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We report on a double-clad fiber laser operating on the 3P0 
→ 3F4 Pr3+ transition (in the deep-red spectral range) pumped 
by a GaN diode laser at ~442 nm. It employed a 0.8 mol% 
PrF3-doped ZBLAN double-clad fiber with a 7.5 μm core, a 
double D-shaped inner cladding, and a length of 3.0 m. The 
laser delivered a maximum output power of 0.71 W at 
716.7 nm with a slope efficiency of 9.0 % (vs. the launched 
pump power) and a laser threshold of 0.90 W. The laser 
emission was partially polarized. The laser performance 
was simulated providing a guideline for watt-level deep-
red fiber laser sources. © 2022 Optical Society of America 

http://dx.doi.org/10.1364/OL.99.099999 

Deep-red (far-red) light is the emission at the red end of the visible 
spectrum, between 660 and 750 nm. It is hardly visible by a naked 
eye, but it plays a key role in many biological processes such as 
photosynthesis due to intense absorption of chlorophyll at these 
wavelengths. Deep-red lasers find applications in bio-photonics, 
live cell imaging experiments [1] and studying the dynamics of free 
radicals in DNA chains [2], bio-medicine [3] and UV generation by 
frequency doubling with potential application in food safety [4,5]. 
Deep-red emission can be directly generated using several rare-
earth ions such as Pr3+ [6], Eu3+ [7], and Ho3+ [8], as shown in Fig. 1. 
Among them, praseodymium (Pr3+) ions (electronic configuration: 
[Xe]4f2) are the most attractive ones owing to the possibility of their 
efficient pumping by commercial and powerful blue GaN diodes 
emitting at ~442 nm [9,10]. The deep-red Pr3+ emission at ~717 nm 
originates from the 3P0 → 3F4 transition. 

There exist multiple studies on deep-red solid-state lasers based 
on Pr3+-doped crystals [11-13]. Fiber lasers, in their turn, benefit 
from a small footprint, high output beam quality, flexible design and 
good thermal management. So far, there are only a few reports on 
Pr3+-based fiber laser sources operating in the deep-red spectral 
range mainly because of the difficulty of suppressing oscillations on 
the competitive high-gain red laser transition. All of them employed 

fluoride fibers (the ZBLAN glass system) to benefit from attractive 
spectroscopic properties of Pr3+ ions in these materials, i.e., low 
phonon energies (~580 cm-1) leading to weak non-radiative path 
and long luminescence lifetimes of the 3P0 state [14], and relatively 
high position (~50000 cm-1) of energy-levels of the excited 4f15d1 
configuration avoiding the detrimental excited-state absorption to 
these levels [15]. Like other glasses, Pr3+:ZBLAN ones also benefit 
from broad absorption and emission spectra facilitating diode-
pumping and allowing for wavelength tunable operation. 

 

Fig. 1.  Energy-level schemes of Pr3+, Eu3+ and Ho3+ ions showing pump 
and deep-red laser transitions. 

First continuous-wave (CW) and tunable operation of a deep-red 
Pr:ZBLAN fiber laser was reported by Allain et at. using a 0.12 mol% 
Pr3+-doped, 12 µm core diameter, 60 cm long fiber. Under pumping 
by an Ar+ ion laser at 476.5 nm, the Pr fiber laser delivered 50 mW 
at 715 nm with a threshold of 230 mW and a tuning range of 707-
725 nm [6]. Later, a similar laser was exploited by Smart et al. 
leading to a high laser slope efficiency of 30% (vs. the launched 
pump power) and a laser threshold of only 40 mW [16]. Using a 
GaN laser diode to pump a 0.3 mol% Pr3+-doped, 3.9 µm core 
diameter, 9 cm long ZBLAN fiber, Okamoto et al. achieved 49 mW at 
716 nm with slope efficiency of 30% and a threshold of 21 mW, and 
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demonstrated an ultrabroadband tuning range of 597-737 nm [17]. 
Li et al. reported on passive Q-switching of a similar all-fiber laser 
using single-walled carbon nanotubes leading to a pulse duration / 
energy of 2.3 µs / 18.3 nJ at a repetition rate of 86.5 kHz [18]. 

