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AbstrAct

An all-fiber three-stage master oscillator power amplifier (MOPA), based on Erbium and Erbium-Ytterbium 
co-doped fibers, has been designed and developed. The performance of such a laser is primarily limited by amplified 
spontaneous emission (ASE), Yb bottlenecking, and non-linear effects. Other important factors, that need to be 
considered towards performance improvement, are fiber bend diameter and heat generated in the fiber. This paper 
describes the methodology for the estimation and management of these limiting factors for each amplifier stage. 
The work presented here is limited to the fibers which are commercially easily available, unlike customised Yb-
free large mode area (LMA) Erbium-doped fibers, where very high peak and average powers are being reported 
due to the absence of Yb ASE. Presented experimental results and discussion shall be beneficial for the fiber laser 
amplifier designers. With suitable management, 1 kW peak power pulses of 30 ns duration at 200 kHz repetition 
rate have been achieved with 30 % optical efficiency.  The collimated output of 6 W average power (limited by 
Yb ASE) with high beam quality (M2 ≈ 1.6) at 1550 nm can be employed for a variety of applications. By adding 
additional amplifier stages, power can be scaled further.
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1. IntrODuctIOn
Pulsed Erbium and Erbium-Ytterbium co-Doped Fiber 

(EYDF) lasers /amplifiers are very attractive candidates for 
many long-range applications1-3 like ranging, remote sensing, 
3D imaging, and LIDAR, etc. They are not only eye-safe 
but have high atmospheric transparency also. In all-fiber 
architecture, they provide alignment-free, compact, and high 
beam quality laser. The performance of such a laser is limited 
by several factors like amplified spontaneous emission (ASE), 
non-linear effects, and Yb bottlenecking. Fiber bending and 
heat generation in the fiber are also required to be managed for 
performance improvement.

This paper describes the methodology for the estimation 
and management of these limiting factors for each amplifier 
stage. The work presented here is limited to the fibers which 
are commercially easily available, unlike customised Yb-
free LMA erbium-doped fibers as mentioned in4-7or multi- 
filament core fibers7. Inclusion of bulk optics such as gratings8 

shall be also avoided to have a robust all-fiber configuration.
A brief description of various factors limiting the 

performance of an Er / Er-Yb pulsed fiber MOPA is given in 
the following section. Their estimation and management for 
the present configuration have been discussed stage-wise in 
subsequent sections.

1.1 Major performance limiting factors 
Various factors that limit the performance of Er / Er-Yb 

pulsed fiber MOPA are described below.

1.1.1 Amplified Spontaneous Emission
In a fiber amplifier, noise due to spontaneous emission 

also gets amplified along with the signal. At high pump 
powers, this ASE becomes a major limiting factor, particularly 
in pulsed amplifiers9. Under CW pumping the inter-pulse 
ASE may lead to unwanted depletion of inversion before the  
arrival of signal pulse and may also cause inter-pulse self-
pulsing and parasitic lasing. Such effects can be reduced10 
in a multistage amplifier configuration with inter-stage ASE 
filters. A multistage amplifier configuration is also preferred 
to keep the amplifier gain ≈ 20 dB or less thus reducing  
ASE noise.

For many applications such as LIDAR and target 
illumination etc., operation at lower repetition rates (1-10 
kHz) may be desired. At these rates, higher inversion can be 
created in the gain medium, enabling higher energy extraction. 
In actual conditions, at lower repetition rates, ASE affects the 
energy storage, and special techniques e.g. gating and pulsed 
pumping11 are employed to mitigate inter-pulse ASE effects. 
At high rep rates, the time between the pulses thus ASE 
accumulation is automatically reduced. 

