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87-W 1018-nm Yb-fiber ultrafast seeding source
for cryogenic Yb: yttrium lithium fluoride amplifier
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We demonstrate a compact and robust Yb-fiber master-
oscillator power-amplifier system operating at 1018 nm with
2.5-nm bandwidth and 1-ns stretched pulse duration. It pro-
duces 87-W average power and 4.9-pJ pulse energy, constitut-
ing a powerful seed source for cryogenically cooled ultrafast
Yb: yttrium lithium fluoride (Yb:YLF) amplifiers. © 2018
Optical Society of America

OCIS codes: (140.3490) Lasers, distributed-feedback; (140.3280)
Laser amplifiers; (140.7090) Ultrafast lasers.
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High-energy pulses at high average power with subpicosecond
(sub-ps) duration at 1 pm wavelength are desired in many ap-
plications, such as soft x-ray generation [1], optical parametric
chirped pulse amplifier pumping [2], terahertz radiation
generation and amplification, as well as high-brightness photo-
injectors for laser Wakefield acceleration or free-electron lasers
[3]. Room temperature Yb: yttrium aluminum garnet (Yb:YAG)
laser systems are becoming commonplace for producing high
average power and high energy sub-ps optical pulses due to
their high electrical-to-optical efficiency and broadband emis-
sion spectrum. Cryogenically cooling Yb:YAG in composite
thin-disk geometries can further scale up the average power
at the expense of a reduced emission bandwidth that cannot
deliver sub-ps pulses [4]. In contrast, cryogenically cooled
Yb: yttrium lichium fluoride (Yb:YLF) has a gain bandwidth
of several nanometers centered at 1018 nm, enough to support
sub-ps pulse operation [5,6]. Together with a high saturation
fluence, a longer excited state lifetime, and a smaller quantum
defect than Yb:YAG, cryogenically cooled Yb:YLF has the po-
tential for realizing sub-ps laser sources featuring both high
pulse energy and high average power. The larger gain band-
width of cryogenically cooled Yb:YLF is also advantageous
for the application of the chirped-pulse amplification (CPA)
technique. However, a seed laser operating at 1018 nm central
wavelength and with a large stretching factor is required to

0146-9592/18/081686-04 Journal © 2018 Optical Society of America

permit efficient and damage-free energy extraction in the sub-
sequent 100 mJ-class amplifiers under construction [7]. In a
previous implementation of a cryogenic Yb:YLE CPA laser sys-
tem, a Ti:sapphire laser was used as the seeder to reach 100 W
at 10 kHz [6]. However, the low seeding pulse energy (~1 nJ)
at wavelength of 1018 nm required numerous passes in sub-
sequent amplifiers with unfavorable consequences on stability
and spectral narrowing due to the large gain required to achieve
10 m] level pulse energy.

A high-energy (W to sub-mJ) seeding source will facilitate the
implementation of a 100 m] cryogenically cooled Yb:YLF ampli-
fier chain by mitigating amplified spontaneous emission (ASE)
and gain-narrowing in the onwards amplifier chain. Such pJ-
to-m]J pulse energy can be achieved in an ultrafast Yb-fiber am-
plifier system employing large-mode-area double cladding gain
fiber or rod-type gain fiber [8,9]. However, all of these high
energy sub-ps sources operate at ~1030 nm. Indeed, Yb-fiber
exhibits a broad gain bandwidth, allowing laser operation in
the wavelength range between 976 and 1120 nm [10]. To date,
the reported high-power Yb-fiber lasers at around 1018 nm pro-
duce either continuous waves [11,12] or pulses of several pico-
seconds in duration [13]. Sub-ps high power sources at 1018 nm
specially designed for seeding cryogenic cooling YLF have never
been reported before. Apart from the lack of a seed source with
sub-ps transform-limited pulse duration, amplifying 1018 nm in
an Yb-doped fiber front end is another challenge because Yb-fiber
lasers operate as three-level systems for the signal wavelength be-
low 1030 nm [14]. Consequently, the relatively small emission
cross section and high absorption cross section require high in-
version pumping and short gain fiber length to prevent signal
reabsorption that decreases the slope efficiency of the Yb-fiber
amplifier system. Additionally the ASE around 1030 nm com-
petes with the signal at 1018 nm for up-level population. To sup-
press the ASE at 1030 nm and efficienty amplify signal at
1018 nm, high inversion pumping or specialty gain fibers are
necessary. During the amplification, spectral broadening and
wavelength shifting should be also carefully controlled.

