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Abstract We report femtosecond pulse generation and
chirped pulse amplification in Tm:fiber. A mode-locked

oscillator operating in the soliton regime produced 800 fs

pulses with 5 nm spectral bandwidth, at 40 pJ pulse energy.
This oscillator seeded a pre-amplifier that utilizes a Raman

soliton self-frequency shift to produce wavelength tunable

pulses with 3 nJ energy, reduced pulse duration of 150 fs,
and increased bandwidth of 30 nm. For further amplifica-

tion, the pulses were stretched up to 160 ps using a chirped

Bragg grating (CBG). Stretched pulses were amplified to
85 nJ after compression in single-mode Tm:fiber and

recompressed with the CBG as short as 400 fs. Compressed

pulses were coupled into a highly nonlinear tellurite fiber to
investigate the potential of this ultrashort pulse 2-lm fiber

source as a pump for mid-IR supercontinuum generation.

1 Introduction

Advancements in the development of femtosecond pulsed
laser sources operating in the 2 lmwavelength regimemake

them compelling pumps for mid-IR optical parametric
oscillators [1] and supercontinuum generation [2]. The rate

of development of Tm-doped ultrashort pulsed fiber sources

has increased rapidly with mode-locking through numerous

techniques [3–6], pulse amplification via soliton self-fre-
quency shift (SSFS) [1, 7, 8], and chirped pulse amplification

(CPA) [9–12]. Using SSFS, sub-100 fs pulses operating at

75 MHz with 1 W of average power have been demon-
strated and used to pump a broadband OPO [1]. Long

stretching ratio CPA in thulium fiber has been demonstrated

by two research groups to date; one reaching 151 nJ energy
corresponding to *600 kW peak power and the other gen-

erating 650 nJ pulses with *800 kW peak power [10, 11].

In these cases, long lengths of passive fiber have been uti-
lized to stretch pulse durations to 10’s ps using both normal

and anomalous dispersion fiber [10, 11] with grating-based

compressors in Treacy orMartinez geometries, respectively.
The next major performance threshold for Tm:fiber CPA

systems is to exceed lJ energy and/or MW peak power.

Here, we report a CPA system where pulses were gen-
erated and amplified in Tm:fiber, with pulse stretching and

compressing using a chirped Bragg grating (CBG). The

CBG offers the ability to use a single element for stretching
and compressing of pulses via temporal reciprocity of the

chirped structure in the Bragg grating. This CBG was
fabricated in photo-thermo-refractive glass by Optigrate

Corp. CBGs have been utilized previously at both 1 and

1.5 lm, and achieving compressed pulses with 650 fs
duration and 100 W average power at 1 lm [13, 14]. To

our knowledge, this is the first time a CBG has been used

for CPA in the 2 lm wavelength regime.

2 System design

2.1 Mode-locked oscillator

In this work, femtosecond pulses were generated in an all-

fiber ring cavity pumped by an Er:Yb fiber laser. The
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oscillator, shown in Fig. 1a, contains sections of SMF28E

passive fiber and an uncooled section of *1 m long sec-

tion of non-PM 10/130 Tm-doped fiber (Nufern). The
oscillator was passively mode-locked using a single-walled

carbon nanotube saturable absorber fiber taper [15]

(KPhotonics, LLC) and polarization controllers in the
system. Time-bandwidth limited pulses were output from

the 90/10 tap coupler with pulse durations of *800 fs and

5 nm (FWHM) spectral bandwidth centered at 1,975 nm.
Due to the anomalous dispersion of the fibers in the cavity,

the oscillator operated in the soliton regime with pulse
energy limited to 40 pJ at 60 MHz. The mode-locked

spectrum exhibits Kelly-side bands typically associated

with soliton pulses, shown in Fig. 1b; therefore, a pumped
SSFS amplifier was used to smoothen and broaden the

spectrum for further amplification.

2.2 Soliton self frequency shift amplifier

Output from the mode-locked oscillator propagated
through a free space isolator and half-wave plate before

being coupled into the single-mode PM 10/130 fiber input

port of a 2 ? 1:1 taper fiber bundle (TFB) (ITF Labs/3S
Photonics), as shown in Fig. 2. The TFB was pumped with

a 35 W, 793 nm diode (DILAS Diodenlaser GmbH) with

100 lm diameter delivery fiber, and spliced to a *5 m
long section of PM 10/130 Tm-doped fiber (Nufern). The

active fiber was wrapped around a 11-cm water-cooled

mandrel. This amplifier utilized a Raman-soliton self-fre-
quency shift, where the output signal was tunable from

1,980 to 2,100 nm depending on the diode pump power.

The output of this system produced an amplified pulse with
a smooth spectrum, red-shifted from the oscillator center

wavelength of 1,975 nm. The total output power was split

between the residual oscillator pulse and the frequency
shifted pulse, with *60 % of power in the shifted pulse.

