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Abstract: We demonstrate a Ho3þ , Pr3þ co-doped fluoride fiber laser that produces an
output power of 7.2 W, a 150-nm tuning range, and a narrow linewidth of G 0:14 nm
using a power-scalable Yb3þ fiber-laser-pumped 1150-nm Raman fiber laser as the excitation source. The maximum output power is achieved at a slope efficiency of 29%, with
wavelength tuning between 2825 and 2975 nm that overlaps with the OH absorption region in many mid-infrared transparent glasses. The system is used to provide accurate
measurements of the background scattering loss and the degree of water incorporation
in the rare-earth-doped core of commercial double-clad fluoride fiber; the high power allows accurate core loss measurements for quite lossy fibers. Furthermore, the spectral
location of the OH absorption feature was observed to be dependent on glass composition shifting from 2872 nm in undoped ZBLAN to 2896 nm upon Ho3þ Pr3þ co-doping,
whereas As2 S3 glass was observed to have an OH peak location of 2911 nm.
Index Terms: Lasers, tunable lasers, fiber lasers, mid-infrared.

1. Introduction
Mid-infrared photonics has attracted growing interest in recent years owing to the strong resonances of low energy mid-infrared photons with the characteristic vibrational transitions of many
molecules. The development of robust, tunable sources of laser radiation in this region is vital
for a wealth of potential applications including spectroscopy, environmental sensing and medicine [1]. Of particular interest is the shortwave infrared region (2–4 m) which corresponds to
an atmospheric transmission window coupled with numerous characteristic vibrational transitions, including the antisymmetric stretch of OH at  3 m [2]. In this region of the electromagnetic spectrum, fiber lasers are currently the most practical source of moderate power (9 1 W)
laser output, offering good beam quality in a comparatively compact and efficient arrangement.
While silicate based fiber lasers have achieved much success, both commercial and scientific,
the onset of the multiphonon edge at  2:2 m limits their operation to longer wavelengths.
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Fig. 1. Simplified energy level diagram of the Ho3þ Pr3þ doped system showing relevant pump, laser,
energy transfer and multiphonon decay processes.

The fluoride-based host glass ZrF4 -BaF2 -LaF3 -AlF3 -NaF (ZBLAN) remains the most promising alternative for extended wavelength emission, exhibiting low loss (G 0:2 dB/m) from
0.2–4.5 m [3]. Of the transitions capable of near 3 m emission, the 4 j11=2 ! 4j13=2 transition of
Er3þ is the most heavily researched, displaying moderate power (24 W [4]), high efficiency [5]
and broad tunability [6]. The 5 j6 ! 5j7 transition of Ho3þ , on the other hand, is comparatively
less developed but offers a longer emission wavelength of 2.9 m and a potentially larger
Stokes efficiency limit when pumped at 1.15 m. Furthermore, holmium based lasers do not
rely on energy transfer up-conversion and thus, do not require the characteristically high dopant
concentrations of the more advanced Er3þ systems which is advantageous for thermal management in high powered systems.
Owing to the long lifetime of the 5 j7 level compared to the 5 j6 level ( 12 and 3 ms, respectively), the transition suffers from self-termination. Incorporation of the Pr3þ sensitizing ion has
been shown to circumvent this and promote efficient lasing [7] through depopulation of the 5 j7
level via resonant excitation transfer to the Pr3þ co-dopant, which then rapidly de-excites via
multiphonon decay Fig. 1. Broad wavelength tunability at moderate output powers has been observed within Ho3þ doped fiber lasers, with a grating tuned system exhibiting 9 W of wavelength
tunable emission across 130 nm [8], however power-scaling attempts of Ho3þ based systems
have been hindered by available 1150 nm pump power [8], [9]. To date, the highest output
power reported in such systems has been 2.5 W [10] generated with slope efficiencies of up to
32% [11]. In recent work, the use of a Yb3þ -Raman fiber laser based system to shift the 980 nm
output of commercially available high powered diodes to 1150 nm has been shown to be capable of achieving 110 W of output power [12]. Furthermore, the use of a Yb3þ -Raman system as
a single mode pump-source for the Ho3þ system has been shown to achieve 3.4 W of 2.9 m
output power [13].
In this study, we show how this approach can be extended to the development of an efficient
Ho3þ , Pr3þ co-doped fluoride fiber laser emitting tunable single transverse mode output of up to
7.2 W at a center wavelength of 2882 nm. The system demonstrated broad wavelength tunability across 150 nm, with a narrow emission linewidth of G 0:14 nm across the entire tuning range.
These characteristics allow for the spectrally resolved characterization of the core loss of mid-infrared transmitting optical fibers across the highly resonant OH absorption feature, as well as
the off-resonant loss in order to determine the background scattering.
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Fig. 2. Schematic diagrams of the Yb3þ -Raman pump system (pump diode included) and the Ho3þ ,
Pr3þ codoped ZBLAN fiber laser. The 976 nm diode emission (red) is launched into a grating tuned
Yb3þ fiber laser set to 1097 nm (green), this pumps a Raman laser for 1150 nm emission (blue).
The pump system is coupled into a grating tuned Ho3þ , Pr3þ codoped ZBLAN fiber laser, with
2825–2975 nm emission (purple).