In this Letter, we demonstrate the first high-power fiber-
based system specifically designed to seed a high energy
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Fig. 1. Schematic of 1018-nm MOPA system including three parts:
Yb-fiber oscillator (Part 1), two stages of pulse stretcher and preamplifier
(Part 2), and rod-type Yb-fiber power amplifier (Part 3). HWP, half-wave
plate; QWP, quarter-wave plate; BPF, bandpass filter; PBS, polarization
beamsplitter; RM, reflecting mirror; Col, collimator; WDM, wavelength
division multiplexer; SM, single mode; MM, multimode; CFBG, chirped
fiber Bragg grating; PC, polarization controller; PM-ISO, polarization
sensitive isolator; DM, dichroic mirror; YD, ytterbium-doped; SMF,
single mode fiber; DCF, double-clad fiber; LPF, large-pitch fiber. Non-
PM fiber, PM fiber, and Yb-doped fiber are denoted by the blue line,

black line, and green line, respectively.

Yb:YLF amplifier chain. With a repetition rate of 17.88 MHz,
the fiber-based master-oscillator power amplifier (MOPA)
front end employs the CPA technique and produces 87-W,
4.9-pJ pulses centered at 1018 nm with 1-ns stretched dura-
tion. The amplification is achieved by two stages of specially
designed fiber amplifiers that suppress the ASE at 1030 nm.

Figure 1 shows the experimental setup consisting of three
parts: an Yb-fiber oscillator, two stages of fiber stretchers with
preamplifiers, and a rod-type power amplifier. Part 1 isa 17.88-
MHz all-normal-dispersion (AND]) oscillator at 1020 nm
mode-locked by nonlinear polarization evolution in combina-
tion with an intracavity bandpass filter (BPF) [15]. The BPF
has 4-nm transmission bandwidth, and the center wavelength
can be tuned by tilting its incident angle. The passive fiber is 10
and 0.5 m long before and after the 0.4-m gain fiber (Coractive
Yb 501), respectively. This ANDI laser relies on the narrow
bandpass filter for wavelength selection and energy dissipation
to achieve stable mode-locking at the target wavelength. The
shortest and longest center wavelength achieved by the
AND; laser is usually limited by the pump power, the cavity
length, and the emission spectrum of the gain fiber inside
the cavity [16]. The longest wavelength ever reported for
ANDiI mode-locked fiber lasers is 1070 nm [17], while the
shortest is 1024 nm [16]. Further blueshifting the center
wavelength is extremely challenging because low gain and large
gain dispersion may prevent mode-locking.

We first carry out numerical simulation to investigate the
mode-locking of this Yb-fiber oscillator at ~1018 nm. The in-
tracavity pulse built up is modeled by the generalized nonlinear
Schrédinger equation incorporating a simplified saturable
absorber model, in which the transmittance of the effective
saturable absorber is given by 7' =1-/y/[1 + P(¢) /Py -
/o is the unsaturated loss, P(z) the instantaneous pulse power,
and P, the saturation power [18]. The Yb-fiber gain has a
Lorenz line shape centered at 1030 nm with 40-nm bandwidth.
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Fig. 2. Simulation of spectral bandwidth (green curve, full width at
tenth of the maximum) and pulse duration (blue curve, full width at
half of the maximum) inside the oscillator cavity. GAIN, 0.4-m high
doping Yb-fiber; SMF2, 0.5-m single mode fiber; SA, saturated
absorber; BPF, narrow bandpass filter at 1020 nm with 4-nm band-
width; SMF1, 10-m single mode fiber.

A 4-nm bandwidth filter (super-Gaussian shape) with a tunable
central wavelength selects the target mode-locking wavelength
in the cavity. By shifting the central wavelength of the filter to
1020 nm, the oscillator reaches a stable mode-locking state.
The evolution of pulse duration and spectral bandwidth inside
the cavity is shown in Fig. 2, revealing the features of similar-
iton evolution as a result of the narrow bandpass filter and large
passive fiber length [15]. Both the pulse duration and the
spectral bandwidth breathe during a round trip.

