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We report on a low-threshold efficient yellow Dy fiber 
laser with good beam quality featuring high-brightness 
pumping. It employs a single-clad 0.2 mol% Dy:ZBLAN 
fiber pumped by two 450-nm blue GaN laser diodes. The 
continuous-wave Dy-fiber laser delivers a maximum 
output power of 109 mW at 575 nm with a laser threshold 
of 218 mW, a slope efficiency of 19.6%, and beam quality 
factors M2x,y ~1.5. The overall optical efficiency versus 
incident pump power is 13.9%, being record-high for this 
type of lasers. The laser performance is simulated based 
on the spectroscopic data, being in good agreement with 
the experiment. © 2024 Optical Society of America 

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

Nowadays, there is a great demand for coherent light sources 
emitting in the yellow, at wavelengths ranging from 565 to 590 nm, 
due to their applications in medicine, astronomy, novel imaging 
methods and display technologies. In ophthalmology, 577 nm 
lasers enable gentle treatment because of weak light scattering and 
strong absorption of melanin and oxyhemoglobin allowing the use 
of low-power radiation [1]. Additionally, narrow-linewidth yellow 
lasers emitting at 589 nm find utility in laser guide stars to correct 
wavefront perturbation of light as it passes through the atmosphere 
using the D2 line of sodium ions [2]. 

Currently, there exist different ways to generate yellow light, e.g., 
by using dye lasers, copper vapor lasers, of systems employing 
nonlinear frequency conversion often coupled with Raman effect 
[3,4]. Pask and Pieper reported on an intracavity frequency doubled 
Nd:YAG / LiIO3 Raman laser delivering 1.2 W at 578 nm [3]. Despite 
offering substantial output powers, these laser schemes impose 
complex and expensive design and maintenance. 

Direct generation of yellow emission from a solid-state laser can 
be attained using trivalent dysprosium ions (Dy3+) [5,6]. Dy3+ 
(electronic configuration: [Xe]4f9) exhibits a metastable state 4F9/2 

separated by a large energy gap (~7400 cm-1) from a ground of 
lower-lying multiplets 6HJ and 6FJ’. The transitions to these levels 
give rise to multicolor visible emissions, out of which the 4F9/2 → 
6H13/2 one corresponding to the maximum luminescence branching 
ratio (and, consequently, highest the emission intensity) [7] falls in 
the yellow spectral range, see Fig. 1(a). The development of yellow 
Dy lasers faces a number of problems arising from the 
spectroscopic behavior of Dy3+ ions. First, they suffer from self-
quenching via several cross-relaxation (CR) processes that prevent 
the use of high doping concentrations in laser gain materials [8]. 
Second, although Dy3+ ions absorb blue light at 450 nm (in the 
spectral range addressed by commercial GaN-based diodes), their 
absorption cross-sections are very low because of the spin-
forbidden nature of the corresponding transition, 6H15/2 → 4I15/2 [9]. 
Finally, especially for low-phonon energy materials, the lifetime of 
the terminal laser level 6H13/2 is non-negligible [7] resulting in 
resonant excited state absorption (ESA) at the laser wavelength 
often causing a self-pulsing laser behavior [5]. 

There exist studies on bulk yellow Dy lasers, mainly employing 
Dy:LiLuF4 and Dy:YAG [9,10]. The relatively high position of the 
excited configuration 4f85d1 of Dy3+ prevents interconfigurational 
ESA and enables the use of oxide matrices. Bowman et al. reported 
on a Dy:YAG laser pumped by a 447-nm GaN diode generating 
150 mW at 583 nm with a relatively low slope efficiency of 12% [9]. 
The development of bulk yellow Dy-lasers is mainly limited by the 
low pump absorption efficiency and the need for cm-long crystals. 

