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Abstract.   Semiconductor disk lasers offer a unique combination of 
characteristics that are particularly attractive for pumping Raman 
lasers and amplifiers. The advantages of disk lasers include a low 
relative noise intensity (–150 dB  Hz–1), scalable (on the order of 
several watts) output power, and nearly diffraction-limited beam 
quality resulting in a high (~70 % – 90 %) coupling efficiency into a 
single-mode fibre. Using this technology, low-noise fibre Raman 
amplifiers operating at 1.3 mm in co-propagation configuration are 
developed. A hybrid Raman-bismuth doped fibre amplifier is pro-
posed to further increase the pump conversion efficiency. The pos-
sibility of fabricating mode-locked picosecond fibre lasers operat-
ing under both normal and anomalous dispersion is shown experi-
mentally. We demonstrate the operation of 1.38-mm and 1.6-mm 
passively mode-locked Raman fibre lasers pumped by 1.29-mm and 
1.48-mm semiconductor disk lasers and producing 1.97- and 2.7-ps 
pulses, respectively. Using a picosecond semiconductor disk laser 
amplified with an ytterbium-erbium fibre amplifier, the supercon-
tinuum generation spanning from 1.35 mm to 2 mm is achieved with 
an average power of 3.5 W. 

Keywords: semiconductor disk laser, fibre lasers and amplifiers, 
semiconductor saturable absorber mirror, ultrashort pulses, stimu-
lated Raman scattering, supercontinuum generation. 

1. Introduction

Efficient operation of nonlinear fibre-optic devices is criti-
cally dependent on the pump power density. Fibre lasers and 
amplifiers based on the stimulated Raman scattering are the 
most important and widespread examples of the optical 
sources exploiting nonlinear-optical effects. They are essen-
tially core-pumped devices because the power density inside a 
fibre core is the parameter that determines nonlinear conver-
sion efficiency.

In this review we demonstrate the advantages of semicon-
ductor disk lasers, also known as vertical-external-cavity sur-
face-emitting lasers, for pumping fibre Raman oscillators. 
These lasers can generate multiwatt powers with diffraction-
limited beam quality which allows for high efficient light cou-
pling into the core of single-mode fibres, compared to other 
types of semiconductor solid-state lasers [1]. In addition, flex-
ible wavelength versatility inherent in semiconductor materi-

als combined with superior noise properties of disk lasers pro-
vide a promising platform for creation of advanced fibre-
optical amplifiers. Throughout this study we demonstrate 
experimentally the advantages of applications of semiconduc-
tor disk laser for pumping low-noise amplifiers, continuous-
wave and passively mode-locked Raman fibre lasers. The 
results of the experiments on generation of picosecond pulses 
using passively mode-locked Raman fibre lasers are presented 
and the possibility of creating an oscillator with an ultrawide 
tuning range based on a picosecond semiconductor disk laser 
is discussed. 

2. Fibre Raman oscillators

The effect of Raman scattering was first observed by 
Mandelstam and Landsberg in 1928 during the study of 
optical properties of the crystals [2]. The same effect was 
simultaneously found in liquids by Krishnan and Raman 
[3]. Stimulated Raman scattering was first reported in 
1964 while investigating the performance of the ruby laser 
[4]. First observation of the stimulated Raman scattering 
in optical fibres was described by Stolen and Ippen in 
1973 [5]. 

Rapid development of the fibre optics in the 1980s 
revealed unique features of Raman scattering [6]. Mollenauer 
et al. proposed the Raman amplification for ultrashort pulse 
generation in 1984 [7]. In 1986 Stolen et al. reported the first 
demonstration of data transmission in a fibre link using 
Raman amplification [8]. Relatively broad Raman gain band-
width in silica of about 5 THz can support the femtosecond 
pulse generation, while the spectral band of Raman amplifi-
cation depends on the pump wavelength, which makes it pos-
sible to develop laser systems emitting at different wave-
lengths. 

The rare-earth doped fibre amplifiers start to dominate at 
the end of 1980s owing to the tremendous progress in technol-
ogy of doped silica fibres. Raman fibre lasers and amplifiers 
require relatively high levels of pump power due to the low 
gain – tens of milliwatts per every dB of amplification, 
whereas for rare-earth erbium fibre amplifiers this value is 
few tenth of a milliwatt per dB [6]. It should be noted that 
pumping of Raman devices requires the sources operating at 
specific wavelengths which calls for additional technological 
efforts. Meanwhile, ytterbium (Yb), erbium (Er) and thulium 
(Tm) fibre oscillators have become commercially successful 
products in less than a decade.

The renewal of interest in Raman devices started at the 
early 1990s when high power semiconductor and fibre pump 
sources became commercially available [9 – 11]. Currently, 
fibre Raman amplifiers are widely used in fibre-optic com-
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munication networks [12, 13]. Raman devices ensure less 
noise and nonlinear disturbances to the transmitted signal 
compared to erbium amplifiers [14]. Nowadays, Raman 
amplifiers are employed in the most long-haul (over 300 km) 
fibre data networks [15]. Further development of fibre Raman 
oscillators became possible also due to the remarkable prog-
ress in fibre technology, which led to a substantial improve-
ment in silica fibre quality. As a consequence, the Raman 
laser threshold was decreased by several orders of magnitude 
– from hundreds of watts to hundreds of milliwatts [16]. The 
progress in fibre Bragg grating technology allows all-fibre 
Raman devices and multi-cascade Raman convertors to be 
built [17]. 

Raman lasers could also be used as pump sources for 
other types of optical oscillators, e.g. erbium and thulium 
fibre lasers [16, 18]. They are also used in second-harmonic 
generation and other types of nonlinear optic devices [19, 20] 
and find application in metrology and space communications 
[21]. The primarily advantage of Raman lasers is capability to 
generate a signal virtually at any wavelength within the trans-
parency window of optical fibre, these wavelengths being 
unavailable for rare-earth or semiconductor light sources. 
Under certain conditions, the maximum efficiency of Raman 
conversion is reported to reach to date ~84.2 % [22]. 

As mentioned above, the high conversion efficiency 
assumes direct pumping into the fibre core and, therefore, 
requires single transverse-mode pump sources. The experi-
ments with cladding-pumped Raman devices using the geom-
etry similar to double-clad rare-earth fibre lasers demon-
strated low efficiency, though 100 W of output power at 
1120  nm was obtained using multimode ytterbium fibre pump 
source [23]. However, the generation efficiency of a Raman 
signal was rather low compared to the case of single-mode 
pumping [24, 25]. Moreover, the beam quality of the double-
clad fibre Raman laser exhibits the degradation with the 
increase in the pump power. Thus, there is a need for high 
power single mode pump sources for efficient light coupling 
into the core of nonlinear fibres. Raman amplifiers require 
typically hundreds of milliwatts of pump, while the pump 
power for high power Raman lasers is on the level of tens of 
watts. Since Raman amplification exhibits high pump-to-sig-
nal noise conversion, the pump source should generate the 
low noise output [26]. 

