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Concept

External	source	of	8	–
10um	stretched	pulses

1ns	1.2-1.5J	at	2.75um	at	kHz	rep.	rates

1ns	8-12um	
stretched	pulse

OPCPA
Compressor

80fs	80mJ	=	1TW	@	8-12um

Fiber	amplifier	array

Monolithically	integrated	fiber	
laser	array

• Exploit	monolithic-integration	advantages	of	
fiber	technology	to	develop	compact,	power	
and	energy	scalable	OPCPA	pump	source

• Exploit	efficiency	of	OPA	pumping	at	2.75!m	
into	8-12!m	range
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10kW	cw fiber	laser

Commercial	100kW	cw fiber	laser!

37.5%	Wall-plug	efficiency!

Example	of	fiber	laser	integration:
100kW	modular-integrated	industrial	laser	system



Why	2.75!m	pumping?
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1 !m	pumping

2 !m	pumping

2.75	!m	pumping

• Quantum	defect	11%	(for	1	!m	� 9	!m)
• Signal	losses	at	8-12!m
• Relatively	narrow	signal	bandwidth

• Quantum	defect	21%	(for	2	!m	� 9	!m)
• Signal	losses	at	8-12!m
• Relatively	narrow	signal	bandwidth

• Quantum	defect	31%	(2.75	!m	� 9	!m)
• No	signal	losses	at	8-12!
• Broadband	signal	covering	8-12!m



Why	Er:ZBLAN fibers?
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efficiency of the laser transition is close to 100% while the quantum 
defect — that is, the difference between the pump and laser photon 
energies — is typically less than 10%. Second, the use of silicate 
glass optical fibre provides the system with a significant degree of 
robustness and power-handling capability. Third, the constraints on 
the Yb3+ concentration are relaxed because the ‘two level’ energy 
level structure mitigates energy transfer between the Yb3+ cations; 
energy transfer can be a source of excitation loss for other rare-
earth cations. Yb3+-doped silicate glass fibre lasers emitting at 
around 1 μm are therefore incredibly practical devices, but extend-
ing the emission wavelength from fibre lasers towards and into the 
mid-infrared will be necessary for a large number of existing and 
future applications.

The task of engineering a fibre laser becomes easier at longer 
wavelengths, owing to a number of optical scaling factors. In the 
weakly guiding approximation, the mode area of the lowest-order 
mode scales as λ2, where λ is the laser wavelength; for example, 
the LP01 mode at 2 μm has four times the area of the same mode at 
1 μm. This has a profoundly beneficial effect on the power scaling 
potential of fibre lasers. Because losses due to nonlinearity scale 
with light intensity, Brillouin and Raman scattering are lower at 
longer wavelengths and so optical damage thresholds are increased. 
The size of the mode can also be increased by using smaller refrac-
tive index contrasts15 or holey fibre16. Translating these methods to 
longer wavelengths provides further potential for power scaling.

Moving further into the infrared and away from the bandgap of 
a given glass means that more photons are required to bridge the 
bandgap, which raises the ablative threshold and thus lowers the 
loss from two-photon absorption. Stokes emission generated from 
Raman scattering is also weaker at longer wavelengths17. The forma-
tion of colour centres resulting from localized charge regions is a 
problem for some Yb3+-doped silicate glasses because the resulting 
absorption features located in the visible region have long absorp-
tion tails that overlap with the pump and emission wavelengths of 
Yb3+ (refs 18,19). The absorption strength diminishes and therefore 
potentially becomes less problematic at longer wavelengths; for 
example, with silicate glass fibre lasers that operate at 2 μm.

Unfortunately, extending the emission wavelength of fibre lasers 
beyond the natural loss-minimum of silicates at 1.5  μm remains 
a significant challenge. The physical properties of the glass com-
prising some fibres, such as low values for background absorption, 
thermal conductivity and glass transition temperature, nega-
tively impact the output performance beyond this loss minimum. 
Infrared transmission in the glass is controlled by the phonon den-
sity of states, which means that the longest emitting wavelength 
from a fibre laser is always shorter than its maximum transmissible 
wavelength because the phonon density of states determines the 
radiative efficiencies of the fluorescence transitions of the rare-
earth cations. Significant research has been directed towards the 
development of glasses that have the combined characteristics of 
low maximum phonon energy and fibre ‘drawability’ while main-
taining amorphousness and low loss. Only a small number of 
glasses currently have these characteristics.

Table B1 | Characteristics of infrared fibre lasers with emission wavelengths ≥1.5 μm.