2. Experimental Details
The experimental arrangement is illustrated schematically in Fig. 2.

2.1. Pump System
A 976 nm industrial diode laser system (Laserline) was used as a pump system for an Yb3þ
fiber laser (YFL) system. The cavity consisted of a 17 m long length of double clad Yb3þ
doped fiber (SM-YDF-7/210, Nufern) which was pumped from one end only. A Littrow configuration incorporating a plane-ruled diffraction grating (1200 grooves/mm, Richardson Gratings.)
was used to provide wavelength tunable feedback of the first order diffraction peak at the
pumped end of the fiber. The length of the Littrow cavity was modified (between 0.4 and 0.8 m)
and the feedback angle was varied in order to allow the emission linewidth and wavelength to
be varied. The single mode output of the YFL was coupled into a RFL using a pair of aspheric
lenses with 0.15 and 0.18 numerical apertures (Thorlabs). The Raman cavity was formed between two fiber Bragg Gratings (TeraXion), FBG1 was a high reflector with 99.8% reflectivity at
1150 nm and a bandwidth of 1 nm, FBG2 had 10% reflectivity with a bandwidth of 0.5 nm. The
Raman gain fiber was an 80 m length of standard single mode silica fiber, (HI1060, Thorlabs).
A wavelength division multiplexor (WDM, Gooch and Housego) was used at the pump end of
the cavity to protect the YFL from backward propagating signal light. A second WDM was used
at the output of the cavity to separate unabsorbed 1097 nm pump light from 1150 nm laser
emission. Following this, a 40 mm focal length, 0.5 inch diameter CaF2 singlet lens was used to
collimate the 1150 nm free space output of the pump system.

2.1.1. Raman Laser Efficiency
The efficiency of the RFL was measured for YFL emission wavelength bandwidth (FWHM)
values of 0.1 and 0.2 nm, across a range of wavelengths, see Fig. 3.
In both bandwidth cases, the maximum RFL efficiency value was obtained for pumping at
1097 nm (76 and 75%, respectively), in alignment with the spontaneous Raman scattering
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Fig. 3. RFL slope efficiency as a function of YFL pump wavelength for 0.1 nm (red circles) and
0.2 nm (blue diamonds) pump linewidth.

spectrum of silica; this wavelength was used for the remainder of this work. It was observed
that there was a range of pump wavelengths (1095–1099 nm) for which 9 70% efficiency was
measured. A slight increase in the efficiency was observed for the 0.1 nm RFL pump system,
however, for the remainder of this work, the 0.2 nm YFL bandwidth was used because it gave a
4% increase in the YFL efficiency, offering a greater overall 976 nm to 1150 nm conversion efficiency value of approximately 20%.

