into  the  revolver-type HC  fibre.  The 
measurements  were  performed with  linearly  polarised  pump 
light at a hydrogen pressure of 31 atm. The vibrational SRS 
threshold Pth was reached at an average launched pump power 
of 0.3 W, which corresponded to a threshold peak power of 2 
kW and intensity of 0.16 GW cm–2. The pump (1064 nm) to 
Stokes (1907 nm) conversion efficiency in our experiments was 
33.5 %.  Because  of  the  large  difference  in  photon  energy 
between the pump light and first Stokes in the case of hydrogen 
Raman lasers, it is more convenient to specify the fraction of 
pump photons converted to Stokes photons, i.e. quantum effi-
ciency, which reached 60 % in our experiments. We achieved a 
record high SRS conversion efficiency for a vibrational transi-
tion of molecular hydrogen in HC fibres, which exceeds values 
reported by Wang  et  al.  [18], who obtained 27% power  effi-
ciency and 48 % quantum efficiency.

Above the SRS threshold, the output power at the Stokes 
wavelength  is  an  almost  linear  function  of  launched  pump 
power, without any signs of saturation up to  the maximum 
pump power reached (Fig. 7). This strongly suggests  that 
the average output Stokes power of 330 mW (peak power of 
3 kW) reached in this study is not a limit. It is also worth not-
ing  that,  in  our  experiments,  the  differential  quantum  effi-
ciency  [corresponds  to  the  linear  portion  of  curve  ( 1 )  in 
Fig. 7] reached 87 %.

Figure  8  demonstrates  the  shapes  of  pump  and  Stokes 
pulses at  the HC fibre output. The Stokes pulse duration 
(93 ns) is considerably shorter than the pump pulse duration 
(125  ns).  It  is  also  seen  that  pump  powers  above  the  SRS 
threshold produce a dip in the central part of the pump pulse.

In Fig. 9, the threshold peak pump power for SRS, mea-
sured in our experiments as a function of the hydrogen pres-
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Figure 5. Visible emission spectrum observed  through the  lateral  sur-
face of the revolver-type HC fibre; p = 31 atm.
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Figure 6. Emission  spectra  at  the  output  of  the molecular  hydrogen-
filled revolver-type HC fibre at a pump power twice as high as the SRS 
threshold ( p = 31 atm). The spectra were measured at ( 1 ) linear and 
( 1, 2 ) circular pump beam polarisations.
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sure  in  the HC fibre,  is  represented by data points, and the 
solid line represents an approximate Pth(p) dependence calcu-
lated using previous data [27, 28]. It can be seen that there is 
satisfactory  agreement  between  the  experimentally  deter-
mined and calculated SRS thresholds. At high pressures ( p ³ 
10 atm), where the Raman gain bandwidth is determined by 
collisional broadening,  the SRS threshold  is  independent of 
hydrogen  pressure  and  has  a  minimum  value:  peak  pump 
power of 2 kW.

4. Conclusions

We have investigated steady-state (t = 125 ns) 1.06 mm ® 
1.9  mm SRS conversion in a specially designed, molecular 
hydrogen-filled revolver-type hollow-core  fibre. The  fibre 
offers  low optical  losses:  0.25 dB m–1  at  the pump wave-
length  (1.06  mm)  and  0.1  dB  m–1  at  the  first  Stokes 
wavelength (1.9 mm). The SRS threshold as a function of 
the hydrogen pressure in the core of the revolver-type fibre 
has been shown to agree well with data available in the lit-
erature. At high pressures ( p > 10 atm), the threshold peak 
pump power for SRS is 2 kW. The pump-to-Stokes conver-

sion quantum efficiency is 60 % (differential quantum effi-
ciency of 87 %), exceeding the conversion efficiency in pre-
vious studies. The average output Stokes power is 330 mW, 
corresponding  to  3  kW  of  peak  power  at  a  Stokes  pulse 
duration of 93 ns. The output Stokes power does not show 
any signs of saturation and can be raised by using higher 
pump powers. The parameters of the 1.9-mm Raman fibre 
laser obtained  in  this  study demonstrate  the  feasibility of 
producing  efficient,  compact,  single-stage  Raman  gas 
lasers based on gas-filled hollow-core fibres and operating 
in the range 1.9 – 10 mm. Note that, to vary the laser wave-
length across  this  range,  it  is  sufficient  to vary  the pump 
wavelength between 1 and 2 mm.
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Figure 8. Shapes of pump and Stokes pulses at the output of the hydro-
gen-filled  revolver-type  HC  fibre:  ( 1 )  pump  pulse  below  the  SRS 
threshold; ( 2 ) pump and ( 3 ) Stokes pulses at a pump power a factor of 
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Figure 9. Experimentally determined (data points) and calculated (sol-
id curve) threshold power for SRS as a function of molecular hydrogen 
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