All the above-described lasers were based on single-clad fibers 
with core pumping and so far, there are no reports on double-clad 
deep-red fiber lasers. The double-clad fiber geometry is beneficial 
for high-power diode-pumping due to the large numerical aperture 
of the inner cladding allowing for efficient pump coupling and a 
distributed absorption over the fiber length and better thermal 
management. Recently, watt-level diode-pumped red (~635 nm) 
double-clad Pr fiber lasers were demonstrated [10,19,20]. In the 
present work, we aimed to develop a high-power deep-red double-
clad Pr fiber laser with an open-space GaN diode pumping. 

At first, we revisited the spectroscopic properties of Pr3+ ions in a 
0.8 mol% PrF3-doped ZBLAN glass relevant for the deep-red laser 
operation. The absorption cross-sections, σabs, in the blue spectral 
range (the 3H4 → 3P2 transition) are shown in Fig. 2(a). The peak σabs 
is 1.08×10-20 cm2 at 442 nm and the absorption bandwidth (FWHM) 
is 9.5 nm. This band well overlaps with the emission of blue GaN 
laser diodes (LD). Figure 2(a) depicts an example drift of the central 
wavelength of a GaN LD from 436.3 to 444.9 nm with increasing the 
forward driving current from 0.5 to 8 A. 

The stimulated-emission (SE) cross-sections, σSE, for the 3P0 → 3F4 
transition falling into the deep-red spectral range were calculated 
using the Füchtbauer–Ladenburg equation to be 2.03×10-20 cm2 at 
716.5 nm. Here, we considered a radiative lifetime τrad(3P0) of 42 μs 
and a luminescence branching ratio β(JJ') of 14.3% [14]. For 
comparison, for the 3P0 → 3F2 transition in the red, the peak σSE is 
4.22×10-20 cm2 at 635.3 nm, Fig.2(b). It is expected to be a source of 
a strong gain competition for a deep-red laser. For 0.8 mol% PrF3 
doping, the luminescence lifetime of the 3P0 state is 37.5 μs. 

 

Fig. 2.   Spectroscopy of Pr3+ ions in the ZNLAN glass: (a) absorption 
cross-sections, σabs, for the 3H4 → 3P2 transition, circles – shift of the 
emission wavelength of a GaN diode laser vs. the driving current; (b) 
stimulated-emission (SE) cross-sections, σSE, for the red (3P0 → 3F2) and 
deep-red (3P0 → 3F3,4) transitions. 

A Pr3+-doped ZBLAN fluoride fiber (Le Verre Fluoré) with a 
double-clad geometry was used as a gain medium. The core had a 
doping level of 0.8 mol% PrF3 (NPr = 1.55×1020 cm-3) and a diameter 
of 7.5 μm. The inner cladding was made of a lower-index fluoride 
glass having a truncated circular (double D-shaped) profile 
(diameters: 115/125 μm) to enhance the pump absorption in the 
core. The outer cladding was made of a resin polymer having a 
diameter of 180 μm. The numerical aperture (N.A.) of the fiber was 
0.45 (inner cladding, guiding the pump) and 0.08 (core, propagating 
the laser radiation). The fiber core supported up to 2 modes at the 
deep-red laser wavelength (LP01 and LP11, calculated confinement 

factors: 87.8% and 57.0%, respectively). In the red, it also supported 
2 modes with 90.6% (LP01) and 69.2% (LP11) confinement factors. 
The cut-off wavelength of the fiber was 0.78 μm. The mode field 
diameter was 7.54 μm (core, LP01 mode, deep-red emission). 