Received : 10 August 2020, Revised : 08 November 2020 
Accepted : 11 January 2021, Online published : 10 March 2021



AgRAWAL, et al.: ESTIMATION AND MANAgEMENT OF PERFORMANCE LIMITINg FACTORS IN THE DEVELOPMENT OF 1 kW PEAk

223

The difference between measured power and calculated 
average power (through measurement of energy) gives a 
reasonable quantitative estimate of ASE power. One can also 
analyse the spectral and temporal profiles to estimate the ASE 
power. Measurement of Signal to Noise Ratio (SNR) provides 
a good estimate of ASE noise.

1.1.2 Yb- bottlenecking in Er-Yb co-Doped Fiber 
(EYDF)

Addition of Yb ion, in Erbium-doped fibers, improves 
the pump absorption, thus increases the efficiency of EYDF 
amplifiers12. But under very strong pumping, excited Yb ions 
may not transfer energy quickly to the Er ions leading to Yb 
bottlenecking effect13 which causes emission from Yb energy 
levels. This parasitic lasing hampers the signal growth and may 
induce irreversible damage to various components. It was first 
proposed14 to have a controlled simultaneous laser oscillation 
near 1 µm for increasing the power level at 1.5 µm. After 
that, several other methods are being employed to suppress 
Yb parasitic lasing e.g. adding an auxiliary signal from the 
Yb band, which was experimentally15-16 and theoretically 
investigated17-18. A positive feedback loop for the Yb signal 
was also employed19-21 to overcome this problem.

In the present case, we have monitored the onset of Yb-
ASE / parasitic lasing employing a dichroic mirror at the output 
to separate it from signal wavelength, and pump power is not 
increased further to work below the Yb ASE threshold.

1.1.3 Non-linear Effects
The small core size of fibers, to maintain a near single-

mode transmission, leads to intense power density, which 
brings strong nonlinear effects such as stimulated Raman 
scattering (SRS) and stimulated Brillouin scattering (SBS) 
which can limit the maximum output power of fiber lasers22. 
Large-core or large mode area (LMA) fibers help in reducing 
optical intensity thus prevent these parasitic effects. LMA, 
however, leads to multimode propagation thus degrades beam 
quality. 

In pulsed amplifiers, these effects may become much 
prominent due to the high peak powers involved. The SBS gain 
coefficient is an intrinsic property of the guiding medium and 
in silica-based fibers, its value is approximately 5.10-11 m/W, 
thus rendering SBS the lowest threshold nonlinear process in 
single-frequency CW fiber amplifiers. In comparison, the next 
lowest threshold phase-matched process is stimulated Raman 
scattering (SRS) which has a peak gain coefficient in silica 
fibers of less than 10-13 m/W . However, SBS effects may be 
neglected for broader linewidths22 and the SRS threshold can 
be estimated as 23
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where a is the core radius, gR  is Raman gain ( ≈  10-13 m/W 
for silica), G is amplifier gain factor (ratio: output/input), Γ  
is overlap factor (typical 80 %) and L is actual fiber length.  
To avoid the deleterious effects of SRS, it is recommended to 
work well below the estimated thresholds.

1.1.4 Heat Generation in Active Fiber
Fiber geometry has the advantage of a much higher 

surface-to-volume ratio than conventional solid-state laser 
media like rods and disks. Still, heat is generated in the active 
medium because of quantum-defect between pump and laser 
photons. Thermal effects may become significant at high input 
pump powers. Quantum defect in Er/Yb lasers is much higher 
than in only Yb doped fibers thus a larger amount of power 
is converted into heat. At high pump powers, heat generation 
in the fiber core may result in damage or degradation in the 
performance. In practice, damage to the fiber’s outer coating 
becomes the main limiting factor. The outer coating not only 
acts as a protective layer but as the low index pump guiding 
layer also. Usually, the outer coating is a low refractive index 
fluorinated polymer that can withstand temperatures up to  
150 °C - 200 °C before the onset of damage, and 80 °C is 
considered as the limit for long term reliability.