Figures 3(a)-3(c) present the simulation results on the spec-
tral and temporal properties of the Yb-fiber oscillator. The laser
output spectrum [blue curve in Fig. 3(a)] centers at 1020 nm
with 10-nm bandwidth and covers the key spectral component
around 1018 nm. Further tuning the spectrum to shorter wave-
lengths leads to failure of mode-locking because the increased
wavelength mismatch with the Yb-fiber peak gain reduces the
round-trip gain to a value that cannot compensate for the intra-
cavity loss. Figure 3(b) shows the temporal profile of the output
pulse (blue curve) with positive chirp (green curve). The asym-
metric pulse shape is due to the gain dispersion, which destroys
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Fig. 3. (a) Simulation of oscillator output spectrum (blue curve)
and spectrum after filter (red curve) with 2.5 nm bandwidth at
1016. (b) Simulation of output pulse (blue curve) with nonlinear chirp
(green curve) and filtered pulse (red curve). (c) Simulation of trans-
form-limited pulse (blue curve) and compressed pulse (red curve)
after spectral filtering. (d) Measured output spectrum of oscillator
(blue curve); spectrum after BPF with 2 nm bandwidth at 1016 nm
(red curve) in experiment. Inst. Freq., instantaneous frequency.
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the symmetry of the similariton pulse and its linear chirp
[19]. Another super-Gaussian bandpass filter placed outside the
cavity selects a 2.5-nm-wide spectral band centered at 1016 nm
[red curve in Fig. 3(a)]. We intentionally pick the wavelength
slightly shorter than 1018 nm such that it shifts to longer wave-
length in the subsequent fiber components due to nonlinear
propagation. The corresponding filtered pulse is shown as the
red curve in Fig. 3(b). Although the whole output pulse exhib-
its strong nonlinear chirp, the pulse given by the filtered spec-
trum is located at the tail of the overall pulse and is almost
linearly chirped. Numerical compression of the pulse after
filtering by a pair of transmission gratings (groove density:
1000 lines/mm) is compared with the transform-limited pulse
in Fig. 3(c), demonstrating the feasibility of good pulse
compression.

Guided by the simulations, we construct the Yb-fiber oscil-
lator. The blue curve in Fig. 3(d) shows the experimentally
achieved broadband oscillator output, which covers 1015-
1025 nm with a 2-nm spectral lobe centered at 1016 nm. A
comparison between Figs. 3(a) and 3(d) shows that the numeri-
cal simulation agrees qualitatively with the experimental results.
We use a bandpass filter to select the spectral lobe at 1016 nm
[red curve in Fig. 3(d)] and then free-space couple it into the
subsequent polarization maintaining (PM) fiber that belongs to
Part 2 of our setup.

Part 2 includes two PM fiber-pigtailed circulators connected
to two PM chirped fiber Bragg gratings (CFBGs) with 7.5-nm
reflection bandwidth centered at 1019 nm. These CFBGs are
designed to compensate for the dispersion of a 1760 lines/mm
grating-pair compressor operated at 60-deg incidence angle.
The first CFBG has a chirp rate of -306 ps/nm and the second
one -100 ps/nm. Considering that the nonlinear length is
about 0.2 m for a 1-nJ transform-limited Gaussian pulse with
2-nm spectrum bandwidth, we expect that the spectrum of the
input pulse broadens in the passive fiber prior to the first
CFBG. Relying on both this spectral broadening and the
CFBG filtering, the target wavelength around 1018 nm can be
readily achieved. This is confirmed by the simulation in which
we numerically propagate a 1-nJ, 800-fs transform-limited
Gaussian pulse (corresponding to 2-nm bandwidth) in 0.8 m
of passive fiber. As Fig. 4(a) shows, the initial Gaussian
spectrum (red curve) evolves into two spectral lobes mainly
due to self-phase modulation. The spectral lobe on the longer
side peaks at ~1018 nm and is selected by the CFBGs. The
simulation results are confirmed by the measured output spec-
trum from Part 2 [blue curve in Fig. 4(b)] that is redshifted
compared with the input spectrum [red curve in Fig. 4(b)].
During the experiment, we adjust the passive fiber length
and fine tuning the input pulse energy to achieve the output
spectrum with 2.5 nm bandwidth centered at 1018 nm. The
bandwidth is 0.5 nm larger than the emission spectrum of cryo-
genic YLF (2 nm), which precompensates for the gain narrow-
ing in the cryogenic Yb:YLF amplifier. The two stages of
CFBGs stretch the pulse to ~1 ns duration [Fig. 4(c), mea-
sured using a 20-GHz bandwidth photodiode attached to a
4-GHz bandwidth oscilloscope], therefore alleviating nonlinear
effects in subsequent amplifier stages. A preamplifier based on a
3-m-long, low doping gain fiber (Nufern PM-YSF-LO) is in-
serted between the two circulators to compensate the losses in-
troduced by the circulators and CFBGs. There is no noticeable
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Fig. 4. (a) Simulation of 800-fs, 1-nJ transform-limited Gaussian
pulse propagating through 0.8-m passive fiber. Red curve: input spec-
tru;, blue curve: output spectrum; blue shadow: reflection bandwidch
of the CFBG. (b) Measured spectra at the input (red curve) and output
(blue curve) of Part 2. (c) Measured pulse after two stages of CFBGs.
(d) Measured output power versus absorbed pump power in the

flattened absorption Yb-fiber amplifier.

wavelength shifting in this amplifier stage owing to the high
level of inversion in the gain fiber [20].