Thus, the fiber laser design appears as a natural solution for 
enhancing the pump absorption. Fiber lasers also offer the 
advantages of good beam quality and distributed thermal 
management. Specifically, rare-earth-doped fluoride fibers (e.g., 
based on ZBLAN glasses) are appealing for visible lasers owing to 
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their broadband transparency, low refractive index, low phonon 
energy behavior, and intrinsically long luminescence lifetimes. 

Yellow Dy:ZBLAN fiber lasers are known [11-15]. Limpert et al. 
first reported on the continuous-wave (CW) operation of this type 
of lasers by using a 457-nm Ar+-ion laser as a pump source: the Dy-
fiber laser yielded 10 mW at 575 nm with a slope efficiency of 1.5% 
[11]. Further improvement of the laser performance was achieved 
by Wang et al. by employing blue GaN diode pumping at 447 nm: 
the authors extracted 142 mW at 575 nm and with a laser threshold 
of 250 mW and an optical efficiency of 7.1% [13]. The recent work 
of Zou et al. demonstrated a proof-of-concept of Watt-level yellow 
lasers using GaN diode-pumped Dy3+-doped ZBLAN fibers [14]. 
However, owing to the low-brightness pumping, the Dy-fiber laser 
showed poor beam quality (M² ≈ 6), high threshold (~2.1 W from 
the laser diode) and an optical efficiency of 9.4%. Takahashi et al. 
proposed a Dy-fiber laser design featuring a very low threshold of 
16 mW but with a low output power of 24 mW [15]. These results 
demonstrate there is still an existing challenge of improving the 
overall (optical-to-optical) laser efficiency and output beam quality 
of fiber lasers based on Dy3+-doped ZBLAN fibers. 

In the present work, we report on an efficient yellow Dy:ZBLAN 
fiber laser with high output beam quality featuring high-brightness 
pumping by single-mode blue laser diodes emitting at 450 nm. 

 

Fig. 1. Spectroscopy of Dy3+ ions in the ZBLAN glass: (a) energy-level 
scheme of Dy3+ showing pump and laser transitions, NR – non-radiative 
relaxation, ESA – excited-state absorption, CR – cross-relaxation; (b) μ-
Raman spectrum of the core area of the 2000 ppm Dy:ZBLAN fiber; λexc 

= 514 nm, numbers - phonon energies in cm-1; (c) stimulated-emission 
(SE), σSE, and ESA, σESA, cross-sections for the 4F9/2 ↔ 6H13/2 transition; 
(d) luminescence decay curve from the 4F9/2 state in the 2000 ppm Dy3+-
doped fiber, λexc = 450 nm, λlum = 575 nm. 

First, the spectroscopic properties of the Dy3+-doped ZBLAN glass 
fiber were characterized. The μ-Raman spectrum measured from 
the fiber core is shown in Fig.1(b). The dominant Raman band at 
~570 cm-1 belongs to the Zr – F symmetric stretching vibrations 
[16]. The stimulated-emission (SE) cross-sections, σSE, for the 4F9/2 
→ 6H13/2 laser transition in the yellow spectral range were calculated 
via the Füchtbauer-Ladenburg equation using the radiative lifetime 
of the 4F9/2 state (τrad = 1.5 ms) and the luminescence branching ratio 
(βJJ' = 22%) previously obtained by the Judd-Ofelt theory [7], 
Fig. 1(c). The maximum σSE of 0.69×10-21 cm2 is found at 573 nm, 

corresponding to an emission bandwidth (FWHM) of 12 nm. Due to 
a non-negligible lifetime of the terminal laser level 6H13/2 (~650 μs 
[7]), the resonant excited-state absorption (ESA) must be 
considered. The ESA cross-sections, σESA, were calculated by the 
reciprocity method, assuming a zero-phonon-line (ZPL) energy EZPL 
of 17500 cm-1 [17] giving an estimate for the reabsorption cross-
section at the laser wavelength, σESA = 0.37×10-21 cm2 at 575 nm. The 
luminescence decay curve from the 4F9/2 manifold was measured 
for a 2000 ppm Dy:ZBLAN fiber under pulsed pumping by a blue 
450-nm GaN diode, as shown in Fig. 1(d). The decay is nearly single-
exponential indicating a weak effect of cross-relaxation for the 
selected Dy doping level. The luminescence lifetime τlum is 1.29 ms, 
indicating a high quantum efficiency (ηq = τlum/τrad = 86%) in line 
with the low phonon energy behavior of the ZBLAN host matrix. 