Dopant(s) Host glass Pump λ (μm) Laser λ (μm) Transition Output power (W) Slope efficiency (%) Reference

Er3+, Yb3+ Silicate 0.975 1.5 4I13/2 → 4I15/2 297 19 21

Tm3+, Ho3+ ZBLAN 0.792 1.94 3F4 → 3H6 20 49 33
Tm3+ Silicate 0.793 2.05 3F4 → 3H6 1,050 53 22

Tm3+, Ho3+ Silicate 0.793 2.1 5I7 → 5I8 83 42 34

Ho3+ Silicate 1.950 2.14 5I7 → 5I8 140 55 23

Tm3+ ZBLAN 1.064 2.31 3H4 → 3H5 0.15 8 35

Er3+ ZBLAN 0.975 2.8 4I11/2 → 4I13/2 24 13 24

Ho3+, Pr3+ ZBLAN 1.1 2.86 5I6 → 5I7 2.5 29 25

Dy3+ ZBLAN 1.1 2.9 6H13/2 → 6H15/2 0.275 4.5 36

Ho3+ ZBLAN 1.15 3.002 5I6 → 5I7 0.77 12.4 26

Ho3+ ZBLAN 0.532 3.22 5S2 → 5F5 0.011 2.8 27

Er3+ ZBLAN 0.653 3.45 4F9/2 → 4I9/2 0.008 3 28

Ho3+ ZBLAN 0.89 3.95 5I5 → 5I6 0.011 3.7 29
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Figure 2 | Output power from published demonstrations of infrared 
fibre lasers as a function of the emitted wavelength. The reduction in 
output power with increasing emission wavelength is caused primarily 
by the growing quantum defect between the pump photon energy and 
laser photon energy. Cryogenic cooling of the fluoride fibre was needed to 
demonstrate emission at 3.9 μm (ref. 29).
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Figure 2 | Output power from published demonstrations of infrared 
fibre lasers as a function of the emitted wavelength. The reduction in 
output power with increasing emission wavelength is caused primarily 
by the growing quantum defect between the pump photon energy and 
laser photon energy. Cryogenic cooling of the fluoride fibre was needed to 
demonstrate emission at 3.9 μm (ref. 29).
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Figure 2 | Output power from published demonstrations of infrared 
fibre lasers as a function of the emitted wavelength. The reduction in 
output power with increasing emission wavelength is caused primarily 
by the growing quantum defect between the pump photon energy and 
laser photon energy. Cryogenic cooling of the fluoride fibre was needed to 
demonstrate emission at 3.9 μm (ref. 29).
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the fluoride fiber and its hygroscopic nature have hindered its
commercial use, and there are currently limited commercial com-
ponents (i.e. splitters/coupler, wave-division multiplexors) avail-
able. The increasing interest in mid-IR fiber lasers, however, has
led to a variety of companies producing un-doped and rare-earth
doped fluoride fibers. The price per meter of doped fluoride fibers
is currently at least 1 order of magnitude higher than doped silica
fiber.

Mode-locked fiber laser sources in the wavelength region
beyond 2 lm are an exciting prospect due to the host of applica-
tions involving molecular absorption. Traditionally, ultrashort

pulse generation in the mid-IR has involved nonlinear parametric
processes that convert near-IR light into the mid-IR [38]. While
these optical parametric oscillators/amplifiers have demonstrated
near single-cycle pulses [39], they rely on several complex compo-
nents and free-space sections with nonlinear crystals. Alterna-
tively, transition-metal doped chalcogenide glass lasers such as
Cr2+:ZnSe [40] and Cr2+:ZnS [41] can operate fundamentally in
the mid-IR and emit ultrashort pulses (<100 fs). However, these
systems still rely on free-space components and bulk optics. Thus,
a compact, all-fiber mode-locked system operating fundamentally
in the mid-IR remains an attractive option in terms of cost, robust-
ness, efficiency, power scalability, and beam quality.

3.1. Dispersion of silica and ZBLAN

Apart from differences in physical parameters, silica and ZBLAN
present slightly different dispersion profiles (see Fig. 4, both fibers
un-doped). The linear index of refraction is slightly lower for
ZBLAN [43] than silica at all wavelengths [34], while the nonlinear
index of refraction (n2 ! 2.1 " 10#20 m2/W) [44] is comparable to
silica (n2 ! 2.7 " 10#20 m2/W) [45]. An important difference in
mode-locked lasers based in silica versus those in ZBLAN is the lack

Fig. 1. Shortest pulse duration achieved directly from the oscillator for various mode-locked fiber laser systems. The theoretical minimum, given by the gain bandwidth limit
of each particular ion, is plotted to illustrate the research progress made on each system. Popular systems such as Yb, Er, and Tm have nearly achieved the shortest pulse
possible in the near-IR, while longer wavelength mid-IR systems such as Tm, Tm–Ho, Er and Ho have significant room for improvement. The 2.75 lm transition of Er has
produced pulses using saturable absorption, but no mode-locked pulse was measured.

Fig. 2. Calculated multiphonon decay rates, at room temperature, for various
glasses as a function of wavelength. In a rare-earth doped gain medium, the x-axis
of this plot could be thought of as the lasing wavelength of the doped ion. The
multi-phonon decay rate increases exponentially with the number of phonons
required to bridge the energy gap of the laser transition. Phonon energies of the
glasses are: silica (1100 cm#1) [31], ZBLAN (565 cm#1) [32], and GaLaS (425 cm#1)
[29].

Fig. 3. Propagation loss spectrum of un-doped silica vs un-doped ZBLAN in the
near- and mid-IR. The low phonon energy of ZBLAN allows for light propagation to
4 lm.