2.2. Tunable Holmium Fiber Laser System
A 20 mm focal length, 0.5 inch diameter CaF2 singlet lens was used to couple the 1150 nm
single mode emission into the 9 m Ho3þ , Pr3þ co-doped double clad fiber (FiberLabs, Japan)
which had an octagonally-shaped pump core with a diameter of 125 m across the flats and a
numerical aperture (NA) of 0.50. The fiber had a 10-m-core diameter with an NA of 0.16 which
supported single mode operation for wavelengths above 2.61 m, see Fig. 4(a) (inset). The
Ho3þ and Pr3þ concentrations were 3 mol.% and 0.25 mol.% respectively which have been
shown previously to provide slope efficiencies of up to 32% [11]. The background loss of the fiber between 1 and 2 m was 0.1 dB/m. A Littrow configuration was employed at the distal fiber
end to achieve wavelength tuning.
The fiber output was collimated using an AR-coated 75 mm focal length germanium silicon
doublet lens (Edmund Optics) resulting in beam diameter of  25 mm. This enabled high angular dispersion from the plane ruled gold-coated diffraction grating (Richardson Gratings) which
had 360 grooves per millimeter and was used for tuning. The grating was placed at a distance
of 0.7 m from the intracavity-placed doublet lens. The pumped end facet was perpendicularly
cleaved to allow for approximately 4% feedback from Fresnel reflection. The output was then
collimated using the initial CaF2 coupling lens, before being outcoupled from the system using a
dichroic mirror (highly reflecting at 3 m and highly transmitting at 1150 nm) placed between
the focusing lens and pump diodes at 45 relative to the pump axis. In an attempt to minimize
damage on the pumped fiber end facet, the fiber was mounted on a water-cooled fiber end
mount, which was maintained at 16  C. Additionally, filtered air was flowed across both ZBLAN
fiber end facets.

3. Laser Performance
The maximum (corrected) output power of the Ho3þ Pr3þ doped system was 7.2 W, see Fig. 4(a),
which was limited by damage which occurred on the pumped fiber end facet. This was generated
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Fig. 4. (a) Ho3þ fiber laser output power at 2882 nm as a function of absorbed 1150 nm Raman
power (inset) single mode emission profile of the fiber, (b) spectrum of laser emission at 2882 nm,
and (c) output power as a function of wavelength at a pump power level of 24.2 W.

at an emission wavelength of 2882 nm [Fig. 4(b)] at a slope efficiency of 29% with respect to absorbed 1150 nm pump power, the threshold power was calculated to be 110 mW. Wavelength
tunability over 150 nm (2825–2975 nm) was achieved for 24.2 W of absorbed 1150 nm pump
power, see Fig. 4(c). Attempts to tune further beyond this range resulted in emission at the centre of the tuning range (at 2882 nm). This was due to reduced gain within the system at wavelengths away from the peak of the emission spectrum which allowed amplified spontaneous
emission (ASE) centered at 2882 nm to dominate. Furthermore, with the exception of the maximum and minimum wavelength measurements, the output power as a function of wavelength
was reasonably constant across the range, varying by only 3% with respect to the average output power across the range. The FWHM of the emission was measured to be G 0:14 nm across
the range.

4. Fiber Characterization
The system now finds use as a tool for the spectrally resolved characterization of fiber core loss
in double-clad rare-earth doped (and other) ZBLAN fibers whereby the narrow linewidth coupled
with broad tunability allows for accurate discrimination between loss mechanisms within the
fibers. Furthermore, the high power allows for accurate loss measurements within very lossy
(9 3 dBm-1) or long lengths of fiber. Lastly, the single mode output allows for spatial discrimination of the loss measurement within fiber, e.g., providing separation of the fiber core loss from
cladding loss.