 

Fig. 2. Layout of the diode-pumped yellow Dy:ZBLAN fiber laser, inset 
– profile of the pump beam. 

The laser set-up is depicted in Fig. 2(a). A Dy:ZBLAN single-clad 
fiber (core / cladding diameters: 16 / 250 μm) from Le Verre Fluoré 
was used as an active medium. The fiber core was doped with 2000 
ppm Dy3+, and its length was in the range of 0.9 - 2.8 m. The 
numerical aperture (N.A.) of the fiber was 0.18. The fiber was 
strongly multimode at both the pump and laser wavelengths. The 
fiber end-facets were right-angle cleaved and left uncoated. A linear 
laser cavity was formed by two external plane mirrors, namely a 
dichroic pump mirror (PM) coated for high transmission (HT) at the 
pump wavelength (T > 99% at 450 nm) and high reflection (HR) at 
the laser one (HR, R >99% at 575 nm), and a set of output couplers 
(OCs) having a transmission TOC at 575 nm in the range of 5.6% to 
67%. Both cavity mirrors were aligned orthogonal to the fiber and 
placed next to its end-facets. For pumping, two identical single-
emitter GaN blue laser diodes (Oxxius) were used. Each of them 
emitted up to 500 mW at 449.5 nm with linearly polarized radiation 
and a near diffraction limited beam (measured M2 = 1.14). Their 
output was combined using an antireflection (AR) coated half-wave 
plate and a beamsplitter cube. The pump beam was first expanded 
using a telescope comprising two AR-coated achromatic lenses (f = 
30 mm and 75 mm) and then coupled into the fiber through the PM 
using a microscope objective (f = 10 mm). The measured pump spot 
size was 5.7(x)×4.6(y) μm2 at the entrance of the fiber (core 
pumping). Considering certain losses of the pump radiation in the 
coupling optics, the maximum incident pump power amounted to 
785 mW. Then ,the yellow laser emission was collimated using an 
AR coated lens (f = 200 mm) and separated from the residual pump 
using a 45° oriented highly reflective dichroic mirror. The pump 
absorption efficiency under lasing condition ηabs,L was determined 
by measuring the residual pump power after the dichroic mirror. At 
the maximum Pinc, ηabs,L decreased for shorter fiber lengths, from 
99.5% (L = 2.8 m) to 89.6% (L = 0.9 m). Very weak ground-state 
bleaching was observed. 



 

Fig. 3. Diode-pumped yellow Dy:ZBLAN fiber laser: (a,c) input-output 
dependences and (b,d) typical spectra of laser emission measured at Pinc 
= 785 mW for (a) different output coupling rates TOC, and (c) various 
fiber lengths L, η – slope efficiency, Pth – laser threshold. 

The Dy:ZBLAN fiber laser operated in the CW regime (only near 
the laser threshold, a strong tendency for self-pulsing behavior was 
noticed). First, the effect of the output coupling on the laser 
performance was studied for the longest available fiber (L = 2.8 m). 
The Dy-fiber laser generated a maximum output power of 92 mW 
at 575 nm with a slope efficiency η of 19% (versus incident pump 
power) and a laser threshold Pth of 283 mW for the high TOC of 48%, 
Fig. 3(a). This corresponded to a maximum incident pump power 
Pinc of 785 mW and an optical efficiency of 11.7%. On increasing the 
output coupling, the laser threshold gradually increased from 
78 mW (5.6% OC) to 321 mW (67% OC). The input-output 
dependences were linear and further power scaling was limited by 
the available pump. The typical spectra of laser emission measured 
at the maximum Pinc are shown in Fig. 3(b), revealing a weak 
dependence on the output coupling. The laser operated for hours 
without any degradation of the output power nor beam quality. 