D.D. Hudson / Optical Fiber Technology 20 (2014) 631–641 633
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Er:ZBLAN fiber	based	
Pulsed	Source

Er:ZBLAN fiber	
amplifier	array

Amplitude	and	Phase	
Modulator	Pair

Beam	
Combiner

Pulse	
Stacker

External	source	of	8	–
10um	stretched	pulses

Control	system

~200-600	parallel	channels	(assuming	2-6mJ	per	channel)

Trigger	signal

(20-40)x1ns	pulse	burst	at	2.75um

1ns	1.2-1.5J	at	2.75um

1ns	8-12um	
stretched	pulse

OPCPA
Compressor

80fs	80mJ	@	8-12um

Architecture 1: 
OPCPA pump using a directly modulated source



Er:ZBLAN fiber	based	
ML	Oscillator	+	Amplif.

Er:ZBLAN fiber	
amplifier	array

Amplitude	and	Phase	
Modulator	Pair

Beam	
Combiner

Pulse	
StackerStretcher

Supercontinuum	or	
parametric	down-
conversion

Stretcher

1ns	8-12um	
stretched	pulse

OPCPA
Compressor

80fs	80mJ	@	8-12um

Control	system

(20-40)x1ns	pulse	burst	at	2.75um

~200-600	parallel	channels	(assuming	2-6mJ	per	channel)

1ns	1.2-1.5J	at	2.75um

Architecture 2: 
OPCPA pump using a mode-locked oscillator



• Advantages:
– Direct	pulse	forming	by	

modulation
• Electronic	synchronization	

with	OPCPA	seed	source
• no	stretcher

– Simple	source	(single-
frequency	Er:ZBLAN cw
laser)

• Challenges:
– Speed	of	EOM	modulators	at	

2750nm?
– high	gain	pre-amplifier	

chain/ASE	suppression?

10

Comparison of the two architectures

• Advantages:
– Automatic	

synchronization	with	
OPCPA	seed

– Low	speed	EOM	at	
2750nm	are	sufficient

• Challenges:
– Stretcher	is	required
– Low	in-burst	repetition	

rate	– increases	
stacker	size	or	reduces	
its	efficiency

Architecture	1: Architecture	2:



Current	State-of-the-art	in
Coherent	Pulse	Stacking	Amplification
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DOE	funded	LPA	driver	development	of	time- and	
spatially-combined	Yb-fiber	arrays	at	1!m

Beam	
splitter

Beam/spectrum	
combiner

Amplitude	&
Phase	Mod.

Stretcher

GHz	oscillator

Control	hardware	and	software

Rep.-rate	
multiplier

Fiber	amplifier	modules
CompressorPulse	stacker

Pulse-burst	amplitude	and	phase	control

FP	cavity	stabilization

Amplifier	gating	and	
phase	control

GTI	phase	stabilization

Monitoring	inputs

Fiber	amplifier	module

Fiber	amplifier	module

• Bulk	of	the	system	is	envisioned	to	be	an	
integrated	rack-mount	assembly	of	
multiple	fiber-laser	“circuit	boards”

• Provides	with	a	scalable	architecture	of	
>30%	WPE	laser	drivers	with	Epulse 0.1J	- >	
10J	at	kHz	repetition	rates



DNN	and	DHS	funded	high	energy	and	power	Thomson-
scattering	source		for	mono-energetic	gamma	rays	
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ν

Beam	
splitter

Beam	
combiner

Amplitude	&
Phase	Mod.

Stretcher	&	
spectral	splitter

GHz	oscillator

Control	hardware	and	software

Rep.-rate	
multiplier

Fiber	amplifier	modules
Compressor	&	
spectral	combiner

Pulse	stacker

Pulse-burst	amplitude	and	phase	control

FP	cavity	stabilization
Amplifier	phase	control	and	stabilization

GTI	phase	stabilization

Monitoring	inputs

Spectral	and	space	combined	system	for
synthesizing	flat-top	high	energy	ps pulses
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• CPA	reduces	peak	power	by	~105

• ~104 to	105 energy	increase	comes	from	pulse	stretching

• In	a	solid-state	CPA	- further	101 to	102 energy	increase	from	transverse	crystal	size	scaling

• In	a	fiber	CPA:	
• Limited	transverse	aperture	scaling	- achievable	energies	are	~2	orders	of	magnitude	below	

stored	energy	level

• To	extract	full	energy	from	a	fiber:	extend	pulse	duration	by	further	~102

Amplified	
signal

Oscillator

Stretcher Compressor

Compressed	
output	signal

Amplifier

D.	Strickland,	G.	Mourou,	“Compression	of	amplified	chirped	optical	pulses,”	

Optics	Communications,	vol.	56,	pp.	219-221	(1985)

Stretched	signal		
(by	~104 times)

Chirped	Pulse	Amplification	(CPA)



Energy Scaling of Fiber based CPA and CPSA Systems
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Coherent	Pulse	Stacking	Amplification	(CPSA)
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Oscillator EOM-A EOM-P

Stretcher

tt t

SM AOM SM AOM LMA AOM 85CCC 85CCC

~1GHz mode-locked 
pulse train

~100-pulse amplitude- and 
phase-modulated 
stacking burst

Pulse 
compressor

After ~1ns stretching:
effectively ~100ns long pulse 

Fiber Amplifier Chain

Burst shape:
- compensates gain saturation
- equalizes nonlinear phase within 

the burst

Pulse stacker

t

Stacking Burst Formation

Signal Amplification/Energy Extraction

Pulse Stacking and Compression
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Er:ZBLAN properties,	technical	challenges,	
and	proposed	research	directions
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Spectroscopic	properties
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share non-bridging oxygen atoms. The nephelauxetic effect causes 
the absorption and emission peaks of rare-earth cation transitions 
to red-shift to longer wavelengths with increasing covalency of the 
bonding between the network formers38.