Heat generated inside the core is dependent on the quantum 
defect i.e. difference between pump and signal wavelengths 
and is given by the fraction (1 / )p s−λ λ of pump input energy. 
It was proposed by Li24, et al. that pump power, P(z), decays 
exponentially along the length of fiber for cladding-pumped, 
Er-Yb-co-doped fiber laser, assuming flat hat pump profile in 
the core. The same expression was later employed by Ashoori25, 
et al., where the rate of heat generation per unit volume q(Z) 
(in W/m3), inside the fiber, is given as  
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Above expression is applicable for double-clad (cladding-

pumped) fibers, so may not be used for preamplifier stages that 
are core-pumped. However, pump power in the initial stages 
is typically less than 1 W and can be managed without active 
cooling. Effective absorption (α ) depends on the area ratio 
of core 2( )aπ  and cladding 2( )bπ , it is much less than the 
material absorption coefficient ( )mα  at the pump wavelength, 
and is given by25
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where NAc is the numerical aperture of the core.
 Leff is the effective length which is smaller than the actual 

fiber length ‘L’ because of fiber losses α and is given by 22
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Temperatures within different regions of fiber can be 
estimated using expressions given in26. Temperature rise 
is maximum at fiber input end i.e. at z = 0 where the heat 
generation is maximum.

1.1.5 Fiber Bend Diameter
Fiber is usually designed to have a low loss for the 

propagating modes when it is straight but may exhibit 
significantly higher losses when bent. Fiber bending breaks 
the translational invariance of the refractive index in the 
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direction of propagation, thus power is lost from the modes 
near the bend27. In the case of single-mode fibers, this applies 
to the fundamental mode and in multimode fibers applies to 
all bound modes. Bend loss can be significant for higher-order 
modes whilst being low for the fundamental mode as LP01 
is the least sensitive to bend loss and for all higher modes, 
the bend-loss attenuation coefficient (in decibels per meter) 
depends exponentially on the radius of curvature27,28. This 
feature can be utilised for discriminating higher-order modes in  
LMA fibers.

Bend loss estimation is rather involved and shall be reported 
in a separate publication. The estimation is based on numerical 
computation employing a full-vectorial Finite element method 
(FEM) mode-solver in the COMSOL Multiphysics software.  
Fiber geometry is created, and mode-solver is used to solve 
Maxwell’s equations for relevant boundary conditions. 
The geometry is separated into core and cladding which are 
characterised by corresponding diameter and refractive index. 
For implementing losses into the simulation, a Perfectly 
Matched Layer, with a refractive index matched to the cladding 
region is used to realise the outer boundary region. Imaginary 
parts of the effective mode indices provide the modal power 
losses. One can estimate the suitable coiling diameter of the 
fiber that would result in >10 dB/m loss for LP11 and  <0.1 
dB/m loss for LP01  mode. 

2. ExPErIMEntAL DEtAILs
2.1 seed Laser

To avoid SBS effects a directly modulated, broadband, 
high peak power Fabry-Perot, 14 - pin butterfly packaged,  
seed laser diode (OSI Inc., USA), emitting around 1550 nm, 
has been used as the master oscillator. Broader linewidth  
( ≈ 8 nm) of the seed-laser was restricted to ≈ 2 nm (Fig. 1), 
employing two Band Pass Filters (BPF) in tandem, from  
Ascentta, USA, having a central wavelength of 1550 nm 
with ≈ 2 nm bandwidth at 0.5 dB and ≈ 6 nm bandwidth at  
25 dB points. It has been found to result in a better overall 
performance with low spectral noise reducing the risk of 
parasitic lasing and inter-pulse self-pulsing10 in the power 
amplifier stage. The seed laser diode was operated in pulsed 
mode using a compact and versatile pulsed laser diode driver 
(Alphanov, France) that can generate peak currents up to 3 A 
with a wide range of pulse widths and pulse repetition rates. 
Operating pulse width and peak current of seed laser was 
fixed to 30 ns and 3 A respectively resulting in ≈  25 mW peak 
power after two BPFs. Ideally energy per pulse thus peak 
power should remain almost the same over the whole range of 
repetition rates.