Figure 2 shows both the spectral and temporal character-

istics corresponding to 3 nJ energy in the shifted soliton.
During amplification, the pulse spectral width broadened to

30 nm (FWHM) and the autocorrelation confirms the

pulses are transform-limited with 150 fs (FWHM) pulse

duration. The inset of Fig. 3 b) shows the autocorrelation

on a longer time scale, where the signal from the residual
oscillator pulse is evident *2 ps from the Raman-SSFS

pulse.

2.3 Single mode amplifier

In order to amplify to higher energy, the pulses were
temporally stretched in a CBG. The CBG reflectivity has a

square 52 nm wide bandwidth (Fig. 4) centered at

2,020.5 nm, with both surfaces anti-reflection coated for
1,900–2,200 nm. The reflectivity averages 82 % across the

full reflection bandwidth, and we calculated the group

velocity dispersion is 12.3 ps2 [16]. At this time, we are not
able to measure the stretched pulse directly, but we esti-

mate it to be *160 ps with normal dispersion stretching.
The schematic for the CPA stage of this laser system is

shown in Fig. 5. The Raman-soliton was free space coupled

to the amplifier stage after the pulse was stretched using the
CBG. Using a quarter-wave plate (QWP), upon reflection

from the CBG the polarization orientation was rotated 908
so that the stretched signal was output through the side facet
of a polarizing beam splitter (PBS). The residual signal

from the oscillator pulse centered at 1,975 nm was not

reflected by the CBG and was therefore not amplified.
In order to compress the pulse to the minimum duration, a

section of normal dispersion fiber was inserted to compen-

sate the anomalous dispersion of the fiber in the amplifier;
without this dispersion compensating fiber (DCF), the min-

imum compressed pulse duration was 4 ps. Due to the small

Fig. 1 a All-fiber mode-locked Tm:fiber laser schematic. b Mode-locked oscillator spectrum

Fig. 2 Schematic of the free space polarization components prior to
the Raman amplifier
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mode-field diameter of theDCF, amode field adaptor (MFA)

was fabricated to couple the DCF to SM2000, a non-PM
single-mode fiber with a 11/125 lm core/cladding diame-

ters, to maximize seed coupling into the amplifier. A*9 m

section of DCF, bookended by MFAs, was inserted prior to
the amplifier with *1 dB loss. The SM2000 fiber was

spliced to the undoped fiber pigtail (PM 10/130) of a

polarization-dependent fiber-coupled optical isolator

(Shinkoshsa Co.) to prevent any feedback from the amplifier
and ensure linear polarization of light prior to amplification.

The isolator was spliced to a 4 m section of Tm-doped PM

10/130 fiber that was wrapped around a water-cooled man-
drel for thermal management during amplification. This

single-mode amplifier was counter-propagation pumped

using a 2 ? 1:1 TFB. A final section of undoped PM 10/130
was spliced to the output single port of the TFB and cutback

to fine balance the dispersion of the DCF and anomalous

fiber in the cavity. The pulse was compressed in the CBG
using the opposite facet from that for pulse stretching via

polarization-dependent transmission (input) and reflection

(output) from a PBS.
After stretching in the CBG, the power was *120 mW.

Due to coupling losses from the CBG into the DCF as well

as the insertion loss of the DCF and fiber isolator, we
estimate the average power injected into the Tm:fiber

amplifier was *50 mW. This was amplified to a maximum

average power of 5.8 W with 10 % power in ASE, and was
re-compressed to as short as 400 fs pulse duration. As

shown in Fig. 6, there was a slight increase in pulse

duration from 400 to 550 fs during amplification to 85 nJ,
which we attribute to further truncation of the optical

spectrum during compression.

Fig. 3 a This figure shows the output spectrum in linear and
logarithmic scale as measured with an optical spectrum analyzer.
b The interferometric autocorrelation shows the *150 fs duration of

the pulse. The inset extends the time scale, showing evidence of the
input oscillator pulse *2 ps from the shifted pulse

Fig. 4 Pulse spectrum following the CBG. The red curve shows the
reflectance of the CBG

Fig. 5 Schematic of the
stretching/compressing and
single-mode amplifier.
OI optical isolator, HWP
half-wave plate, QWP quarter-
wave plate, PBS polarizing
beam splitter, CBG chirped
volume Bragg grating,
DCF dispersion compensating
fiber
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As shown in Fig. 7, there was a slight roll-off in the slope
efficiency suggesting that *20 dB is the maximum gain

possible for this single-stage single-mode fiber amplifier.

As shown in Fig. 8a, there is no evidence of spectral
modulation due to self-phase modulation or gain narrowing

during amplification, and there is only a slight blue-shift of

the center wavelength towards the ASE peak near
1,950 nm. Figure 8b shows the final spectrum after com-

pression at 85 nJ. The output appears narrower than the

corresponding case in Fig. 7a, because the beam is slightly
spatially chirped by the CBG; therefore, the collection fiber

for the OSA does not capture the full spectrum.