2.1. .Stimulated Raman scattering in optical fibres

Amplification utilising the Raman effect can be obtained over 
the whole transparency window of silica optical fibres ranging 
from 0.3 to 2.2 mm provided that the suitable pump source is 
available [27, 28]. In this case, the lasing wavelength directly 
depends on the pump wavelegnt. The Raman gain peak is 
determined by the optical phonon frequency and the pump 
wavelength (Fig. 1a) [13, 19]. The Raman gain in the optical 
fibre in the small-signal approximation can be described using 
the expression [13]:

expG
kA
g P L

R
eff

R eff0
= c m.	 (1) 

Here P0 is the pump power; gR is the Raman gain for the 
given medium (gR » 10–13 m W–1 for silica); Leff is the effective 
interaction length; Aeff is the effective mode field area in the 
optical waveguide; and k is the factor depending on the pump 
and signal polarisations, (k = 2 for random-polarised beams). 
The Raman gain features a relatively flat spectrum with a 

broad gain bandwidth of almost 5 THz (Fig. 1b) [13]. 
Implementation of several pump sources with different wave-
lengths allows for further extension of the gain bandwidth 
and enables the control of the gain flatness. The Raman gain 
is independent of the relative directions of pump and signal 
propagation in the cavity, which provides notable flexibility 
in designing Raman lasers and amplifiers of different configu-
rations with desirable parameters [15]. The Raman gain, how-
ever, is very sensitive to the relative polarisations of the pump 
and signal, and the most efficient pump-to-Raman signal 
conversion occurs for identical polarisation states [29]. 
Therefore, accurate control of the polarisation state is 
required for both pumping the source and Raman laser cavity.

The femtosecond response of the Raman scattering pro-
cess results in a strong noise transfer from pump to signal [30]. 
In order to minimise this detrimental effect in Raman ampli-
fiers regularly pumped with inexpensive noisy diode lasers, 
the counterpropagation configuration is employed using 
opposite propagations of the pump and signal [15]. This con-
figuration, however, could not take full advantage of Raman 
amplification technology. 

2.2. Raman fibre amplifiers

The characteristics of the pump source for a fibre Raman 
amplifier is of great importance since pump fluctuations 
would be instantly transferred to the amplified signal and 
thus deteriorate the noise figure of the system (NF). The 
resulting relative intensity noise (RIN) of the signal could be 
even higher than that of the pump source. However, if the 
pump and signal interaction length is relatively long (several 
kilometres and more), the efficient noise averaging and even 
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Figure 1.  (a) Stimulated Raman scattering in optical fibres and (b) 
Raman gain spectrum in silica. 



	 A.Yu. Chamorovskiy, O.G. Okhotnikov966

suppression could occur (Fig. 2). The impact of this phenom-
enon is dependent on the relative propagation directions of 
the pump and signal [26].

In counterpropagation configuration the pump fluctua-
tions would suffer the effect of low-pass band filtering. High-
frequency noise (from few MHz and higher) would be effi-
ciently averaged due to the delay between the pump and sig-
nal and the long interaction length. Consequently, the 
corresponding fast Raman gain fluctuations would be also 
averaged. In this case, low-frequency gain fluctuations (on 
the order of kHz) would induce slow fluctuations in the effec-
tive Raman gain, which would be further transferred to the 
amplified signal. When the gain fluctuation period tfl is larger 
than the propagation time of the signal along the given dis-
tance Leff, 

tfl ³ nLeff /c	 (2)

(here n is the refractive index of the medium and с is the speed 
of light), the efficient pump noise averaging would occur even 
at low frequencies [13, 26, 31]. 

In the case of copropagation configuration, noise averag-
ing would occur due to the group velocity difference between 
the pump and the signal caused by the chromatic dispersion 
in the optical fibre. The higher the chromatic dispersion of the 
fibre, the stronger the noise averaging. In this case, the aver-
aging efficiency apparently increases with increasing fluctua-
tion frequency. This scenario is demonstrated in Fig. 2. 

The pump noise level requirements in modern communi-
cation networks depend essentially on the Raman amplifier 

configuration. For a counterpropagation scheme, the RIN 
level of the pump source should be lower than –90 dB Hz–1, 
whereas in a copropagating setup this value should be better 
than –20 dB Hz–1 [15, 32]. The counterpropagation configu-
ration is preferential today in practical communication sys-
tem because of relaxing requirements for the noise of the 
pump sources. Copropagating amplifiers, however, could 
offer a higher efficiency of pump conversion and require a 
lower intensity of the input signal and provide better perfor-
mance of broadband discrete Raman amplifiers [31, 33]. Of 
practical importance is the fact that they allow one to reduce 
the operation costs because of an increased span between con-
catenated amplifiers in long-haul transmission lines [34]. In 
order to practically implement this configuration, however, 
the low-noise single mode pump sources are required. 

2.3. Mode-locked Raman fibre lasers

Raman sources are of interest for generation of short and 
ultrashort pulses. Broad gain bandwidth and fast response 
time enable the Raman scattering mechanism to support fem-
tosecond-pulse generation [35]. However, state-of-the-art 
mode-locked fibre lasers using rare-earth doped glasses as a 
gain medium demonstrate better performance than ultrashort 
fibre Raman lasers [36 – 41]. 

The overview of experimental results for mode-locked 
fibre Raman lasers is presented in Table 1. The authors of [37] 
describe passive mode-locking in a fibre ring resonator using 
dissipative four-wave mixing and spectral mode selection by a 
specially designed fibre Bragg grating. The laser generated 
600-fs pulses with an average power of 400 mW and high rep-
etition rate of 100 GHz, which resulted in a relatively low 
pulse energy of 0.04 nJ. Mode-locking with an amplifying 
loop mirror in the figure-of-8 cavity was demonstrated by 
Chestnut et al. [38]. An all-fibre laser cavity combined with 
Raman amplification suitable for operation in a broad spec-
tral range enables pulse generation at various wavelengths – 
1.33, 1.41, and 1.57 mm. The pulse duration was varied in the 
range of 440 – 860 fs. Unfortunately, the laser exhibited low 
efficiency (for a 5.2 W of the pump power the average output 
power was only 10 mW) and high sensitivity to external fluc-
tuations. A short-pulse fibre ring Raman laser with an active 
erbium-doped loop mirror acting as a saturable absorber and 
continuous-wave fibre Raman laser as a pump source has 
been recently demonstrated [39]. Parabolic-shape pulses with 
duration of 6 ps and energy of 22 nJ at the central wavelength 
of 1534 nm have been obtained. Implementation of the rare-
earth saturable absorber in this design, however, limits the 
operation bandwidth of the laser. Mode-locking in Raman 
lasers has been recently reported using saturable absorbers 
based on carbon nanotubes and graphene exhibiting broad-
band nonlinear response [40 – 43]. The pulses with duration 
below 2 ps and energy of 3 nJ were obtained at 1665 nm and 
1550 nm with carbon nanotubes and graphene absorbers, 
respectively. Efficiency of these lasers was still low – the out-
put power was about 10 mW for several watts of the launched 
pump power. 