The pump absorption in the fiber at a low incident pump power 
Pinc of 1.0 W was determined from pump-transmission (cut-back) 
measurements for several fiber lengths L, Fig. 3(a). With increasing 
L from 0.4 to 4.5 m, the pump attenuation gradually increased from 
39.5% to 96.0% (including both the pump absorption, αabs, and the 
propagation losses in the cladding, αloss,clad). The points in Fig. 3(a) 
were fitted using the formula 1 - exp(-(αabs×Гp + αloss,clad)L), where αabs 

= 0.48×103 dB/m (small-signal value, from the spectroscopic data), 
αloss,clad = 1.17 ± 0.2 dB/m (estimated from cut-back measurements) 
and Гp = 3.6×10-3 is the power filling factor (taken as the ratio of the 
core / clad fiber areas). Figure 3(b) summarizes the propagation 
losses in the core / inner cladding. For the core, αloss,core is as low as 
0.23±0.1 dB/m at 633 nm. For the inner cladding, the observed loss 
values are explained by the parasitic absorption of blue light in the 
UV-curable resin polymer. The dependence of pump transmission 
through a 5 m-long fiber on the incident pump power is shown in 
Fig. 3(c). It is due to the temperature drift of the diode wavelength. 

 

Fig. 3.  Characterization of the double-clad Pr3+-doped fluoride fiber: 
attenuation of the pump radiation from a GaN diode vs. the fiber length 
at Pinc = 1.0 W: symbols – experimental data, curves – simulation: pump 
absorption and losses (solid curve), pump absorption only (dashed 
curve); (b) propagation losses for the fiber inner cladding and core; (c) 
pump transmission vs. the incident pump power for a 5.0 m-long fiber. 

The scheme of the laser is depicted in Fig. 4 (the fiber design is 
shown at the inset). As a pump source, we used an open-space GaN 
laser diode (NUBM44, Nichia) with a super-Gaussian output beam 
profile. The pump radiation was collimated using an antireflection 
(AR) coated cylindrical short focal length (f = 1.19 mm) lens (LIMO) 
and focused into the fiber using an AR-coated aspherical lens (f = 6 
mm, Thorlabs). The mode diameter (at the 1/e2 level) at the fiber 
input facet was measured to be 80×60±5 μm2 well fitting the inner 
cladding size. We estimated the pump coupling efficiency from the 
Fresnel loss at the uncoated fiber facet to be ~96%. A dichroic 
folding mirror coated for high transmission (HT, T > 98%) at 325 - 
500 nm and high reflection (HR, R > 99.8%) at 525 – 800 nm was 
inserted before the focusing lens at an angle of 45°. GaN LDs could 
be operated beyond the nominal output power in the so-called 
overdrive pulse mode [21]. We have used a single-emitter GaN LD 
with a nominal output of 4.7 W at a forward current of 4 A. In the 
overdrive pulse mode, its peak power was scaled up to 10 W at a 
repetition rate of 67 Hz and a duty cycle of 10% (pulse duration: 1.5 
ms, quasi-CW pumping). The LD was mounted on a copper heat-
sink and kept at 17 °C using circulating water. 