 

Fig. 4. Effect of the pump power on the spectral behavior of the Dy-fiber 
laser: (a) spectra of laser emission at various incident pump powers Pinc, 
grey curve - the luminescence spectrum shown for comparison; (b) gain 
cross-sections, σgain = βσSE – (1 – β)σESA, for the 4F9/2 ↔ 6H13/2 transition 
of Dy3+ ions for different population inversions β. TOC = 48%, L = 1.8 m. 

Then, the fiber length was varied to find an optimum geometry in 
terms of competition of reduced losses as well as weaker pump 
absorption for shorter fibers. The output coupling was fixed at 48%. 
For the optimum fiber length L of 1.8 m, the Dy-fiber laser delivered 

109 mW at 575 nm with a slightly improved η of 19.6% and a lower 
Pth of 246 mW (as compared to the longest fiber), see Fig. 3(c,d). This 
corresponded to an optical efficiency of 13.9%. The slope efficiency 
with respect to the absorbed pump power was 20.7%. 

The evolution of the laser spectra with pump power is analyzed 
in Fig. 4(a). On increasing Pinc, the spectra broadened, and the center 
emission wavelength experienced a slight red shift from 572 nm to 
575 nm. The former effect is explained by the gain saturation, and 
broad and smooth emission profiles of Dy3+ in ZBLAN. The multiple 
emission lines originate from the etalon effects at the fiber / mirror 
interfaces. To explain the shift of the laser wavelength, we calculated 
the gain cross-sections, σgain = βσSE – (1 – β)σESA, Fig. 4(b), accounting 
for the ESA from the terminal laser level, 6H13/2 → 4F9/2, Fig. 1(a), 
where N1, N2 and N3 are the populations of the 6H15/2, 6H13/2 and 4F9/2 
manifolds, respectively, (N1 + N2 + N3 ≈ NDy) and β = N3/(N2 + N3) is 
the inversion ratio. For smaller inversion ratios, the maximum in 
the gain profiles shifts to longer wavelengths due to increased 
reabsorption caused by ESA. With increasing the pump power, the 
Dy3+ ions are accumulated in the long-living terminal laser level 
contributing to enhanced ESA at the laser wavelength. 

 

Fig. 5. Spatial characteristics of yellow emission from the Dy fiber laser: 
(a) a photograph of the yellow laser beam in the far-field; (b) 1D 
intensity profiles along the horizonal (x) and vertical (y) directions, 
points - experimental data, lines – their Gaussian fits; (c) evaluation of the 
beam quality factors M2x,y, Pinc = 785 mW, L = 1.8 m, TOC = 48%. 

A photograph of the yellow laser beam on a screen in the far-field 
is shown in Fig. 5(a), and the corresponding 1D intensity profiles 
together with their Gaussian fits are given in Fig. 5(b). The beam 
quality factors of laser emission at the maximum incident pump 
power of 785 mW were measured by an ISO-standard method, cf. 
Fig. 5(c), yielding M²x = 1.50 and M²y = 1.55. Despite the fiber core 
being multimode at 575 nm, the Dy-fiber laser exhibited a relatively 
good output beam quality. We attribute this to the high brightness 
of the used pump source resulting in predominant excitation of low-
order modes in the fiber core. In comparison, Zou et al. used a low-
brightness high-power 450-nm GaN diode module for pumping a 
similar Dy-fiber resulting in poorer beam quality of the laser 
emission (M2 ~ 6) [14]. 

The round-trip passive losses in the fiber were estimated using 
the Findlay-Clay analysis, yielding L = 27.7%, or 0.22 dB/m at 575 
nm. Note that this value includes the reabsorption loss at the laser 
wavelength caused by ESA. 