It should be noted that most demonstrations use a cw 
fibre Raman laser as pump source, which indicates the short-
age of other types of single-mode pump lasers with the 
required output characteristics. Using cascaded Raman fibre 
lasers pumped by rare-earth fibre lasers as sources of optical 
pumping involves, however, much complexity in Raman-
based systems. 
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Figure 2.  Pump fluctuations experienced by the signal in the case of (а) 
copropagation with different chromatic dispersions D1 and D2 (D1 > 
D2) (the fluctuation frequency is constant) and (b) counterpropagation 
with different pump fluctuation frequencies  f1 and f2 ( f1 > f2) [26]. 
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2.4. Pump sources for fibre Raman oscillators

To date, the main sources for pumping Raman devices are 
semiconductor diodes and fibre lasers. Single-mode diode 
lasers operating in 900 – 980-nm and 1400 – 1500-nm spectral 
ranges are the most popular pump sources for erbium-doped 
fibre amplifiers, which are widely used to transmit informa-
tion in modern optical communication networks in the 1.55-
mm spectral region [32]. The output power up to ~800 mW 
launched into a single-mode fibre at the wavelength of 980 nm 
is commercially available [44]. This power is sufficient for 
pumping a Raman amplifier, though the lasers using this gain 
mechanism require watt levels of pump power. The Bragg 
grating wavelength-stabilised semiconductor diodes used 
broadly for pumping erbium fibre amplifiers have a typical 
RIN value of –100 dB Hz–1, which limits the performance of 
Raman amplifiers and lasers [32]. Fabry – Perot narrow-line 
laser diodes can offer a low RIN, but require accurate thermal 
and current control to avoid the spectral variations [45]. A 
relatively novel type of laser diodes – inner grating multimode 
(iGM) diodes [46], exhibit a low RIN value of –140 dB Hz–1 
and produce the output powers over 300 mW [47]. These 
devices, however, are still under extensive investigation and 
available to date only for the 1470 – 1520-nm spectral range. 

Fibre lasers are capable of delivering high powers in the 
single-mode regime and used for optical pumping of Raman 
systems [48]. Thus, Yb-doped single-mode cw fibre lasers with 
an output power over 10 kW have recently been demonstrated 
[49]. Single-mode Tm-doped fibre lasers with an output power 
up to 300 W are available now [50] and cw Er-doped systems 
could produce the power in the range of 10 – 100 W [51]. 
Nevertheless, the operating wavelength of rare-earth doped 
fibre sources is limited to spectral bands at 1, 1.55, and 1.9 mm 
depending on the active dopant. Active ions with a broad-
band gain spectrum, e.g. bismuth (Bi) doped fibre, are still at 
early stage of development [52]. 

A typically high RIN value of fibre lasers needs to be care-
fully addressed when they are used as pump sources, which is 
due to the comparably high noise level appearing because of 
the high density of amplified spontaneous emission (ASE) 

[53, 54]. In particular, cascaded amplification combined with 
stimulated Brillouin scattering (SBS) is implemented to over-
come excessive noises of the fibre lasers. The amplifier enables 
the efficient pump conversion and high output powers, 
whereas the SRS effectively narrows the gain bandwidth [53]. 
Devices based on this principle typically operate in the spec-
tral range of 1030 – 1064 nm and 1520 – 1570 nm. It should be 
noted that the SBS gain has a bandwidth of only tens of MHz, 
and the Stokes frequency shift depends on the thermal and 
environmental perturbations and, therefore, the system 
requires a complex stabilisation techniques [54, 55].

In order to further extend the spectral range, cascaded 
Raman amplification using a high power fibre laser pump is 
typically implemented. The two-stage amplification was dem-
onstrated in phosphate fibre (1.06  mm ® 1.24 mm ® 1.48 mm) 
with the overall conversion efficiency of 40 % [56]. For a silica 
fibre the two-stage amplification (1.06 mm ® 1.23 mm ® 1.3 mm), 
the efficiency was in the range of 46 % [57]. Using cascaded 
Raman amplification it is virtually possible to generate the 
signal at any wavelength within the whole transparency win-
dow of the silica fibres [58].

Fibre lasers acting as a pump source for Raman oscilla-
tors have a number of shortcomings. First, the overall effi-
ciency of the multistage Raman amplification decreases with 
every successive Stokes shift. Secondly, it requires various 
intracavity elements, like fibre Bragg gratings, to be imple-
mented and they should sustain considerable intracavity pow-
ers. Moreover, waveguiding properties of the fibre tend to 
deteriorate when operating considerably far from a cutoff 
wavelength [59]. Since the Raman conversion efficiency 
increases with increasing fibre length, the threshold of nonlin-
ear effects, e.g. SBS, decreases, which can deteriorate the 
overall performance of the cascaded generator. Finally, 
implementation of an efficient short-pulse laser based on mul-
tistage Raman amplification is a laborious task [60]. Further 
progress of the Raman fibre oscillators requires advanced 
types of pump sources which would combine the wavelength 
versatility inherent in semiconductor gain media and high 
output powers with diffraction-limited beam quality typical 
of solid-state and fibre lasers.

Table 1.  Experimental results obtained for passively mode-locked fibre Raman lasers.

Laser configuration
	

Pump source type
	 Length and	 Operating	 Shortest pulse	 Average power	 Refe-

		  nonlinear	 wavelength/nm	 duration	 and  repetition 	 rences	
		  coefficient g			   rate	

Ring cavity with dissipative	 CW Raman laser,	 1 km,	
1550	 600 fs

	 430 mW, 	
[37]

four wave mixing	 1450 nm, 4.5 W	 14 W– 1 km–1			   100 GHz		
 
	 CW Raman laser,	

2 – 4.5 km,
	 1330	 500 fs	

10 mW
		

Figure-of-8 laser cavity
	 1257 nm, 5.2 W		  1410	 860 fs		  [38]

	 1316 nm, 5 W	 0.9 W–1 km–1	 1570	 440 fs	 1 mW		
	 1455 nm, 3.1 W 
 
Ring cavity with Er-doped	 CW Raman laser,	 2.4 km, 	

1534	 6 ps
	 1.25 mW, 	

[39]
amplifying loop mirror	 1435 nm, 1.5 W	 5.7 W– 1 km–1			   64 kHz	
						       
 

Ring cavity with a carbon
	 CW erbium-	

100 m,
 	

1665	 2 ps	 5 mW	 [40]nanotube saturable absorber
	 doped fibre	

2.5 W– 1 km–1
				  

	 laser,1555 nm, 				     
	 15 W						    
						       
Ring cavity with a 4-layer	 CW Raman laser,	 100 – 200 m,	

1550
	

350 ps
	 8.5 mW, 	

[41]
graphene saturable absorber	 1450 nm, 5 W	 2.5 W– 1 km–1			   332.5 MHz		
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3. Semiconductor disk lasers for pumping fibre 
Raman oscillators

This study considers the potential of semiconductor disk 
lasers (SDLs also known as VECSELs) as pump sources for 
Raman and other nonlinear-optic fibre devices [61]. SDLs can 
produce a circular diffraction-limited high-power beam owing 
to an extended vertical cavity and suppressed thermal lens 
effect. The SDL cavity allows different intracavity elements, 
like nonlinear crystals, bandpass filters or saturable absorbers 
to be easily integrated. Though the SDLs could be pumped by 
current injection or optically, this study is focused entirely on 
optically pumped SDLs because this pumping approach has a 
large potential for power scaling, which is a primary objective 
in nonlinear-optic applications. The SDL wavelength can be 
tailored over a wide range by varying the composition of the 
gain medium, similar to other types of semiconductor sources. 
The broad gain band of the semiconductor active medium 
makes it possible to pump this medium by conventional 
multi-mode laser diodes, and the small length of the active 
element facilitates the focusing of the pump. 