2.2 Fiber Amplifier stages
To amplify ≈ 25 mW peak power pulses to kW level 

a total gain of ≈ 46 dB would be required. Considering the 
power amplifier stage to provide a typical gain of 15 dB, the 
rest 31 dB gain can be achieved by employing two preamplifier 
stages. Thus, a three-stage MOPA configuration (Fig. 2) was 
designed and implemented. 

The first preamplifier stage consists of 2.3 m long single-
mode Erbium-doped fiber (Nufern PM ESF 7/125), forward 

pumped by a CW pump diode emitting at 976 nm with ≈  400 
mW maximum power. For coupling the pump and signal powers 
into the fiber, a filter type Wavelength Division Multiplexer 
(WDM) has been used. The second amplifier stage is again of 
a similar fiber of ≈ 2 m length and is bi-directionally pumped 
with a total power of ≈  740 mW. The second stage output is 
also filtered by two BPFs. The third amplifier stage is an EYDF 
LMA fiber (Nufern PM-EYDF-12/130-HE), which is backward 
pumped by two conduction-cooled 976 nm laser diodes of 
maximum 20 W power each ( DILAS, germany) employing 
a (2x1)+1 pump combiner ( ITF technologies, Canada). 
Suitable isolators have been used between various stages to 
give protection against any back reflections. A Cladding Mode 
Stripper (CMS) has also been spliced after the second stage 
isolator for dumping the unused pump power from the third 
amplifier stage. A Mode Field Adapter (MFA) was employed 
to couple the output into an LMA fiber (25/300 µm) of high-
power handling (12 W) isolator with an integrated collimator 
(Agiltron, USA). Our application requires polarised output, 
however, due to the non-availability of a high extinction ratio 
polariser, Polarisation Extinction Ratio could not be measured 
presently.

Figure 2. Schematic of three-stage MOPA configuration.

Figure 1. seed laser spectra.
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Fiber lengths in preamplifier stages were optimised by 
the cut-back technique. Initially ≈  4 m long fibers were taken 
and the length was cut-back in several small steps to maximise 
the output energy at 10 kHz repetition rate10. The fiber length 
for the EYDF amplifier stage was chosen for ≈ 10 dB pump 
power absorption. The cutback technique was not used to avoid 
wastage of fiber. For the 976 nm pump (absorption 8.1 dB/ m), 
the active fiber length of 1.2 m was used.

3. rEsuLts AnD DIscussIOn
Experiments were carried out to evaluate the performance 

of each amplifier stage. The output from each amplifier stage 
was characterised before coupling to the next stage. Depending 
on the expected power levels, different variants of power 
meters (Ophir, Israel) were used. Laser pulses were monitored 
employing IngaAs based photodetector (Model No.1623, 
Newfocus, USA). For spectral analysis, an optical spectrum 
analyser (SHR-IR model, Solar, Belarus) was used.  

3.1 stage-1 Performance
Stage-1 was operated at a maximum pump power of 350 

mW and the output power was measured at different repetition 
rates from 10 to 500 kHz. Peak powers were calculated by 
dividing average power with corresponding duty factors 
(product of pulse width and repetition rate). Calculating Peak 
powers in this way may not give exact values of peak powers 
particularly at low repetition rates. Thus, for estimation of 
inter-pulse energy one can employ the method suggested by 
Hernandez29, et al. By the end of this work, we were able to 
have a high repetition rate energy meter by gentec, Canada, 
thus final stage peak power was calculated by the measured 
pulse energy and pulse width. Stage gain was calculated for 
input peak power of 27 mW. Figure 3 depicts these performance 
parameters. It can be observed that output average power 
increases linearly from ≈ 10 mW to ≈  25 mW up to 50 kHz 
repetition rate and after that power growth becomes very slow 
and it gets almost saturated beyond 150 kHz. Peak power and 
gain show the reverse trend. At low repetition rates, the gain 
is very high exceeding 30 dB which may result in high ASE 
content. At 500 kHz the gain ≈ 20 dB but keeping in view the 
power handling capability of second stage BPF and isolator  
( ≈ 350 mW), the operation was limited to 200 kHz only 
(assuming ≈ 10 dB gain from the second stage). Calculated 
SRS threshold at 23.3 dB gain (g ≈  216) is ≈  9.2 kW and 
at 30 dB (g ≈ 1000) is ≈ 11.9 kW which are much above the 
corresponding peak powers (5.7 W and 36 W respectively).