4.1. Core Loss Measurements
The core-losses for a number of commercially available rare-earth doped double clad ZBLAN
fibers of varying fiber geometry were measured using the tunable system (results shown in
Fig. 5).
The laser output was coupled into the test fiber using a 20 mm, 1/2 inch CaF2 singlet lens,
which was found to have 92% transmission across the tuning range of the system. The protective polymer cladding of the test fiber was removed and index matching fluid was placed on the
fiber in order to remove any light that had been coupled into the cladding of the fiber. As the
coupling efficiency into the fiber may be wavelength dependent, a calibration was first obtained
using a number of lengths of single-mode ZBLAN fiber; the launch efficiency was found to be
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Fig. 5. Fiber core loss, in dB/m, as a function of wavelength the four fibers tested; fibers 1 and 2
were Ho3þ Pr3þ codoped fibers with octagonal and D shaped cladding, respectively, while fibers 3
and 4 were Ho3þ doped, with hexagonal and D shaped cladding, respectively. Fibers 1, 2 and 4
were from Manufacturer 1, while fiber 3 was from Manufacturer 2. Gaussian fit curves are included
for all data sets, the uncertainty in wavelength was 0.6 nm for all measurements (not displayed).

wavelength independent. Furthermore, to ascertain whether there was any feedback into the
lasing cavity from Fresnel reflections from the fiber under test, the temporal characteristics of
the laser output were compared before and after passing through the test fiber; no change was
observed. To determine the loss, the transmission through the fiber under test was compared to
the measured output power of the laser, which was corrected for lens transmission and coupling
efficiency. This process was repeated for a number of wavelengths within the laser tunability
range to resolve a loss spectrum for each test fiber. A fifth fiber (Ho3þ doped with a hexagonal
cladding layer, Manufacturer 3) was also tested, however the fiber exhibited elevated loss levels
and no spectral features were able to be resolved. As such, the system was only suitable in
the estimation of background loss within the fiber core, which was found via a linear fit to be
3.3 ( 0.4) dB/m.

4.1.1. Determination of OH Concentration
Elevated loss due to OH incorporation is evident within fibers 1–4, see Fig. 5. This measurement allows for the degree of OH incorporation to be determined from the peak magnitude of
the absorption above the “background” scattering loss level. Using the method outlined in [14],
the OH ion concentration is given by
NðOHÞ ¼

NA 1
ln
"L T

(1)

where NA is Avogadro's number, L and T are the length and transmission of the test fiber, respectively, and " is the absorptivity of OH, here assumed to be equal to the reported value in silicate glass of 49:1  103 [15] as there is no relevant report about ZBLAN glass. In the current
study, it is uncertain whether the tunable probe laser has been tuned away from resonance with
the OH absorption feature. As such, the minimum value obtained for the core loss in each fiber
is assumed to be the scattering “background” loss level. This will result in an underestimation of
the loss (and resulting ion concentration) attributable to OH. A Gaussian fit was applied to the
data, included in Fig. 5, and from this the scattering and OH loss was determined for each fiber,
which can be seen Table 1.
Of the four low-loss fibers, additional loss due to OH incorporation was observed in the codoped fibers (1 and 2, 0.40 and 0.41 dB/m, respectively) compared to singly doped fibers
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Calculated fiber loss parameters

Fig. 6. Normalized fibre loss as a function of wavelength for single-mode undoped ZBLAN (red),
Ho3þ , Pr3þ co-doped ZBLAN (black) and multi-mode As2S3 fibre (blue). The uncertainty in wavelength was 1.1 nm for all measurements (not displayed).

(3 and 4, 0.18 and 0.08 dB/m). Note that the scattering loss for the two singly doped fibers
(fibers 3 and 4, at 0.57 and 0.73 dB/m respectively) is more than twice the loss of the co-doped
fibers (1 and 2, at 0.11 and 0.19 dB/m, respectively.) The measurements were used to calculate
the OH concentration within each fiber core in order to characterize the degree of OH
incorporation.

4.1.2. Measurement of Peak Wavelength
In order to further characterize the absorption spectrum, five additional commercially available
mid-infrared optical fibers were tested; single- and multi-mode un-doped ZBLAN, single-mode
octagonally clad Ho3þ , Pr3þ co-doped ZBLAN (3 mol.% and 0.25 mol.%, respectively) and both
single- and multi-mode samples of the chalcogenide glass As2 S3 . Gaussian fits were then obtained and from this the wavelength of maximum loss ðOH Þ could be calculated where a shift
was observed relative to previously reported results of OH ¼ 2:87 m for undoped ZBLAN fibers
[2] three representative spectra and their respective fit curves are displayed in Fig. 6. The ZBLAN
and chalcogenide fibers were purchased from Manufacturers 1 and 4, respectively. A shift in the
wavelength of maximum loss was observed with OH determined to be 2.872 m for undoped
ZBLAN fiber, 2.896 m for Ho3þ , Pr3þ co-doped ZBLAN and 2.911 m in As2 S3 glass fiber.