3 Discussion

One of the major limitations of fiber CPA systems is the

maximum amount of nonlinear phase that can be

Fig. 6 Interferometric autocorrelation of pulses show pulse duration of 400 and 565 fs at a low (30 nJ) and b high energy (85 nJ), respectively

Fig. 7 Amplifier output power with respect to launched pump power,
corresponding to *24 % slope efficiency

Fig. 8 a The spectral output of the single-mode amplifier at both low and high energy prior to compression with the CBG. b The spectral output
of the compressed pulses
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accumulated before proper pulse compression is impossi-

ble, as quantified by the B-integral. We have modeled the
pulse evolution in the single-stage amplifier using Fiber-

Desk and calculated the B-integral to be *1.3 radians.

Assuming a B-Integral limit of p radians, it should be
possible to reach *0.9 lJ in this single-mode amplifier

with this stretch pulse duration with negligible nonlinear

spectral or temporal degradation.
Although the CBG is a simple and compact device

providing temporal reciprocity for stretching and recom-
pressing, it limits the maximum stretch pulse duration and

the spectral bandwidth for CPA. In addition, the bandwidth

of the Raman soliton and the reflectivity bandwidth of the
CBG limit the minimum compressible pulse duration. The

CBG has a rectangular shaped spectrum spanning 52 nm

and the Raman soliton has a FWHM of 30 nm with a
corresponding full width bandwidth [52 nm. Thus, por-

tions of the spectral wings of the input seed are truncated

and the amplified pulse cannot be recompressed to the
input pulse duration. Furthermore, the DCF compensates

the GVD of the amplifier fiber; however, residual TOD and

higher order dispersion are not cancelled. Figure 9 shows a
computer simulation of the Fourier transform of a truncated

hyperbolic secant and the initial hyperbolic secant pulse.

The transform limited pulse duration (FWHM) increases
from 150 to 272 fs between the hyperbolic secant and the

truncated spectrum. Assuming the ideal case of a hyper-

bolic secant pulse shape, the time-bandwidth product of
low energy pulses and 400 fs pulse duration are 0.704 and

0.98 at the highest energy. Taking into account the trun-

cated spectrum, at high energy the pulse duration is double
the time-bandwidth limit.

In order to verify and utilize the high peak power

(150 kW) of the compressed pulses, we investigated

spectral broadening in a short section of highly nonlinear

fiber. The fiber was made using tellurite glass with molar
composition 73 % TeO2–20 % ZnO–5 % Na2O–2 %

La2O3 with a refractive index of 1.98 at 1.5 lm. A more

detailed description of the properties of the glass is given in
[17]. To fabricate the fiber, we produced a suspended core

preform and a jacket tube using the billet extrusion tech-

nique [18]. The glass billet for extrusion of the suspended
core preform was melted in controlled dry atmosphere,

which reduced the OH content by an order of magnitude
compared with glass melted in open air [19]. The sus-

pended core preform was first drawn down to a cane of

*2 mm diameter, then the cane was inserted into the
jacket tube having 10-mm outer diameter. Finally, the

cane-in-tube assembly was drawn down to fiber, whereby

the top of the cane was sealed to avoid hole closure via
self-pressurization of the cane holes [20]. An SEM image

of the fiber is shown in Fig. 10. The fiber has an outer

diameter of 200 lm and a core diameter of 3.1 lm.
Compressed pulses were coupled into the tellurite fiber

with *10 % coupling efficiency at input energies of 2 and

14 nJ corresponding to *0.2 and *1.4 nJ in the fiber,
respectively. Figure 11 shows the output spectra for these

two energies. Despite the *90 % coupling loss, at the

maximum peak power in the fiber of *3.5 kW spectral
broadening spanned 1,850–2,300 nm at the -20 dB level.

Simulation has shown that pumping similar TeO2 fibers

with 75 kW peak power near the zero dispersion wave-
length at 1.93 lm should generate a broad supercontinuum

from \1 to [4 lm [2]. These results represent initial

results with this non-optimized tellurite fiber, but we
anticipate significant improvement through optimization of

the zero dispersion wavelength and improvement of the

pump coupling.

Fig. 9 Fourier transform of a hyperbolic secant function and a
truncated hyperbolic secant. This graph simulates the transform
limited pules expected with compression using a CBG Fig. 10 SEM image of the tellurite fiber used for spectral broadening
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4 Conclusion

In this work, we have demonstrated the generation and
amplification of femtosecond pulses in thulium-doped

fiber. To our knowledge, this is the first time that a CBG

has been used to stretch and recompress pulses at wave-
lengths near 2 lm and, it is clear that we have not yet

reached the limits of CBG technology in terms of peak

power or average power. The compressed pulses were
input into a highly nonlinear fiber to demonstrate spectral

broadening and confirm the utility of this ultrashort pulse

Tm:fiber source for supercontinuum generation. The sys-
tem will be the front end for ongoing efforts to further

amplify in large mode-area to lJ-energies and MW peak

powers.
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