Figure 4 shows the output average powers w.r.t input 
pump powers at different rep rates. At 200 kHz, ~35 mW 
power was achieved as compared to ≈  10 mW at 10 kHz. 
Ideally, the measurement of energy could have given a better 
estimate of useful power without ASE. However, for stage-1 
the pump power is not that high thus we expect useful power 
values may get only slightly modified at low repetition rates. 
For ASE noise estimation, spectral profiles were analysed at 
various repetition rates. Results indicate (Fig. 5) that signal to 
noise ratio (SNR) increases from 12 dB to 17 dB by increasing 
the repetition rate from 10 kHz to 200 kHz. Output pulses are 
shown in Fig. 6, at different repetition rates.

Figure 3. Stage-1 powers and gain at different repetition rates 
(for Y-axis units are shown in legend).

Figure 4. Stage-1 input-output powers at different repetition 
rates.

Figure 5. Stage-1 output spectra at different repetition rates.



DEF. SCI. J., VOL. 71, NO. 2, MARCH 2021

226

3.2 stage-2 Performance
The temporal performance of the second stage at 

different repetition rates was first analysed from angle 
cleaved doped fiber to avoid damage to BPFs with lower 
out-of-band power handling ( ≈ 300 mW) capability. The 
pulse profiles (Fig. 7) were taken with a photodetector placed 
very near to the output end (with safety precautions) for 
observing inter-pulse ASE near the bottom of laser pulses. 
Pulses were observed at a maximum total input power of  
≈ 735 mW from two diodes. As can be seen, under CW 
pumping, significant inter-pulse ASE can build up at 
lower repetition rates. The operation was then carried 
out at 200 kHz only. Figure 8 depicts the spectra at two 
different pump powers showing a much better SNR value of  
≈ 25 dB providing good signal input for the power amplifier 
stage. The average output power of 170 mW was achieved 
after the two BPFs and isolator (inset in Fig. 8).

3.3 stage-3 Performance
For better performance of the power amplifier stage 

consisting of LMA EYDF fiber, several other factors besides 
intra band ASE are also required to be considered e.g. fiber 
bend radius, fiber cooling, and Yb ASE. 

3.3.1 Fiber Bending and Cooling 
Through fiber bend optimisation, we estimated the 

suitable coiling diameter of the EYDF (12/130) fiber to be ≈
50 mm that would result in >10 dB/m  loss for LP11 and <0.1 
dB/m  loss for LP01 mode. Thus, active fiber was coiled within 
specially designed spiral grooves on a water-cooled plate. Due 
to practical limitations, the fiber bend radius was kept constant 
in the present work, otherwise, one can observe the effect of 
fiber bending on the output beam quality. 

Estimated heat load at the output end of the 
fiber (backward pumping, for 10.13m m−α ≈  and  

42.19 10m
−α ≈ ⋅ ) was ≈ 6.2 W/m  at 20 W input power for 

which active cooling was provided. During our experiments, 
we observed discoloration of the fiber (Fig. 9) after a repeated 
operation at high pump powers, we had to replace the fiber. 
For efficient heat removal, good thermal contact with the cold 
plate was provided using suitable interface material (Fig. 
10). With efficient cooling, no discoloration or degradation 
was observed. To monitor the external temperature of active 
fiber, images were taken using a thermal camera (Model E-60,  
FLIR, USA). 

