
Energy scalable, offset-free ultrafast mid-infrared 
source harnessing self-phase-modulation enabled 
spectral selection 

GENGJI ZHOU,1,2
 QIAN CAO,1,2

 FRANZ X. KÄRTNER,1,2,3
 AND GUOQING 

CHANG
1,3,4,* 

1Center for Free-Electron Laser Science, DESY, Notkestraße 85, 22607 Hamburg, Germany 
2Physics Department, University of Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germany 
3The Hamburg Centre for Ultrafast Imaging, Luruper Chaussee 149, 22761 Hamburg, Germany  
4Current affiliation: Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 
100190, China 
*Corresponding author: guoqing.chang@iphy.ac.cn 

Received XX Month XXXX; revised XX Month, XXXX; accepted XX Month XXXX; posted XX Month XXXX (Doc. ID XXXXX); published XX Month XXXX 

 
We demonstrate a high-power offset-free ultrafast mid-
IR laser source based on difference frequency generation 
(DFG). Powerful signal pulses are obtained by filtering 
the rightmost spectral lobe of optical spectra broadened 
by fiber-optic nonlinearities dominated by self-phase 
modulation. The resulting mid-IR pulses are tunable 
from 7 μm to 18 μm with up to 5.4-mW average power. 
We experimentally and numerically investigate power 
scaling of this DFG source and demonstrate that 
increasing the signal power is an efficient approach for 
generating high power mid-IR pulses. © 2018 Optical 
Society of America 

OCIS codes: (190.4370) Nonlinear optics, fibers; (320.2250) Femtosecond 
phenomena. 
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High repetition-rate (>10 MHz) ultrafast laser sources that are tunable 
in the mid-infrared (IR) wavelength range of 6-20 μm (known as the 
molecular ‘fingerprint’ region) hold great promise for many important 
spectroscopy applications [1,2]. To date, ultrafast mid-IR laser sources 
with a wavelength beyond 7 μm are usually implemented via 
difference-frequency generation (DFG) between two synchronized 
pulse trains with different central wavelength. The major component 
of a DFG-based mid-IR source is a high power femtosecond laser. Due 
to their superior power scalability and the potential of an all-fiber 
format, ultrafast Yb-fiber lasers have become popular laser sources to 
implement DFG-based ultrafast mid-IR sources [3-8]. In a typical 
configuration, the output pulse trains from an Yb-fiber laser are split 
into two portions with one portion serving as the pump, and the other 
portion being used to generate signal pulses with a broadly tunable 
center wavelength. A well-established technique to produce tunable 
signal pulses is to use fiber-optic nonlinearities to broaden the optical 
spectrum of an ultrafast Yb-fiber laser; the newly generated spectral 
component at the longer wavelength side serves as the signal for DFG 
[3-6]. Fiber-optic nonlinearities arise from the third-order 

susceptibility of fiber glass and preserve the carrier-envelope offset fCE 
during the nonlinear spectral broadening. Consequently the signal 
pulse and the pump pulse share the same fCE, which cancels out during 
DFG resulting in an offset-free mid-IR source. If the source laser’s 
repetition rate is stabilized, the offset-free mid-IR source becomes a 
mid-IR frequency comb.  

Many groups employed Raman soliton self-frequency shift in an 
optical fiber to generate signal pulses [6-12]. The center wavelength of 
the resulting Raman soliton sources can be continuously red-shifted by 
increasing the coupled pulse energy into the fiber. To make full use of 
the excellent power scalability of the Yb-fiber laser technology, 
specialty fibers with negative group-velocity dispersion at ~1.03 μm 
are fabricated to accommodate Raman solitons. Normally these 
specialty fibers exhibit nonlinearity about 10 times higher than 
standard single-mode fibers, limiting the Raman soliton pulse energy 
to <1 nJ; in the wavelength range of 1070-1200 nm, the pulse energy is 
typically less than 0.2 nJ. Use of these low-energy Raman solitons as the 
signal pulses in DFG inevitably leads to low-energy (and low average 
power) mid-IR pulses, which severely limits their practical 
spectroscopic applications.  