3.1. Semiconductor disk lasers

The thin-disk laser concept was invented primarily as a means 
to suppress the beam distortion due to the thermal lens effect 
[62]. The SDL structure is similar to the solid-state disk laser 
geometry except for the semiconductor gain medium used 
instead of a crystal or glass material and exhibiting a gain sev-
eral orders of magnitude higher [63]. 

The schematic of a typical SDL is shown in Fig.3. A typi-
cal gain element of the SDL comprises a semiconductor gain 
medium with a number of quantum-well or quantum-dot lay-
ers sandwiched between barrier layers, usually acting as pump 
absorbing media. The structure is usually monolithically 
grown together with a distributed Bragg reflector and conve-
niently allows one to use the gain element in a cavity in the 
reflection regime. The cap layer (transparent both for the 
pump and signal) grown on top of the quantum confined gain 
medium provides electron confinement and suppresses diffu-
sion of excited carriers to the surface and their consequent 
nonradiative recombination [1]. Since the SDL operates with 
a considerable thermal load of the gain medium, the efficient 
heat removal is a critical feature for achieving high output 
powers. The active element is bonded on the heat spreader; 
moreover, an additional intracavity transparent heat spreader 
placed on top of the structure is frequently used to further 
enhance the heat removal.

The original idea of a semiconductor active mirror – the 
key element of an SDL, was proposed by N.G. Basov in his 
Nobel lecture in 1964 [64, 65]. First experimental demonstra-
tion of an SDL as an extended format of vertical cavity semi-
conductor lasers was made by Jiang et al. in 1991 [66]. The 
semiconductor gain medium made of InGaAs quantum wells 
was placed on a gold mirror forming a reflector with a built-in 
gain. This laser emitted about 400 mW at the wavelength of 
1.5 mm. The next year same authors proposed the design with 
the distributed Bragg reflector used instead of the metal mir-
ror [67]. In 1997, Kuznetsov et al. [68] demonstrated an SDL 
producing 700 mW of output at the wavelength of 1 mm. This 
study formed the current concept of a diode-pumped SDL, 
discussed various types of cavities and the potential for power 
scaling. Table 2 summarises the achievements of modern 
SDLs operating at different wavelengths reported to date. 

Currently, single-mode SDLs with a high quality of the 
output beam are demonstrated over the whole transparency 
window of silica fibres. Further tailoring to the short wave-
lengths is performed by frequency doubling [81]. The high 
Q-factor of the SDL cavity allows for considerable energy 
storage and, consequently, enhances substantially the intra-
cavity nonlinear conversion.

Figure 4a presents the output powers of different single-
mode SDLs reported to date. The high quality of the output 
beam intrinsic to this class of lasers allows reaching up to 90 % 
coupling efficiency inside the single-mode fibre, as can be seen 
from Fig.4b [82, 83]. Although, both injection [83, 87 – 90] 
and optical [1] pump techniques can be applied to SDL exci-
tation, currently only optically pumped SDLs are capable of 
producing multi-watt output powers. The development of 
electrically pumped SDLs, however, demonstrates sensible 
progress [91]. Some experimental results on the SDLs 
with an injection pumping reported to date are presented in 
Table 3.
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Figure 3.  (а) Schematic of an SDL and (b) conduction band and the 
structure of the semiconductor gain mirror and the corresponding opti-
cal field intensity distribution. 

Table 2.  Parameters of various SDLs operating at different wavelengths.

Pump	 Lasing	
Gain medium

	
References

wavelength/nm	 wavelength/nm		

532	 674	 GaInP	 [69] 
822	 853	 GaAs	 [70] 
800 – 808	 920 – 1060	 InGaAs	 [71 – 73] 
788 – 800	 1180 – 1220	 InGaAsN	 [74, 75] 
980	 1300	 AlGaInAs	 [76] 
980	 1480 – 1570	 AlGaInAs	 [77, 78] 
980	 2005	 GaInSb	 [79] 
1960	 2350	 GaInAsSb	 [80]
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3.2. SDLs for pumping fibre Raman amplifiers 

Noise characteristics of the pump source may limit essentially 
the performance of the fibre Raman amplifier. From this per-
spective, it is of imperative importance that SDLs could oper-
ate with RIN values limited to the shot noise level [92, 93], 
which is significantly better than the requirements imposed by 
the communications industry [15, 32]. In 2008 Baili et al. 
[92] demonstrated a 1-mm SDL with the cavity length less 
than 50 mm that exhibited shot noise limited RIN value of 
–155 dB Hz–1 for the photocurrent of 1 mA in the frequency 
range spanning from 50 MHz to 18 GHz. The analysis sug-
gests that the shot noise limited operation is expected when 
the photon lifetime in the cavity is longer than the carrier life-
time due to the high Q-factor and/or the short cavity length. 

The photon lifetime tph is determined by the cavity round-trip 
time tpass and the loss per round-trip a [94]:

tph ~ tpass /a.	 (3)

For a 45-mm-long cavity and passive loss per round-trip of 
1.5 % the photon lifetime would be 20 ns, which is consider-
ably longer than the carrier lifetime before recombination (in 
the range of a nanosecond). The laser operation in this regime, 
also known as the A-class noise regime, exhibits uniform and 
flat spectral noise density and suppressed perturbations 
caused by the relaxation oscillations. In addition, the low fre-
quency RIN reduction in the range of 45 kHz – 50 MHz was 
obtained by minimising the cavity loss and applying the elec-
tronic noise suppression system to the pump diode. Pal et al. 
[93] proposed RIN suppression using a specially designed 
InGaAs/GaAsP gain structure and experimentally demon-
strated a low noise dual frequency SDL.

In this study we report the fibre Raman amplifiers operat-
ing in the 1.3-mm spectral range pumped by a 1.22-mm SDL. 
This wavelength range, also known as O-band, is of the spe-
cial interest since standard optical fibres have here a zero dis-
persion wavelength and, therefore, the chromatic distortions 
are greatly reduced [95]. The development of fibre networks 
operating in this spectral region suffers from the shortage of 
efficient fibre amplifiers. Nd, Yb, Er, and Tm-doped fibres 
are unable to provide a sufficient gain at 1.3 mm. Though cha-
logenide praseodymium-doped fibres could provide an ampli-
fication in the wavelength range of 1290 – 1340 nm, they offer 
relatively low efficiency [96, 97] and have obstacles in cou-
pling with silica-based fibres. Thus low-noise fibre Raman 
amplifiers based on silica fibres are attractive candidates for 
O-band fibre communication networks [48, 98, 99]. 