3.3.2 Output Parameters of the Third Stage
Measurement of Yb ASE power was done from the 

angle cleaved MFA employing a dichroic mirror @45° angle 
to separate 1550 nm signal from ≈ 1000 nm Yb ASE band. 
Fig. 11 depicts the measured powers in two bands. As can be 
seen, initially the signal increases linearly with pump power 
but a deviation from the linear increase is observed after  
≈ 25 W  pump input. Correspondingly onset of Yb ASE is 
observed at ≈ 20 W pump power. Total pump power from the 
two diodes was limited to 35 W to avoid irreversible damage 

Figure 6. Stage-1 output pulses at different repetition rates.

Figure 7. Stage-2 output pulses at different repetition rates.

Figure 8. stage-2 output spectra (power as inset) at 200 kHz 
repetition rate.
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to the components. After splicing the isolator and collimator, 
pump power was further reduced to 20 W for protecting 
the isolator from high Yb ASE power. Figure 12 shows the 
final spectra with approximately 5 nm spectral width (3 dB). 
Employing suitable high-power handling BPF, in the future,  
this can be improved further. 

Single laser pulse of 30ns duration and multiple pulses 
at 200 kHz repetition rate are shown in Fig. 13. Output pulse 
energy as measured by Mach-6, 200 kHz laser energy meter 
(gentec, Canada) is depicted in Fig. 14. Average energy 
remains 30 J≈ mmJ with a standard deviation of 1.5 J≈ mmJ, when the 
threshold of measurement was set to 4 JmmJ so that only actual 
pulse energy is recorded, thus 1 kW≈  kW output peak power was 
achieved after the collimator. 

Beam quality (Fig. 15) was measured by the beam squared 
system (Ophir (Spiricon), Israel) as 2 2:1.57 :1.56M x and M y .

Summary of final Er/ Er-Yb pulsed fiber MOPA parameters 
at ~ 1550 nm is given in Table 1

Figure 13. stage-3 pulses at 200 kHz. 

Figure 9. Picture showing a discoloration of EYDF fiber after 
a repeated operation at high pump powers.

Figure 12. stage-3 spectra at 200 kHz.

Figure 10. (a) Fiber mounted on a water-cooled plate in grooves, 
thermal image, (b) in absence of interface, and (c) in 
presence of interface material. 

Figure 11. stage-3 output power at 200 kHz. 

Figure 14. stage-3 pulse energy at 200 kHz.

(a) (b) (c)
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4. cOncLusIOns
Design details and experimental observations have been 

presented for an all-fiber three-stage master oscillator power 
amplifier (MOPA), based on Erbium and Erbium-Ytterbium 
co-doped fibers. 1 kW peak power pulses of 30 ns duration 
at 200 kHz repetition rate with 30 % optical efficiency have 
been achieved. The collimated output from this laser with 6 
W average power (limited by Yb ASE) and high beam quality 
(M2 ≈ 1.6) at 1550 nm can be employed for a variety of 
applications. Special emphasis has been given to the estimation 
and management of performance limiting factors like ASE, 
non-linear effects, Yb bottlenecking, fiber coiling and cooling, 
etc. The simplest mitigation method is to either avoid or work 
below the onset of such deleterious effects. It is important to 
characterise each amplifier stage before coupling to the next 
stage, considering the power handling capabilities of various 
components. Damage may not be always visible immediately 
but may degrade the performance slowly and affect the 
reliability of the laser. Presented experimental results and 
discussion shall be beneficial for the laser designers working  
in this area.
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Amplification factor (g) 216 4.85 35.3
Gain 23.3 dB 6.8 dB 15.5 dB
SRS threshold 9.2 kW 3.1 kW 34.4 kW
SNR 17 dB 25 dB 17 dB
3 dB linewidth ~ 3nm ~ 3nm ~ 5 nm
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