5. Discussion
In the current demonstration the system was observed to be sufficient for the detection of the
OH absorption feature in low loss fiber and the estimation of background scattering losses
within high loss fibers. Owing to the high available output power and broad tunability of the
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system, it is capable of delivering an accurate estimation of wavelength dependent core loss
across long lengths of fiber. This avoids the necessity of cutting down long fibers into shorter
lengths to obtain accurate methods as seen in similar methods which make use of weaker (low
photon density per unit wavelength) sources such as supercontinuum. As such, the system
represents a valuable tool for fiber manufacturing, capable of the performance of wavelength
dependent core-loss estimation in situ with fiber production.
Within low-loss fibers the system was observed to be capable of a resolving a shift in the
wavelength of the absorption feature of OH in rare-earth doped ZBLAN relative to measured
values for undoped ZBLAN which aligned with the previously reported value of OH ¼ 2:87 m
[2]. This is particularly interesting as the 24 nm shift in wavelength of maximum attenuation resultant from the incorporation of rare-earth dopants into the ZBLAN lattice has not previously
been observed and indicates a difference in the local environment of the incorporated OH radical in doped and un-doped ZBLAN lattices. This may be due to a shift in the ZBLAN lattice configuration upon rare-earth doping which alters the distance or configurations of nearest
neighboring atoms to the OH radical. Alternatively, it may cause a change in the site at which
the OH radical incorporates into the ZBLAN lattice, further investigation is necessary to determine the mechanism of the observed shift.
Furthermore, the system was found to be able to resolve ion concentrations of as low as
0.015 ppm (test fiber 4) in commercially available ZBLAN fibers. Note that the loss measurements associated with OH incorporation in fiber 1, the fiber that was also used in the tunable
3 m laser system, may be responsible for the near flat (4% variation) in the output power
across the tuning range. The peak observed in centre of the tuning range associated with typical tunable fiber lasers is offset by the absorption peak associated with OH in the fiber. The increased loss due to OH incorporation at 2882 nm for example, may have caused a reduction
in the measured slope efficiency, which at 29%, is only 72% of the stokes efficiency limit of
40% for this laser system.
The development of a high-power tunable 3 m-class fiber laser system has been shown to
be useful for the characterization of rare earth doped optical fibers used for the creation of
mid-infrared laser sources. The high output power output can characterize fiber loss of at least
3.3 dB/m without the necessity of cutting the fiber, the narrow linewidth and broad tunability
enables spectrally-resolved loss measurements to separate contribution from scattering and
OH contamination, and the single mode output allows spatially selective probing of the core.
Unlike supercontinuum sources, and other broadband thermal sources such as lamps, the current approach does not require in situ wavelength measurement and merely requires access to
normalized power measurements. As the measured loss levels were much greater than those
reported by the manufacturers of the fluoride fibers (typically G 0:1 dB/m across the wavelength
range), this work highlights the importance of accurately measuring the loss particularly in the
core of the fiber.

6. Conclusion
In summary, we have demonstrated a Raman fiber laser pumped tunable Ho3þ , Pr3þ co-doped
ZBLAN fiber laser that produced up to 7.2 W, a 150 nm tuning range, narrow G 0:14 nm bandwidth and single mode output. We have shown the use of this laser as a reliable probe for spectrally resolved loss measurements of the core of commercially available mid-infrared optical
fibers. Further improvements in the construction of the 1150 nm Raman pump system to an “all
fiber” system will greatly improve overall optical efficiency (the measured 20% is only 23% of
the 85% stokes efficiency limit) and system robustness.
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