The fluorescence spectra of the near-infrared transitions from 
fibre lasers relevant to this Review are shown in Fig. 4. The quasi-
three-level transitions of the large-Z rare-earth cations thulium iii, 
holmium  iii and erbium  iii, which fluoresce in the range of 1.5–
2.2 μm, are responsible for the highest powers available from fibre 
lasers emitting in the λ > 1.5 μm region of the near-infrared. The 
output power performance of such devices relates to strong absorp-
tion by the thulium, holmium and erbium cations, which overlaps 
with the emission from commercial off-the-shelf high power diode 
lasers and the excellent physical properties of the silicate glasses 
used to create the fibre. Fibre lasers employing the Tm3+ cation39–42 
with emission at around 2 μm are the most powerful, efficient and 
developed of these fibre lasers. These devices are excited with estab-
lished diode lasers emitting at 0.79  μm, and their output can be 
tuned from at least 1.86 μm to around 2.09 μm (ref. 43). With the 
implementation of Tm3+ concentrations exceeding 2.5  wt%, com-
bined with cluster-reducing co-dopants that mitigate gain-lowering 
energy transfer upconversion processes, cross-relaxation between 
neighbouring Tm3+ cations can nearly double the slope efficiency44. 
Cross-relaxation (‘two-for-one’ excitation; Fig. 5) is resonant in sili-
cate glass, thus providing one of the most efficient ways to generate 
2 μm light from commercial diode laser pump sources. The 5I7 → 5I8 
transition of Ho3+ has a peak emission wavelength of 2.1 μm, which 
overlaps with an important atmospheric transmission window. This 
transition is also acceptable for resonant pumping with Tm3+-doped 
silicate glass fibre lasers45, which introduces a small quantum defect 
of <7%. Ho3+ fibre lasers were initially46 co-doped with Tm3+ sen-
sitizer cations to exploit the diode-pumpable absorption of Tm3+, 
although loss of excitation to energy-transfer upconversion and 
reversible energy-transfer between the first excited states of Tm3+ 
and Ho3+ limited the power, extractable energy and efficiency of this 
technique. Doping aluminosilicate glass with only Ho3+ cations sup-
ports a large short-pulse extraction efficiency and has the potential 
to reduce the sensitivity of gain to temperature. The demonstration 
of direct diode pumping47 with Ho3+ opens up additional power-
scaling opportunities.

Extending the laser wavelength further into the infrared has 
necessitated the use of fluoride glass fibre, owing to its low pho-
non energy. Figure 4 shows the primary fluorescence transitions at 
around 3 μm from rare-earth cations doped into fluoride glass. The 
fluorescence spectra tend to cluster in a region that spans approxi-
mately 0.6 μm. The most developed fibre laser in this spectral region 
is the Er3+-doped fluoride fibre laser, which can be tuned48 across 
the range of 2.71–2.88 μm. Engineering the stability and efficiency 
of the output from a fluoride fibre laser — a necessary requirement 
for commercial exploitation — is made possible by writing Bragg 
gratings49 and splicing glass caps50 to the ends of the fibre. The over-
lap of the upper laser level absorption with highly developed diode 
lasers emitting at 0.98 μm, combined with effective cooling of Er3+-
doped double-clad fluoride fibre, has resulted in output powers of 
up to 24 W at wavelengths of around 2.8 μm (ref. 24). When high-
quality Er3+-doped double-clad fluoride fibre with a background loss 
of <100 dB km–1 is combined with a high Er3+ concentration and an 
optimally engineered fibre laser resonator, energy transfer upconver-
sion (Fig. 5) effectively de-populates the lower laser level and ‘recy-
cles’ the excitation to produce slope efficiencies of 35.6%51 — a value 
that exceeds the Stokes efficiency limit. Engineering the effective 
de-population of the lower laser level is required because the upper 
laser level has a shorter luminescence lifetime than the lower laser 
level. Recent studies52 suggest, however, that the energy transfer rate 
parameters may be at least an order of magnitude smaller in fibres 

than in bulk glass, and thus the Stokes-exceeding slope efficiency 
in the above demonstration51 required a large Er3+ concentration. 
Cascade lasing53–55 the transitions of 2.8 μm and 1.5 μm offers a solu-
tion to the problem of managing the heat generated due to the com-
paratively low optical conversion efficiencies of single-transition Er3+ 
systems. Pump-excited state absorption from the upper laser level 
(Fig. 3) creates a roll-off in the calculated56 and measured51 output 
power and thus presents a significant problem for power-scaling the 
output from Er3+-doped fluoride fibre lasers pumped to the upper 
laser level. Ho3+-doped fluoride fibre57, which has a wide emission 
range of 2.8–3.02 μm, has the advantage of reduced pump-excited 
state absorption and a higher Stokes limit when the upper laser level 
is diode-pumped at 1.15 μm. However, the present maximum out-
put power of this system is an order of magnitude lower than that 
of an Er3+-doped fluoride fibre laser because the low demand for 
diode lasers operating at 1.15 μm means that beam-combining and 
brightness-conserving power-scaling technologies have not been 
expanded to these pump sources. An opportunity to increase the 
power and wavelength of 3-μm-class fibre lasers has recently been 
demonstrated26 using cascade lasing of both the 2.9 μm and 2.1 μm 
transitions of Ho3+.