3.2.1. 1.3-mm fibre Raman amplifier pumped by a semicon-
ductor disk laser. The single transverse mode 1.22-mm SDL 
used here as a pump source of a fibre Raman amplifier pro-
duced up to 1.8 W of linearly polarised output in a single-
mode fibre corresponding to the coupling efficiency of 75 %. 
The SDL was pumped with a fibre coupled multimode diode 
laser operating at 808 nm. Schematic of the 55 mm-long SDL 
cavity is shown in Fig. 5. 

The gain elements for high-power operation in the 
1.2 – 1.5-mm spectral range are normally based on GaInNAs 
materials, or employ the wafer fusion technique which allows 
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Table 3.  Characteristics (reported to date) of modern electrically pumped SDLs.

Lasing	
Output power/mW	 References

wavelength/nm
485	 1.7	 [87] 
490	 40	 [83] 
974	 50	 [87] 
980	 500	 [83, 88] 
1520 – 1540	 0.12	 [89] 
1540	 2.7	 [90]

Mirror

Fabry–Perot filter

Pump source

Semiconductor
gain mirror

Heat sink

Output
mirror

Figure 5.  Schematic of the V-cavity SDL operating at 1.22 mm. The 
number of the longitudinal modes and overall laser performance was 
stabilised with an intracavity Fabry – Perot filter. 
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one to create a monolithic gain mirror by integrating semi-
conductor materials with large difference in the lattice con-
stant [74, 100, 101]. The semiconductor gain mirror used in 
this study was made of a GaInNAs material grown on a GaAs 
substrate using molecular beam epitaxy (MBE). The gain 
structure was comprised of 30 pairs of 10 GaInNAs quantum 
wells of thickness 7 nm. The distributed Bragg reflector was 
made of 30 GaAs/AlAs layers. The transparent Al0.37Ga0.63As 
cap layer was placed on top of the gain medium to prevent 
nonradiative carrier recombination from the gain mirror sur-
face. The gain mirror was then placed on a heat sink and the 
temperature of the sample was kept at 15 ºС.

The RIN value of the laser sources used in the experiment 
was calculated according to the method, which is described in 
detail in [102]. The RIN values can be estimated using the 
signal spectral density Ssp(w), photodetector sensitivity R, 
and the signal optical power P:

( )
RIN

R P

Ssp
2 2

w
= .	 (4)

Measurements were carried out using a photodetector 
with a 3-GHz bandwidth. The minimal RIN value limited by 
the shot noise was estimated to be –160 dB Hz–1 for a 0.5-mW 
optical signal. Optical attenuation of the detected signal was 
applied at high output powers of the devices under test. The 
error in the RIN measurements RINerr due to limited quan-
tum efficiency of the photodetector was estimated using the 
relation [102]:

( ) / /RIN RP
q

R P
k T F G F G

R P
k T R2 1 4

err
B a sa d B loadd

2 2 2 2= +
+ -

+ .	(5)

Here q is the electron charge; kB is the Boltzmann constant; T 
is the temperature; Fa, Gd, Fsa are the noise figures (NFs) of 
preamplifier, photodetector, and spectrum analyser, respec-
tively; and Rload = 50 W. The calculations revealed that the 
error was in the range of 4 % – 6 %.

Figure 6 demonstrates results of RIN measurements for a 
1.22-mm SDL for the frequency range from 1 MHz to 3 GHz 
and power level of 800 mW. The RIN value was better than 
–150 dB Hz–1 in the broad spectral band except for the low 
frequency range where the pump diode and environmental 
fluctuations prevail. The noise peaks originated from relax-
ation oscillations have not been detected, demonstrating a 
uniform noise profile. The frequency component around 
800 MHz corresponds to the longitudinal mode beating. The 
noise measurements clearly indicate that the low RIN value 
even at high powers is an intrinsic feature of the SDLs.

The 1.22-mm SDL in question was then used as a pump 
source for a fibre Raman amplifier with an experimental 
setup (Fig. 7) [99]. The amplifier is operated in the regime of 
the pump and signal copropagation. A 900-m-long highly 
nonlinear GeO2-codoped silica fibre had a core doped with 
25% molar concentration of GeO2, core/cladding refractive 
index difference Dn = 0.03, numerical aperture NA = 0.25, 
and Raman gain 21 dB km–1 W–1. The effective mode area at 
the wavelength of 1.3 mm was estimated to be 9 mm2. Due to 
effective draining of the fibre perform, passive losses 
around 1.3 mm were below 2.2 dB km–1. An optical isolator 
was used to prevent lasing in the amplifier. The pump and the 
signal were multiplexed and demultiplexed using 1.22/1.3-mm 
fibre multiplexers. The polarisation controllers stabilised the 
operation due to the polarisation sensitivity of the SRS. The 
multiplexer at the output was installed to couple out the 
unabsorbed pump. 

As a reference signal source in the experiments, use 
was made of a 1.29-mm low power single-mode SDL. The fun-
damental frequency of the laser cavity was 21.5 GHz, and 
the measured RIN value before the amplification was 
–151 dB Hz–1 at the output level of 25 mW. 

Figure 8 demonstrates the measured operation character-
istics of the fibre Raman amplifier with an SDL pump. An 
amplification of 9 dB was achieved for an input signal of 
2 mW, whereas the residual pump power filtered out by a 
fibre dichroic coupler was ~150 mW for the highest gain. 
Noise characteristics plotted in Fig.8 b were measured for 
7 – 8-dB gain at the pump of 1.1 W. The RIN increase in the 
frequency range from 50 MHz to 3 GHz was below 2.3 dB 
which corresponds to the excessive noise of the Raman ampli-
fiers with the counterpropagation configuration [103]. The 
RIN increase for frequencies below 50 MHz originates from 
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pump-to-signal noise transfer typical of Raman amplifiers 
operating in copropagating configuration. Regardless of 
these fluctuations induced by environmental perturbations, 
the RIN level at the low frequency range is below –90 dB  Hz–1. 
This value is still superior to the typical characteristics of the 
diode and fibre lasers operating at the similar power levels 
[15, 104]. For copropagating amplifier configuration, the low 
frequency perturbations can be efficiently suppressed by 
using the feedback circuit modulating the pump radiation in 
anti-phase with the fluctuations or some other noise suppres-
sion methods [105, 106]. The measured characteristics allow 
one to conclude that the SDLs operating in the 1.22 –1.25-mm 
spectral region meet the telecommunication requirements for 
pumping O-band amplifiers. Next we will discuss other con-
figurations of Raman amplifiers and, particularly, propose 
the ‘hybrid’ design for further improvements of the amplifier 
performance.