A fiber with a length of 3.0 m was used for the laser experiment. 
The pump attenuation was 92.8±2% (pump absorption: ~69.5%), 
Fig. 2(a). The input facet of the fiber was flat-cleaved and the output 
one was polished at an angle of 8° to suppress the unwanted Fresnel 
reflection causing lasing in the red. Both fiber ends were placed on 
V-groove holders for passive cooling. An intracavity AR-coated (350 
- 700 nm) aspherical lens (f = 11 mm) was used to collimate the 
emission from the polished output fiber end. An intracavity AR-
coated SF10 prism placed at the Brewster’s angle was additionally 
implemented to disperse the red / deep-red emissions. The cavity 
was formed by a flat rear mirror M1 (R > 99.7% at 717 nm), a flat 
dichroic folding mirror DM and a flat output coupler M2 (TOC = 
41.7% at 717 nm). To suppress the unwanted lasing at the high gain 
3P0 → 3F2 Pr3+ transition in the red, both the M1 and M2 mirrors 
were coated for high transmission at 635 nm (T = 47.0% and 82.3%, 
respectively). It was critical to use both the intracavity prism for the 
spatial beam separation and spectrally selective mirrors to obtain 
deep-red laser emission (without the prism, only red laser line was 
generated). To compare with the red laser transition, another pair 
of M1' (HR at 635 nm) and M2' (TOC = 95% at 635 nm) mirrors was 
used. A long-pass filter (FEL550, Thorlabs) was used to filter out the 
residual pump. The laser spectra were measured using an optical 
spectrum analyzer (Ando AQ-6315E, SBW = 0.05 nm). 

 

Fig. 4.  Scheme of the diode-pumped double-clad deep-red fiber laser: 
M1 – rear mirror, M2 – output coupler, LD – laser diode, L1-3 – lenses, DM 
– dichroic mirror (45°), LPF – long-pass filter, P – polarizer, inset - cross-
section of the double-clad fiber. Insets – beam profiles of the pump (at 
the input fiber facet) and laser radiation (in the far-field). 

 

Fig. 5.  Diode-pumped deep-red / red Pr fiber lasers: (a) input-output 
dependences, η – slope efficiency; (b) typical spectra of laser emission, 
grey curve – luminescence spectrum. 

The input-output dependence of the Pr3+ double-clad fiber laser 
operating on the 3P0 → 3F4 transition is shown in Fig. 5(a). For the 

studied M2 mirror with TOC = 41.7%, the deep-red laser generated 
a maximum peak output power of 0.71 W at 716.7 nm with a slope 
efficiency η of 9.0% / 13.0% (vs. the launched / absorbed pump 
power, respectively) and a laser threshold of 0.90 W, representing 
the highest output power for this type of lasers. The laser linewidth 
(FWHM) was 0.6 nm, Fig. 5(b). The deep-red Pr fiber laser operated 
on the fundamental transverse mode (LP01) with a measured beam 
quality factor M2 < 1.1 at the maximum output level. No colasing at 
the red wavelength was observed. 

When using the M1' and M2' mirrors and removing the prism 
from the cavity, the laser operated on the 3P0 → 3F2 transition (in the 
red) delivering a maximum peak output power of 2.0 W at 634.5 nm 
with η of 24.2% / 34.8% (vs. the launched / absorbed pump power) 
and a reduced laser threshold of 0.57 W. A slight roll-over in the 
output dependences for launched pump powers above 9 W for both 
lasers is due to the temperature-induced shift of the LD wavelength 
resulting in a reduction of the pump absorption efficiency in the 
fiber, cf. Fig. 2(a). The laser linewidth was 0.4 nm. 

The polarization state of the laser was studied using a polarizing 
prism. For both studied laser transitions, the emission was partially 
polarized. The polarization degree, P = (Pmax – Pmin)/(Pmax + Pmin), was 
pump-dependent, Fig. 6(a). For the deep-red laser, it was high near 
the threshold (P = 0.67), exhibited a minimum at an intermediate 
power and increased again reaching P = 0.49 at Plaunch = 9.2 W. This 
corresponded to 0.53 W of linearly polarized deep-red emission. 
The corresponding polar plot of the polarization-dependent output 
power is shown in Fig. 6(b). The polarization direction was along 
the horizontal axis (being close to the larger diameter of the inner 
cladding). A similar but less pronounced dependence was observed 
for the red laser. Such a behavior was not described previously for 
double-clad Pr:ZBLAN fiber lasers. The observed polarization 
behavior is assigned to the intrinsic anisotropy (birefringence) of 
the double D-shaped double-clad fiber. The observed pump 
dependence of P is probably induced by the thermal distortion of 
the fiber upon high-power diode pumping. We believe that higher P 
values for the deep-red fiber laser are due to the stronger heat 
loading for the 3P0 → 3F4 transition causing thermal distortion. 