Host materials
The typically long (>1 m) optical path length of a fibre laser means 
that glasses must exhibit low impurity, low scattering loss, a large 
Hruby parameter58 and a low maximum phonon energy. For emis-
sion in the 1–2.2 μm region, the low loss and physical strength of 
silicate glasses has made them remarkably useful hosts for rare-earth 
cations emitting in this region. Fluoride glasses have high efficiency 
and moderate output power in the 2.3–3.5 μm region, and are now 
maturing to commercial levels. Beyond 3.5  μm, however, only a 
small number of glasses have the suitably low phonon energy that 
provides the necessarily high transmission of the fibre and sufficient 
radiative efficiency for the rare-earth cation transitions. Laser emis-
sion at 3.9 μm was demonstrated under cryogenic conditions from 
a Ho3+-doped fluoride fibre laser29. This result remains the longest 
wavelength emitted from a fibre laser — no laser emission beyond 
1 μm has yet been achieved using a rare-earth-cation-doped chalco-
genide glass fibre.
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• Emission	cross-section	peak	values	are	similar	at	various	wavelengths

• However,	since	Esat ~	1/λ ,	achievable	pulse	energies	tend	to	decrease	with	
increasing	wavelength

S. D. Jackson, Nature Photonics, vol. 6, 423 (2012) 



Summary	of	Er:ZBLAN fiber	laser	results

• Max	slope	efficiency:
– 35.4%	with	20W	cw output	(air	cooled)

• Note:	quantum	defect	is	35%	for	980nm	pumping!

• Max	power:
– 30W	cw with	188W	@ 980nm

• Max	pulse	energies:
– 0.6	mJ in	50ns	(Q-switched)
– 1.9	mJ (pulse	pumped)

• Shortest	pulse	durations:
– ~200fs	at	55MHz	from	a	NPE	mode-locked	laser	

• Note:	Bandwidth-limit	<100fs
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laser diode pulses into femtosecond pulses through modula-
tion instability, and the spectrum is then broadened primar-
ily through self-phase modulation and stimulated Raman
scattering in the following ZBLAN fiber. A supercontinuum
with a spectrum from 0.8 µm to 4.5 µm, an average power
of 23 mW, and a spectral power density of −20 dBm/nm
was achieved. In contrast to femtosecond pulse, nanosecond
pulse can be readily amplified by multiple stages of fiber
amplifiers. Therefore, using nanosecond pulse to generate
supercontinuum is more scalable with recent advances of
high-power fiber amplifiers. The average power of the
supercontinuum was scaled up to 1.3 watts when a three-
stage fiber amplifier was used [185] and up to 10.5 watts
when a more powerful power amplifier was used [186, 187].
However, the short wave edge is limited to 0.8 µm and the
plug-in efficiency is still low due to the small efficiency
of erbium fiber amplifiers at 1.55 µm. The two problems
may be solved by pumping ZBLAN fiber with 1 µm laser.
Recently, when a 2.5-cm-long fluoride fiber was pumped
by a 1450 nm femtosecond laser, supercontinuum from 0.35
µm to 3.85 µm was generated [188]. However, all these
supercontina mentioned above are temporally incoherent.
A method to generate coherent mid-infrared broadband
continuum in nonuniform ZBLAN fiber taper was proposed
[189]. It is believed that high efficiency and high-power
supercontinuum covering a spectral region from 0.2 µm to
4.5 µm or a longer wavelength will emerge in the near future
considering recent progress of high-power 1 µm fiber laser
and amplifiers and microstructured ZBLAN fibers [190].
It should be noted that other soft-glass fibers with high
nonlinearities [191–193] have also been demonstrated and
proposed to generate ultra-broad supercontinuum. Though
ZBLAN glass has the nonlinearity even less than that of silica
glass, ZBLAN fibers are superior to other soft-glass fibers for
high-power supercontinuum generation due to their much
lower background loss and relatively higher strength.

4. Discussion and Prospect

With the advent of reliable and high-brightness diode pump
lasers and double-clad fibers that facilitate coupling the
highly elliptical pump light into the fiber, output power of
single-mode fiber laser has been significantly increased over
the past decade. Output power of 6 kW has been successfully
demonstrated in the Yb3+-doped single-mode silica fiber
[5]. Now ZBLAN fiber lasers can provide >20 W output
at mid-infrared [16]. Evolutions of Yb3+-doped silica and
Er3+-doped ZBLAN fiber lasers are illustrated in Figure 13.
Although fragility and low transition temperature restrict the
extractable output of ZBLAN fiber lasers, there are still some
space for power scaling and output power over 100 watts is
possible.