3.2.2. 1.3-mm hybrid Raman fibre amplifier pumped by an 
SDL. In the 1.3-mm fibre Raman amplifier described above 
more than 10 % of the pump power remained unconverted. 
This feature, typical of discrete Raman amplifiers, deterio-
rates the overall system efficiency [107 – 109]. There are sev-
eral methods for improving the pump conversion of discrete 
amplifiers. Nicholson et al. [107] proposed the combination 
of Bragg reflectors and metal mirrors for recycling the uncon-
verted pump radiation. A double-pass fibre amplifier based 
on fibre Bragg gratings and circulators was demonstrated by 
Tang et al. [108]. Both schemes, however, require thorough 
optimisation due to impact of nonlinear effects, sophisticated 
design, and high sensitivity to environmental perturbations. 
Amano et al. [109] suggested using a highly nonlinear Raman 
fibre with a nonlinear coefficient of 6.7 W–1 km–1 combined 
with a dispersion compensation fibre (DCF). This highly non-
linear fibre provides an efficient pump conversion while the 
DCF compensates for the nonlinear distortion added to the 
signal. Though the modified scheme revealed a more than 
50 % improvement in terms of pump-to-gain conversion, the 
noise characteristics degraded due to excessive nonlinear 
effects.

The promising method for increasing the pump conver-
sion efficiency of the discrete Raman amplifier is based on the 
combination of the nonlinear Raman fibre with an active 
fibre in the form of the hybrid amplification scheme. In this 

scheme it is essential that the spectral gain of an active fibre 
matches the Raman Stokes band for a single pump source. 
Using several pump sources would inevitably lead to exces-
sive noise and increase the complexity of the amplifier. When 
the first stage of a hybrid amplifier, i.e., Raman amplifier, 
exhibits a low noise figure NF1 and a relatively high gain G1, 
the next amplifier stages made of an active fibre would not 
notably affect the overall noise figure of the system NFsum, as 
follows from the analysis of cascaded amplifiers [110]:

 1 1 ...NF NF NF NF
G G Gsum 1
1

2

1 2

3= +
-

+
-

+  .	 (6)

Hybrid two-stage (Raman-active fibre) amplifiers oper-
ated at the 1.5 – 1.6-mm spectral range using Er- and Tm-doped 
fibres and demonstrated superior performance in terms of 
efficiency and gain bandwidth as compared to single-stage 
Raman amplifiers [111, 112]. Unfortunately, an efficient 
active fibre for the 1.3-mm spectral range is still difficult to 
find. There are expectations that optimised bismuth (Bi) 
doped fibres would be an appropriate gain medium for the 
O-band optical communication [52, 98, 113 – 118]. The gain 
and pump conversion efficiency demonstrated by the 
Bi-doped fibres to date are sufficient for several types of opti-
cal amplifiers [116, 119]. The broad pump absorbing spectral 
band allows Bi-doped fibre to share the same pump source 
with a Raman-amplifier [114, 117, 118].

We have developed a copropagating hybrid fibre Raman-
bismuth amplifier based on the experimental setup described 
in the previous section [98, 120]. The only change in the ampli-
fier scheme shown in Fig. 7 is 60 m of the Bi-doped silica fibre 
added after 900 m of nonlinear fibre section. The length of the 
active fibre was chosen to efficiently absorb the residual pump 
unconverted in the Raman amplifier stage. An active fibre 
with bismuth ion concentration of 3 ´ 108 cm–3 was manufac-
tured by PCVD technology [117].

Experimental results for the hybrid configuration are 
demonstrated in Fig. 9. By adding the Bi-doped fibre section 
an additional 9 dB of the gain has been obtained compared to 
the single-stage fibre Raman amplifier. For an input signal of 
2 mW, the highest gain in hybrid configuration was 18 dB at 
a pump power of 1.4 W, whereas the fraction of the residual 
pump was below 3 %. The RIN value in the frequency range 
from 50 MHz to 3 GHz was below –140 dB Hz–1, which is 
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comparable with single-stage Raman and hybrid amplifiers 
[15, 103, 111, 116]. The RIN increase in a hybrid amplifier 
was less than 7 dB (Fig. 9b). The low-frequency RIN increase 
has the same mechanism as described in the previous section. 

The experimental results reported in this section demon-
strate the strong potential of SDLs as optical pump sources 
for both single-stage and hybrid multi-stage Raman fibre 
amplifiers.

4. Picosecond Raman fibre lasers pumped 
by an SDL

Fibre Raman lasers are capable of producing ultrashort 
pulses in the extended spectral range. The vast majority of 
pulsed Raman lasers reported to date use cw Raman fibre 

lasers as pump sources (see Table 1). In this section we dem-
onstrate the passively mode-locked Raman fibre lasers 
pumped by SDLs. Pulsed operation was obtained using non-
linear polarisation rotation (NPR) and semiconductor satu-
rable absorber mirror (SESAM) in both normal and anoma-
lous dispersion regimes [84, 121 – 123].

4.1. Picosecond fibre Raman laser mode-locked 
with a semiconductor saturable absorber mirror

We used a 1.48-mm SDL as a pump source of a mode-locked 
Raman fibre laser operating at 1.59 mm [122]. The active 
medium of the SDL was grown by MBE on the InP substrate. 
The gain medium comprised 8 compressively strained 
AlGaInAs quantum wells. The distributed Bragg reflector 
grown by solid-source MBE consisted of 35 pairs of quarter-
wave thick Al0.9Ga0.1As and GaAs layers. The reflector and 
the gain medium were processed using a 2-inch wafer fusion 
technique [124]. After the fusion step, the InP-substrate and 
GaInAsP etch-stop layer were selectively etched by wet etch-
ing and cut into 2.5 ´ 2.5-mm chips. The active mirror was 
placed on a water-cooled copper holder. A 200-mm-thick dia-
mond heat spreader was then bonded on the top surface of 
the sample. The InP cap layer and the surface of the diamond 
are pulled together by intermolecular forces of water. The 
cavity of the disk laser was of V-type (Fig. 5) and composed 
of a 97.5 %-reflective plane output coupler, spherical mirror 
and gain mirror. The gain mirror was pumped with a 980-nm 
fibre-coupled diode laser. The pump is focused to the gain 
mirror to a spot of 180 mm in diameter. The cavity was 
designed to ensure that the mode size at the gain mirror 
matches the pump spot. The output beam quality parameter 
was less than 1.5. The maximum output power launched in 
the single mode fibre was 1.7 W, corresponding to the cou-
pling efficiency of 75 %. 

The laser cavity setup is demonstrated in Fig. 10. A semi-
conductor saturable absorber mirror (SESAM) was inserted 
into the cavity to ensure the start-up of mode-locking [125]. 
The both cavity mirrors were butt-coupled with an optical 
fibre. It is important to note that the SESAM nonlinear 
parameters can be optimised for a wide spectral range of the 
pulse wavelengths and durations from several femtoseconds 
to tens of nanoseconds. SEASAMs can be tailored for solid-
state, semiconductor, and fibre laser systems [126]. 