 

Fig. 6. Polarization effects in the deep-red / red double-clad Pr fiber 
lasers: (a) polarization degree (P) of laser emission; (b) normalized 
polar plot of the polarization-dependent output power for the deep-red 
laser, launched pump power: Plaunch = 9.2 W. 

The performance of the deep-red Pr fiber laser was simulated 
using the model of a strongly pumped quasi-four-level laser [22]. 
The double-clad fiber design depicted in Fig. 4 was considered. The 
spectroscopic parameters of Pr3+ ions in the ZBLAN glass and the 
loss characteristics of the fiber described above were used. An extra 
passive loss of 2.7 dB (single-pass) was considered accounting for 



the intracavity elements (lenses, prism) and imperfections of the 
cleaved and polished fiber facets. The results are shown in Fig. 7. 
The calculated input-output dependence reasonably well fits with 
the experimental one, Fig. 7(a). There exists an optimum fiber 
length of ~1.5 m which is determined by a counterplay between 
increasing pump absorption and raising cavity roundtrip losses, see 
Fig. 7(b). For lower losses in the fiber / cavity, it is expected that the 
optimum L value will increase. For a fixed launched pump power, 
the deep-red output is expected to increase monotonically with the 
output coupling, Fig. 7(c). This dependence is due to the relatively 
low level of passive losses in the fiber core and it agrees with the 
experimental data for red Pr:ZBLAN double-clad fiber lasers [10]. 
For higher losses in the fiber (passive loss / reabsorption for a quasi-
three-level laser scheme, e.g., cyan lasers), a local maximum in such 
a dependence will be observed. For TOC > 50%, a watt-level deep-
red output is expected. Note that such a mirror would still need to 
ensure HT at 635 nm to suppress the competitive high-gain red 
laser transition (it was not available in our experiment). 

 

Fig. 7.  Simulated output power of a deep-red Pr fiber laser: (a) vs. the 
launched pump power, L = 3.0 m, TOC = 42%,; (b) vs. the fiber length, TOC 
= 42%, Plaunch= 9.2 W; (c) vs. the output coupling, L = 3.0 m, Plaunch= 9.2 W, 
circles – experiment, curves – simulation. Other simulation parameters 
are listed in the text. 

To conclude, we report on a deep-red (717 nm) fiber laser based 
on a Pr3+-doped double-clad fluoride fiber with a double D-shaped 
inner cladding allowing for efficient GaN laser diode pumping. The 
power scaling of the fiber laser was attained by operating the diode 
in the overdrive pulse mode (quasi-CW pumping). The suppression 
of the competitive high gain red laser transition was ensured by 
using an intracavity prism for the spatial beam separation. The 
deep-red laser emission was partially polarized; the polarization 
degree was pump-dependent increasing with the pump power well 
above the laser threshold. This is assigned to the intrinsic optical 
anisotropy of the double D-shaped double-clad fiber and its thermal 
distortion under high-power diode pumping. In our experiment, the 
Pr:ZBLAN double-clad fiber laser delivered 0.71 W at 716.7 nm with 
a slope efficiency of 9.0% (vs. the pump power launched into the 
fiber), representing the highest output power for this type of lasers. 
The output performance of deep-red double-clad diode-pumped Pr 
fiber lasers was simulated yielding a route for further power scaling, 
i.e., by using an optimum fiber length of ~1.5 m (this value depends 
on the actual level of losses in the fiber) and high output coupling 
(TOC > 90%). In this way, watt-level output is expected, so that deep-
red double-clad Pr:ZBLAN fiber lasers could outperform bulk Eu [7] 
and Pr [11] laser sources. Further efforts are needed to improve the 
polarization degree of the deep-red laser emission. 
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