Basically, nonlinear phenomena such as stimulated
Raman scattering (SRS) and stimulated Brillouin scatter-
ing (SBS), thermal effects, and optical damage are major
constraints on power scaling of CW fiber lasers. SRS and
SBS resulting from stimulated inelastic scattering processes
transfer a part of the energy of the incident light to the glass
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Figure 13: Evolution of continuous-wave output of single-mode
1 µm silica fiber laser and 2.7 µm ZBLAN fiber laser over the past
decade.

host in the form of excited vibrational modes and red-shift
the wavelength of the light. Both processes lead to significant
power loss and deteriorate the performance of high-power
fiber lasers. Though the chief advantage of fiber lasers over
bulk solid-state lasers is their outstanding heat-dissipation
capability due to the large ratio of surface area to volume
of the fiber allowing effective heat dissipation with minimal
heat-sinking requirements, heat generation during a very
high-power operation can still destroy an optical fiber, via
thermal damage of the coating, fracture, or even melting
of the core. Due to the occurrence of self pulsing, optically
induced damage is also a hindrance of power scaling of
fiber lasers [14]. Generally, for silica fiber lasers, nonlinearity
limits the performance of the fiber systems before limits
due to thermal effects or fracture of the fiber are reached.
For ZBLAN fiber lasers, however, thermal effects and optical
damage always happen at a power level much lower than
that for the occurrence of nonlinear phenomena due to
the low transition temperature (∼260◦C) and the fragility
of ZBLAN glass. Therefore, avoiding optical damage and
reliving thermal effects are two routes to beak through the
power limits of ZBLAN fiber lasers.

Self-pulsing has been frequently observed in high-power
fiber lasers [14, 15, 194]. It can be induced by relaxed
oscillation, saturated absorption effect, SRS, and SBS. The
pulses caused by these instabilities carry sufficient optical
energy to cause catastrophic damage to the fiber facets.
The damage threshold of rare-earth-doped ZBLAN glass
is about 25 MW/cm2 as measured by using 10-ms long
pulses at 2.8 µm [14]. The damage threshold of ZBLAN fiber
with respect to the core diameter is plotted in Figure 14.
Large-mode-area fiber can effectively increase the extractable
power of a ZBLAN fiber laser. It is also found that dual-
end pumping configuration can effectively suppress the self-
pulsing in ZBLAN fiber lasers [194].

With recent ZBLAN fiber technology, sing-mode infrared
fiber with a core diameter of tens of microns can be fabricated
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laser diode pulses into femtosecond pulses through modula-
tion instability, and the spectrum is then broadened primar-
ily through self-phase modulation and stimulated Raman
scattering in the following ZBLAN fiber. A supercontinuum
with a spectrum from 0.8 µm to 4.5 µm, an average power
of 23 mW, and a spectral power density of −20 dBm/nm
was achieved. In contrast to femtosecond pulse, nanosecond
pulse can be readily amplified by multiple stages of fiber
amplifiers. Therefore, using nanosecond pulse to generate
supercontinuum is more scalable with recent advances of
high-power fiber amplifiers. The average power of the
supercontinuum was scaled up to 1.3 watts when a three-
stage fiber amplifier was used [185] and up to 10.5 watts
when a more powerful power amplifier was used [186, 187].
However, the short wave edge is limited to 0.8 µm and the
plug-in efficiency is still low due to the small efficiency
of erbium fiber amplifiers at 1.55 µm. The two problems
may be solved by pumping ZBLAN fiber with 1 µm laser.
Recently, when a 2.5-cm-long fluoride fiber was pumped
by a 1450 nm femtosecond laser, supercontinuum from 0.35
µm to 3.85 µm was generated [188]. However, all these
supercontina mentioned above are temporally incoherent.
A method to generate coherent mid-infrared broadband
continuum in nonuniform ZBLAN fiber taper was proposed
[189]. It is believed that high efficiency and high-power
supercontinuum covering a spectral region from 0.2 µm to
4.5 µm or a longer wavelength will emerge in the near future
considering recent progress of high-power 1 µm fiber laser
and amplifiers and microstructured ZBLAN fibers [190].
It should be noted that other soft-glass fibers with high
nonlinearities [191–193] have also been demonstrated and
proposed to generate ultra-broad supercontinuum. Though
ZBLAN glass has the nonlinearity even less than that of silica
glass, ZBLAN fibers are superior to other soft-glass fibers for
high-power supercontinuum generation due to their much
lower background loss and relatively higher strength.

4. Discussion and Prospect

With the advent of reliable and high-brightness diode pump
lasers and double-clad fibers that facilitate coupling the
highly elliptical pump light into the fiber, output power of
single-mode fiber laser has been significantly increased over
the past decade. Output power of 6 kW has been successfully
demonstrated in the Yb3+-doped single-mode silica fiber
[5]. Now ZBLAN fiber lasers can provide >20 W output
at mid-infrared [16]. Evolutions of Yb3+-doped silica and
Er3+-doped ZBLAN fiber lasers are illustrated in Figure 13.
Although fragility and low transition temperature restrict the
extractable output of ZBLAN fiber lasers, there are still some
space for power scaling and output power over 100 watts is
possible.