A 450-m-long highly GeO2-codoped silica fibre acted as a 
Raman gain medium. The fibre had an effective mode area at 
1.55 mm, 10.4 mm2; core/cladding refractive index difference, 
Dn = 0.03; and passive loss at the signal wavelength, 
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1.5 dB km–1. The fibre dispersion of 19.46 ps nm–1 km–1 
resulted in a total cavity dispersion of 2.5 ps nm–1. 

The polarisation controllers were employed to stabilise 
the laser operation due to sufficiently high intracavity powers 
and high nonlinearity. A tunable optical filter was used to 
control the parameters of the generated pulses [40]. The signal 
was coupled out through a 1 % fibre coupler. 

The output optical spectrum of the pulsed laser is shown 
in Fig. 11a. It should be noted that the start-up of mode-lock-
ing in Raman fibre lasers differs significantly from the pulse 
development in rare-earth doped fibre lasers. Because the 
gain relaxation dynamics in rare-earth doped glasses is slow 
(from 100 ms to 10 ms) [110], it enables the efficient energy 
storage in the laser cavity which usually provokes the evolu-
tion to steady-state mode-locking through the Q-switching 
instability. On the other hand, the Raman gain exhibits fast 
gain dynamics with femtosecond relaxation times tR [30], 
which are shorter than cavity round-trip time tpass. 

This condition prevents energy storage in the cavity, 
which is a prerequisite for the Q-switching instability develop-

ment and, as a result, there develops a mode-locked pulse 
train from spontaneous noise radiation (see oscillograms in 
Fig. 11b). This qualitative description explains an increase in 
the length of the pulse train envelope with pump power. 
Eventually, at a sufficient pump power, the transition to 
actual cw mode-locking occurs, when all the time slots are 
filled and uniform pulse pattern builds up without a low-fre-
quency envelope.

The tunable bandpass spectral filter with a 1 – 10-nm 
bandwidth was used in the cavity to optimise mode-locked 
operation of the fibre Raman laser [38, 40, 127]. The pump 
power threshold for a mode-locked operation was ~400 mW, 
and the shortest pulse was observed at a pump power of 1 W. 
The pulse characteristics of the mode-locked train with the 
repetition rate of 170 kHz are shown in Fig. 12. The pulse 
duration derived from the autocorrelation trace was 2.7 ps, 
corresponding to the time-bandwidth product of 0.68, which 
indicates the high quality of the pulsed regime. Some noise 
around the pulse on the autocorrelation trace (Fig. 12a) is 
likely due to a low modulation depth of the SESAM which 
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was below 10 %. The pulse duration decreases with increasing 
pump power (Fig. 12b). With 1 % output coupler, the maxi-
mum average power was 60 mW. Once the mode-locking sets 
in (Fig. 10), the laser operation remained stable. 

Thus, a 1.59-mm passively mode-locked Raman fibre laser 
pumped by a 1480-nm wafer-fused semiconductor disk laser 
was demonstrated. SESAM mode-locking combined with 
highly nonlinear fibre allows a relatively short cavity 450 m 
long to be built and results in a stable pulse operation. The 
efficient pump scheme offered by the SDL combined with 
SESAM technology has a promising potential for application 
in pulsed Raman oscillators.

4.2. Picosecond Raman fibre laser with nonlinear 
polarisation rotation

The saturable absorption mechanism based on nonlinear 
polarisation rotation (NPR) is wavelength independent and 
allows one to preserve all-fibre configuration of the mode-
locked Raman fibre laser. Below the NPR technique together 
with optical pumping by the 1.3-mm SDL is applied to the 
ring cavity Raman fibre laser [84].

The experimental setup of the picoseconds fibre laser is 
shown in Fig. 13. The 1.3-mm SDL pump source comprises a 
semiconductor gain mirror with 10 AlGaInAs quantum wells 
and a distributed Bragg reflector with 35 Al0.9Ga0.1As/GaAs 
layers. The polarisation isolator served as a discriminator of 
the pulsed regime. The mode-locking was performed by tun-
ing the polarisation controllers. The output beam quality 
parameter was better than M 2 < 1.4 and allowed radiation 
(more than 2 W) to be launched into the single-mode fibre 
with the efficiency ~70 %. A 650-m-long nonlinear silica fibre 
used as a Raman gain medium was similar to the one described 
in the previous section. The lasing was observed at the first 
Stokes band at 1.38 mm by pumping at 1.3 mm (Fig. 14a). 
Unlike the previous experiment, the laser operated in the nor-
mal dispersion regime with the total cavity dispersion at the 
signal wavelength of –7.41 ps nm–1. Since the pulse energy is 
not limited by soliton shaping in this regime and, conse-
quently, the multiple pulsing is avoided, the high energy 
pulses can be produced without pulse breaking [128 – 130]. 
The threshold of mode-locking regime was ~300 mW and the 
highest value of average output power of 70 mW was achieved 
at 1 W of pump power (Fig. 14b). The shortest pulse duration 
estimated from a sech2-fitting of autocorrelation trace was 

1.97 ps (Fig. 14c). Owing to relatively short-length cavity and, 
consequently, low value of cavity dispersion, the time-band-
width product of the pulses was 0.69, which is only 1.36 times 
higher than the transform-limited value. Thus, the applica-
tion of stable and low-noise pump SDLs makes it possible to 
produce fibre Raman lasers emitting short pulses at different 
wavelengths (including 1.38-mm pulses), which are unavail-
able for the gain media based on rare-earth-doped fibres.

5. Supercontinuum generation using 
semiconductor disk lasers

In addition to applications in fibre Raman oscillators, SDLs 
can be employed in other types of the nonlinear-optic devices. 
Ultrabroadband signal generation, also known as supercon-
tinuum generation, is regularly obtained with high power 
ultrashort solid-state or fibre lasers [131]. As a matter of fact, 
the requirements imposed on the pump sources for Raman 
and supercontinuum devices are similar in many respects: the 
efficient light coupling of high power into a small-core single-
mode fibre is a primary objective for both supercontinuum 
generators and Raman devices. Mode-locked SDLs can be an 
interesting alternative to modern pump sources of supercon-
tinuum generators. Pulsed SDLs have a number of significant 
advantages: stable picosecond pulse generation, diffraction-
limited output beam and the opportunity for mode-locked 
operation at the extended spectral range from 900 nm to 
1600 nm [61, 132 – 134]. Therefore, the SDL is a promising 
candidate for supercontinuum generation. Below we demon-
strate supercontinuum generation in a nonlinear optical fibre 
using the picosecond 1.57-mm SDL. This scheme could of 
interest for broadband WDM communication and high reso-
lution optical sensing and detection [135].