The output performance of the Dy-fiber laser was simulated 
using the model of Kelson and Hardy [18]. The spectroscopic 
parameters determined in the present work, as well as the cavity 
characteristics described above were used. Both the pump and the 
laser radiation propagate in the core and the considered mode is 
LP01. The rate-equation model takes into account ground-state 



absorption at λP, stimulated emission and spontaneous emission 
into the laser mode, as well as excited-state absorption at λL. Solving 
the steady-state rate equations and propagation equations for the 
pump and laser was made through numerical methods, employing 
the fourth-order Runge-Kutta algorithm [19]. 

The effects of the variation of the output coupling and fiber length 
on the laser performance were studied when accounting for both 
ESA and propagation losses, Fig. 6(a,b). Our model agrees well with 
the experiment. It predicts an optimum output coupling about 32%, 
dictated mostly by the propagation losses in the fiber. There also 
exists an optimum fiber length L ~1.3 m, which is determined by a 
counterplay between the sufficiently high pump absorption and 
increasing overall losses in long fibers. The impact of ESA on the 
laser performance is significant and more than 2-fold improvement 
of the output power is expected if the population of the terminal 
laser level is drained thus preventing the ESA. Our model also allows 
for estimating the fractional populations of the upper and lower 
laser levels. For the 1.8 m-long fiber, at the maximum applied pump 
power, one finds N2 = 0.18 and N3 = 0.28 (β = 0.61) at the pumped 
end-facet of the fiber. 

 

Fig. 6. Simulation of the output performance of a diode-pumped yellow 
Dy:ZBLAN fiber laser: (a) output power vs. output coupling rate TOC, L = 
2.8 m; (b) output power vs. fiber length L, TOC = 48%. Pinc = 785 mW. Red 
and blue curves show the simulations considering only ESA and losses, 
respectively. Losses: 0.27 dB/cm (laser), 0.35 dB/cm (pump). 

Previous research has documented the propensity for self-
pulsing in Dy lasers [5]. This phenomenon has also been witnessed 
in other rare-earth ion lasers emitting in the visible [20] and was 
attributed to excited-state absorption at the laser wavelength acting 
as a “fast” artificial saturable absorber. ESA can occur from both the 
upper and lower laser levels. The latter case is observed only if the 
terminal multiplet has a non-negligible lifetime as in the case of Dy3+. 
Notably, self-pulsing in Dy lasers based on high-phonon-energy 
oxide crystals [9] has not been reported, likely due to the strong 
non-radiative path from the lower laser level. For fluoride single 
crystals, it was shown that codoping with Tb3+ or Eu3+ ions could 
help to reduce the 6H13/2 Dy3+ lifetime [5,10]. 

To conclude, we have successfully demonstrated a proof-of-
concept of a simple and efficient yellow Dy:ZBLAN fiber laser with 
high-brightness pumping by two polarization-combined single-
emitter 450-nm blue GaN diodes. This laser delivers >100 mW 
output at 575 nm with an overall optical efficiency of 13.9% being 
record-high for yellow Dy-fiber lasers, a low laser threshold and a 
high beam quality. The output performance of the Dy-fiber laser is 
simulated accounting for the propagation losses in the fiber 
(estimated as 0.22 dB/m at 575 nm, reabsorption losses included) 
and resonant ESA from the terminal laser level. We show that both 
these factors determine the optimum laser design in terms of the 
fiber length and output coupling. ESA appears to be a major limiting 

factor for enhancing the laser slope efficiency. Two strategies are 
envisioned to overcome this issue: i) cascade lasing in the yellow 
and mid-infrared spectral ranges (on the 4F9/2 → 6H13/2 and 6H13/2 → 
6H15/2 sequent transitions) and ii) codoping of the fiber core with a 
small amount of Tb3+ or Eu3+ ions for quenching of the 6H13/2 level 
lifetime. The latter approach would require a detailed spectroscopic 
study of codoped ZBLAN glasses. 
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