Basically, nonlinear phenomena such as stimulated
Raman scattering (SRS) and stimulated Brillouin scatter-
ing (SBS), thermal effects, and optical damage are major
constraints on power scaling of CW fiber lasers. SRS and
SBS resulting from stimulated inelastic scattering processes
transfer a part of the energy of the incident light to the glass

0

1

2

3

4

5

6

Y
b:

si
lic

a
fib

er
la

se
r

ou
tp

ut
(k

W
)

1992 1994 1996 1998 2000 2002 2004 2006 2008 2010

Year

0

4

8

12

16

20

24

Er
:Z

B
LA

N
fib

er
la

se
r

ou
tp

ut
(W

)

Yb:silica
Er:ZBLAN

IPG
Kyoto

IPGUNM
UNM

UNM IPG

Figure 13: Evolution of continuous-wave output of single-mode
1 µm silica fiber laser and 2.7 µm ZBLAN fiber laser over the past
decade.

host in the form of excited vibrational modes and red-shift
the wavelength of the light. Both processes lead to significant
power loss and deteriorate the performance of high-power
fiber lasers. Though the chief advantage of fiber lasers over
bulk solid-state lasers is their outstanding heat-dissipation
capability due to the large ratio of surface area to volume
of the fiber allowing effective heat dissipation with minimal
heat-sinking requirements, heat generation during a very
high-power operation can still destroy an optical fiber, via
thermal damage of the coating, fracture, or even melting
of the core. Due to the occurrence of self pulsing, optically
induced damage is also a hindrance of power scaling of
fiber lasers [14]. Generally, for silica fiber lasers, nonlinearity
limits the performance of the fiber systems before limits
due to thermal effects or fracture of the fiber are reached.
For ZBLAN fiber lasers, however, thermal effects and optical
damage always happen at a power level much lower than
that for the occurrence of nonlinear phenomena due to
the low transition temperature (∼260◦C) and the fragility
of ZBLAN glass. Therefore, avoiding optical damage and
reliving thermal effects are two routes to beak through the
power limits of ZBLAN fiber lasers.

Self-pulsing has been frequently observed in high-power
fiber lasers [14, 15, 194]. It can be induced by relaxed
oscillation, saturated absorption effect, SRS, and SBS. The
pulses caused by these instabilities carry sufficient optical
energy to cause catastrophic damage to the fiber facets.
The damage threshold of rare-earth-doped ZBLAN glass
is about 25 MW/cm2 as measured by using 10-ms long
pulses at 2.8 µm [14]. The damage threshold of ZBLAN fiber
with respect to the core diameter is plotted in Figure 14.
Large-mode-area fiber can effectively increase the extractable
power of a ZBLAN fiber laser. It is also found that dual-
end pumping configuration can effectively suppress the self-
pulsing in ZBLAN fiber lasers [194].

With recent ZBLAN fiber technology, sing-mode infrared
fiber with a core diameter of tens of microns can be fabricated

Advances	in	OptoElectronics,	vol.	2010,	p1



Er:ZBLAN fiber	laser	challenges

• Multi-mJ pulsed	energy	extraction
– Is	2mJ	– 6	mJ per-burst	achievable?

• Average	power/thermal	issues	due	to	high	QD
– Air	vs	liquid	cooling?

• Efficiency	(i.e.	bottlenecking	in	lower	level)
– Has	been	largely	addressed	by	high	Er3+ doping

• Modal	properties
– Lower	V-numbers	due	to	long	wavelengths:	LMA	vs	single-mode?

• Fiber	end	protection	from	degradation	and	damage
– ZBLAN	endcaps?

• Monolithic	integration	(crucial	for	fiber	array	combining)
– Passive	to	active	ZBLAN	fiber	splicing
– Silica	to	ZBLAN	splicing
– ZBLAN	fiber	pump	combiners*

– ZBLAN	fiber	pigtailing of	components	(isolators,	modulators,	etc.)