The fabrication of high-power SDLs operating in the 
1.5-mm spectral band requires a number of issues to be 
addressed. The active gain medium of such lasers relies on InP 
structures, which are the main material for this spectral range. 
Until recently, such sources were fabricated by growing the 
active medium and a distributed mirror, necessary for the 
implementation of the vertical geometry of the structure dur-
ing a single-step epitaxial process. However, the monolithic 
growth process of InP-based gain mirrors used to date suffers 
from the low refractive index contrast of the layers forming 
the distributed Bragg reflector [1]. Consequently, the large 
number of layers (50 or more) required for growth of a high-
reflectivity reflector induces a significant penalty to thermal 
properties of the gain element. Continuous-wave output 
power from 1.5-mm SDLs using monolithic structure, grown 
by a single-step epitaxial process, was limited to 160 mW at 
room temperature and to 800 mW at –33 ºC [136, 137]. 120-
mW, 3.2-ps pulses were obtained in the mode-locked regime 
at –22 ºC [138]. Another methods based on metamorphic 
growth or using dielectric distributed reflectors allowed the 
power up to 80 mW to be obtained in the cw regime 
[139, 140]. This power, however, is well below the level 
required for supercontinuum applications.

The wafer fusion technology, which allows one to com-
bine the advantages of InP and GaAs semiconductors, which 
can be grown monolithically without many defects, was 
shown to be a promising technique for fabrication of long-
wavelength high-power SDLs [78]. Using this technology, a 
1.57-mm SDL with a GaAs/AlGaAs-based distributed Bragg 
reflector and InP-based active medium producing 4.6 W of 
output power at room temperature was developed [85]. In the 
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mode-locked regime, the laser generated 16-ps pulses with 
0.86 W of average output power [141]. This power level of 
pulsed SDLs is suitable for pumping supercontinuum genera-
tors.

Using the wafer-fusion technique, the SDL generating 
14.4-ps pulses with a repetition rate of 1.6 GHz, average 
power of 400 mW and the central wavelength of 1.565 mm has 
been developed. The pulsed output of the SDL was further 
launched into an Yb/Er-doped fibre amplifier to boost an 
output power. The amplified signal with an average power of 
4.5 W then coupled into a 500-m-long nonlinear highly GeO2-
codoped silica fibre produced spectral continuum spanning 
from 1.35 mm to 2 mm. This is the first demonstration of 
supercontinuum generation using the pulsed 1.5-mm SDL-
based system. Another successful demonstration of this con-
cept reported recently for a 1-mm SDL amplified with an 
Yb-doped multi-stage fibre amplifier reports 4-ps output 
pulses with an average power above 200 W [142].

5.1. High power picosecond hybrid 1.57 mm semiconductor 
disk laser 

The schematic of the pulsed SDL is shown in Fig. 15a. The 
active semiconductor mirror includes a gain section com-
prised of 10 layers of AlGaInAs/InP quantum wells grown on 
a GaAs substrate. The active section was wafer fused with the 
distributed Bragg reflector made of 35 Al0.9Ga0.1As/GaAs 
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layers. Both structures were grown using solid-source MBE 
[141]. Wedged intracavity diamond heat spreader was bonded 
onto the gain element to ensure an efficient heat removal. The 
temperature of the laser was kept at 15 – 17 ºC by means of 
water cooling. A 980-nm fibre-coupled multimode laser diode 
was used as a pump source for an SDL.

Mode-locking was achieved with a GaInNAs-based 
SESAM [61, 143]. With 14.1 W of pump power the laser pro-
duced 400 mW of average output power. Figure 16a demon-
strates the autocorrelation trace and optical spectrum of the 
output pulse train. The 14.4-ps pulse duration was derived 
from the autocorrelation trace by sech2-fitting. The measured 
pulse repetition rate of 1.6 GHz is twice the fundamental rep-
etition rate of the SDL cavity (Fig. 16b). The stable operation 
at higher harmonics is frequently observed in SDLs due to the 
fast recovery time of the gain medium and dynamic gain satu-
ration [144].

The laser output was focused into an angle cleaved single-
mode fibre, followed by an optical isolator to avoid feedback 
to the SDL and to ensure unidirectional amplification 
(Fig. 15b). 100 mW of average power was measured after the 
optical isolator. The SDL output pulses were amplified in a 
5.5-m-long Er/Yb-doped fibre (Nufern SM-EYDF-7/130) 
amplifier pumped by two 980-nm diodes. The highest average 
output power obtained after amplification was 4.5 W, corre-
sponding to pulse energy of 2.8 nJ. The amplified pulse dura-
tion was 15.5 ps (Fig. 16a). The amplified signal was then 
coupled into a nonlinear fibre. The nonlinear silica fibre had 
the GeO2 concentration of 30 mol % and the length of 500 m. 
The core/cladding index difference, numerical aperture and 
zero dispersion wavelength of the fibre were Dn = 0.03, 0.25 
and 1530 nm, respectively. The cut-off wavelength and the 
calculated nonlinear coefficient of the fibre were 1390 nm and 
g = 8.4 W–1 km–1. The zero dispersion wavelength of the non-
linear fibre was chosen to be close to the SDL operation 
wavelength to facilitate better conversion to ultrabroad spec-
trum [131].

5.2. Supercontinuum generation using short pulse 
semiconductor disk laser

Supercontinuum spectra for different pump powers are 
shown in Fig. 17. The optical spectrum ranging from 1320 nm 
to 2000 nm (measured at a 20-dB level) with an output power 

of 3.5 W was obtained for a launched pump power of 4.5 W. 
The width and the spectral shape of the supercontinuum 
could be adjusted with the help of polarisation of the input 
signal.

Thus, the supercontinuum generation using a 1.57-mm 
passively mode-locked semiconductor disk laser was demon-
strated. To our knowledge this is the first demonstration of 
supercontinuum generation using SDL pumping [145].

6. Conclusions 

The semiconductor disk lasers technology has been demon-
strated to be an effective means for optical pumping of fibre 
Raman lasers and amplifiers. This relatively novel type of 
lasers could operate with a low relative intensity noise 
(–150 dB Hz–1) combined with a scalable multiwatt output 
power and nearly diffraction-limited beam quality, which 
allows an efficient light coupling into single mode fibre. To 
date, semiconductor disk lasers are capable of operating in a 
spectral range from 250 nm to 2.5 mm. 

Using semiconductor disk lasers, low-noise fibre Raman 
amplifiers in the copropagation configuration were developed 
for the 1.3-mm spectral range. A hybrid Raman-bismuth-
doped fibre amplifier was proposed for an efficient pump 
light conversion with the gain up to 18 dB. The possibility of 
fabricating picosecond Raman mode-locked fibre lasers oper-
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ating in both normal and anomalous dispersion regimes was 
demonstrated experimentally. Semiconductor disk lasers 
operating at 1.29 mm and 1.48 mm were used as the pump 
sources for short pulse Raman oscillators. The 1.38-mm pas-
sively mode-locked all-fibre Raman fibre laser produced 1.97-
ps pulses with an average output power of 70 mW in the nor-
mal dispersion regime. The 1.59-mm fibre laser with the inte-
grated semiconductor saturable absorber mirror generated 
2.7-ps pulses with an average power of ~60 mW. By utilising 
a picosecond semiconductor disk laser amplified in ytter-
bium-erbium doped fibre amplifier, the supercontinuum gen-
eration spanning from 1.35 mm to 2 mm with an average power 
of 3.5 W was achieved. 

The experimental results show promising opportunities 
offered by the semiconductor disk laser technology for appli-
cation in the nonlinear optics.
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