The second amplifier that is spliced directly to port 3 of
circulator 2 is constructed from 1-m flattened absorption
Yb-doped double-clad fiber (Coractive DCF-YB-8/128P-
FA). Usually, Yb-doped fiber lasers exploit the quasi-four-level
system between 1030 and 1100 nm [21]. For wavelength be-
low 1030 nm, Yb-fiber operates as a three-level system, making
amplification of sub-ps pulses at 1018 nm difficult due to
the low emission cross section and high absorption cross section
at shorter wavelength. Fortunately, the flattened absorption
Yb-fiber is specially designed to suppress ASE at 1030 nm
and provides higher gain at 1018 nm than 1030 nm [12].
As aresult, the Yb-fiber amplifier efficiently amplifies the signal
wavelength to 4-W average power with a very high slope effi-
ciency of 78% at a wavelength of 1018 nm [Fig. 4(d)] and neg-
ligible ASE. Although the Yb-fiber is non-PM, adjusting the
polarization controller at the combiner input results in 18-dB
polarization extinction ratio.

The maximum output from Part 2 is 4 W, corresponding to
223-n] pulse energy. This energy level is sufficient for seeding a
10-m] class cryogenically cooled YLF amplifier and subsequent
100-m]J class amplifiers. Indeed, more power extracted from the
fiber front end leads to less gain needed for the following 100-
m]J-level cryogenic YLF amplifiers. Since the cryogenically
cooled gain crystal has a relatively narrow gain spectrum of only
2 nm compared with Yb-doped fiber amplifiers with 40 nm
bandwidth, increasing the seed power directly from the fiber
can mitigate the gain narrowing effect in subsequent amplifier
stages and, therefore, allows obtaining sub-ps duration pulses in
the final amplifier stage [22]. Because the pulse is stretched to
~1 ns, further amplification to higher pulse energy levels can
be readily achieved. To demonstrate this possibility, Part 3 is
constructed, which is a power amplifier using a 1.2-m long

Yb-doped, rod-type large pitch fiber (LPF) for further energy
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Fig. 5. (a) Output power versus absorbed pump power of rod-type
LPF amplifier and spatial profile (inset). (b) Output spectra of rod-type

LPF amplifier at 1018 nm for increasing pump powers.

boosting [23]. The special design of large core diameter
(80 pm) and robust single mode operation allows for high
energy extraction with diffraction-limited beam quality. It is
noteworthy that the unique double cladding structure of
rod-type LPF with the small clad-to-core area ratio is critical
for achieving a relatively high slope efficiency to amplify wave-
lengths shorter than 1030 nm with negligible ASE [14,24].

Figure 5(a) shows the output spectra versus average power of
the amplified pulses. The signal spectra remain unchanged,
suggesting a linear amplification. Broadband ASE peaking at
1030 nm grows with the increased pump power, yet remains
26 dB below the signal spectral peak even at the highest average
power of 87 W. The slope efficiency of the LPF amplifier is
49% [Fig. 5(b)], which is higher than was achieved from other
rod-type LPF laser systems working at the same wavelength
around 1018 nm [10].The inset of Fig. 5(b) shows the excellent
spatial profile of the 87-W amplified pulses, corresponding to a
pulse energy of 4.9 uJ. Due to the limited input signal power
level of the rod-type fiber amplifier, we restrict the final power
output to below 100 W in order to avoid the onset of harmful
parasitic oscillation at the ASE peak.

In conclusion, we report a high-power 17.88 MHz Yb-fiber
MOPA system operating at 1018 nm with 87-W average
power. The ASE at 1030 nm is efficiently suppressed during
amplification using specially designed flattened absorption
fiber and rod-type LPF. It is the first powerful fiber front
end designed especially for a 100 m], sub-ps duration cryogenic
Yb:YLF amplifier chain with its output spectrum precisely
matching the gain of Yb:YLF crystals, and the bandwidth is
slightly larger to compensate for the gain narrowing effect.
The 4.9-p] pulse energy is the highest pulse energy at 1018 nm
achieved by fiber laser systems. We are planning to further
increase the pulse energy by reducing the pulse repetition rate.
At 1-ns stretched pulse duration, linear amplification to m]
pulse energy is feasible [9]. Since the main scope of this
work is to develop a suitable front-end seeding source for a
cryogenic Yb:YLF amplifier chain, we leave the amplified pulses
uncompressed. Indeed, they can be compressed using a pair of
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transmission gratings (groove density: 1700 lines/mm). We
recently implemented a 1018-nm front end with the similar
design and seeded a 100-m]-level cryo Yb:YLF amplifier chain.
The amplified pulses were compressed to 1.2 ps while the
transform-limited duration is 800 fs. Such a deviation can be
mitigated by incorporating a temperature gradient to fine-tune
the dispersion property of the CFBG stretcher.
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