23

Fusion-splicing
of	ZBLAN	glass
fibers

*first	demonstration:	“Towards	a	20W-level	industrial-grade	Er:ZBLAN fiber	laser	at	2.8um”
Paper	JTu2A.38,	in	ASSL	2017,	Nagoya,	Japan,	October	1-5	2017
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Silicate glasses remain the most successful fibre host materials. A 
high damage threshold59 of approximately 500 MW cm–2 for doped 
silicate glass ensures robust high-power operation, and fabrication 
using modified chemical vapour deposition ensures excellent glass 
purity. Silicate glasses have high melting points, relatively low ther-
mal expansion coefficients, large tensile strengths, low refractive 
indices and low nonlinearities. All glasses have a low second-order 
nonlinearity, although loss to third-order nonlinearity processes 
such as stimulated Raman scattering can be substantial because 
of the long fibre length and large light intensity in the active core. 
Silicate glasses consist of strongly covalently bonded atoms that form 
a disordered matrix with a range of bond lengths and angles. Silica 
can sustain maximum phonon energies60 of up to 1,100 cm−1, which 
sets an upper limit on the emission wavelength. The giant covalent 
structure of silicate glasses leads to excellent mechanical properties. 
The maximum ‘lattice’ vibration or ‘clustron’ (phonon) energy is the 
most active in multiphonon decay, and the fluctuating Stark field sur-
rounding the rare-earth cation arising from the vibration of the sur-
rounding anions and cations induces non-radiative decay. Because 
the bandgap of silica is 9 eV, loss to two-photon absorption is small 
at infrared wavelengths and Rayleigh scattering loss from the fro-
zen-in density fluctuations in the glass can be as low as 0.15 dB km–1 
(ref. 61). When network formers such as Al2O3 and P2O5 are added 
to silica62, they create the solvation shells necessary for improved 
rare-earth cation solubility to counteract clustering. Unfortunately, 
Rayleigh scattering loss increases as a result of the extra refractive 
index inhomogeneities introduced by the addition of these dopants. 
Emission at 2  μm from Tm3+ and Ho3+ cations doped into silicate 
glasses is highly developed, and a number of commercial systems are 
now available. The longest laser wavelength from a silicate glass fibre 

laser is currently 2.188 μm (ref. 63); lasing at longer wavelengths is 
not expected to be possible in the majority of silicate glasses.

One of the most successful compositions among fluoride glasses64 
is ZBLAN65, which is comprised of 53  mol% ZrF4, 20  mol% BaF2, 
4 mol% LaF3, 3 mol% AlF3 and 20 mol% NaF. The ZBLAN composi-
tion can be varied to introduce certain characteristics: for example, 
adding PbF2, ZnF2 or CaF2 modifies the viscosity and refractive index; 
substituting a proportion of ZrF4 for ThF4 creates better stability 
against crystallization; and substituting ZrF4 with HfF4 regulates the 
glass stability while lowering the refractive index. Fluoride fibre pre-
forms can be created by a number of casting processes66,67, although 
crystallization during cooling often creates scattering centres that 
limit the dimensions of the preform and the maximum length of use-
ful fibre. Geometrical defects such as inclusions and bubbles formed 
during fabrication also cause scattering. Reducing the casting pres-
sure of ZBLAN eliminates bubble formation to allow, when com-
bined with anhydrous fluoride precursors, a minimum fibre loss of 
0.65 dB km–1 at 2.59 μm and <20 dB km–1 at 2.9 μm (which is where 
the O–H impurity stretching vibration in ZBLAN is located68).

The maximum phonon energy of ZBLAN69 is approximately 
565 cm–1, which allows fluorescence at room temperature to occur 
from rare-earth cation transitions comprised of energy gaps larger 
than 2,825 cm–1 (that is, λ < 3.5 μm). ZBLAN has low optical disper-
sion, a low refractive index of 1.49 and a broad transmission window 
(defined here to have an attenuation of less than 200  dB  km–1) in 
the range of 0.2–4.5 μm (ref. 70). Compared with silicate glasses, the 
lower maximum phonon energy of ZBLAN (and thus the extended 
infrared transmission) relates to the weaker bond strength and larger 
reduced mass of the atoms comprising the glass. The fluoride anion 
is singly charged, which, when combined with weaker bonding, 
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Figure 5 | Energy-transfer processes between neighbouring cations relevant to the functioning of Tm3+ and Er3+ fibre lasers. a, Cross-relaxation between 
Tm3+ cations creates two excited Tm3+ cations in the upper laser level for every pump photon excitation. b, Energy transfer between excited Er3+ cations 
forces the de-excitation of one Er3+ cation and the further excitation of the other Er3+ cation taking part in the process. Energy-transfer upconversion 
between two Tm3+ cations excited to the 3F4 level (that is, the reverse of cross-relaxation) can occur with a large rate parameter in a clustered system.
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Outline	of	Research	Directions
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2017 2018 2019 2020 2021 2022

Explore	Er:ZBLAN gain-medium	operation	and	
performance	of	critical	components	at	2.75!m:
- Construct	and	explore	mode-locked	oscillator
- Explore	ns-pulse	modulated	source:	linewidth,	pulse	

duration	and	shape,	2.75!m	EOM	speeds
- Explore	single-mode	and	LMA	amplifiers:	pulse	energies,	

powers;	optical	isolation	and	ASE	gating	between	stages
- Explore	fusion	splicing	ZBLAN:	endcaps,	fibers,	etc.

Er:ZBLAN based	time	and	space	
combined	system	design

Single-channel	pulse	stacking	at	mJ
energies 2.75!m	pulsed	pump	driven	OPA/OPO	

at	8-12!m
2.75!m	pumped	OPCPA	at	8-12!m



Summary

• Er:ZBLAN fiber	platform	offers	an	interesting	
“window”	into	mid-IR	spectral	range

– Compatible	with	ultrashort	pulses

– Potentially	compatible	with	high	energies

• It	is	an	“early	stage”	technology,	which	needs	to	
be	explored.	

– It	has	a	significant	potential	for	future	mid-IR	sources	
(direct	and	parametrically	down-converted)
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