One might expect that the average power of a DFG mid-IR source can 
be efficiently increased if a more powerful fiber laser is used to provide 
pump pulses. Theoretically using μJ-level pulses as the pump for DFG 
may generate ~100-mW mid-IR pulses at ~10 μm. However, the 
properties of nonlinear crystals impose other limitations. To date, 
AgGaSe2 (AGSe) and GaSe are the mostly used nonlinear crystals that 
can generate DFG-based ultrafast mid-IR pulses covering the entire 
fingerprint region of 6.6-20 μm [13,14]. Both AGSe and GaSe have low 
damage threshold, which limits the allowed pump-pulse energy in 
DFG. Our experimental results show that even for a loosely focused 
beam with ~200-μm spot diameter, 30-MHz, 200-fs pulses at 1.03 μm 
with ~200-nJ pulses energy can damage a GaSe crystal. Because the 
pump pulse energy has to be kept below a certain value to prevent 
crystal damage, increasing the signal pulse energy becomes a powerful 
and practical solution to achieve high-power mid-IR pulses. Since 
Raman soliton sources exhibit low pulse energy, novel energetic fiber-
optic sources are highly desired. Such an ultrafast source should emit 
nearly transform-limited femtosecond pulses featuring broadly tuning 
range, low noise, and superior energy scalability. 
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Recently we demonstrated a new fiber-optic method to derive 
tunable femtosecond pulses. This method employs self-phase 
modulation (SPM) dominated nonlinearities to broaden a narrow 
input optical spectrum to generate well-isolated spectral lobes; 
spectrally filtering the leftmost/rightmost spectral lobes produces 
nearly transform-limited femtosecond pulses [15,16]. Based on an Yb-
fiber laser system, this SPM-enabled spectral selection (SESS) 
approach can generate ~100-fs pulses with up to 20-nJ pulse energy 
tunable in the range of 1030-1215 nm [16]. In this submission, we use 
SESS to generate energetic signal pulses and demonstrate a DFG-based 
mid-IR source with excellent energy scalability.  

 

 

Fig. 1. Schematic of high-power, widely tunable DFG-based mid-IR source. WDM: 
wavelength division multiplexer, HWP: half-wave plate, PBS: polarization beam 
splitter, BD: beam dumper, LMA: large-mode-area, BPF: bandpass filter. 

Figure 1 illustrates the experimental setup. The home-built high 
power Yb-fiber system delivers 165-fs pulses with 14.5-W average 
power at 30-MHz repetition rate, corresponding to 480-nJ pulse 
energy. The laser output is split into two replicas by a half-wave plate 
(HWP) together with a polarization beam splitter (PBS). One replica is 
coupled into a piece of large-mode-area (LMA) fiber for SPM-enabled 
spectra broadening, followed by a band-pass filter to generate tunable 
femtosecond signal pulses. The other replica serves as the pump for 
subsequent DFG in a GaSe crystal. A HWP together with a PBS 
continuously adjusts the optical power employed in DFG. The pump 
pulses and the signal pulses are collinearly combined by a broadband 
PBS, and an optical delay line ensures their temporal overlap. An 
achromatic HWP is employed to adjust the polarization of both signal 
and pump pulses for maximizing deff in the DFG process. The combined 
pulses are focused into the GaSe crystal with ~200-μm spot size in 
diameter. The generated mid-IR pulses pass through a 5-mm thick 
Germanium window that blocks the residual pump pulses and signal 
pulses, then being collimated by a ZnSe lens. A calibrated thermopile 
detector measures the average power of the mid-IR pulses, and their 
optical spectrum is characterized by a Fourier transform (FT) IR 
spectrometer. 

To obtain energetic signal pulses, we employ 4-cm LMA fiber with a 
mode-field diameter of 12.5 μm. Due to a large input pulse energy 
(>100 nJ) and short fiber length, SPM dominates the spectral 
broadening and generates multiple distinct spectral lobes. As we 
increase the coupled power from 3.2 W to 6.8 W, the rightmost 
spectral lobe (i.e., the farthest spectral lobe on the longer wavelength 
side) redshifts from 1.1 μm to 1.2 μm. Filtering these rightmost spectral 
lobes produces widely tunable signal pulses For example, the red curve 
in Fig. 2(a) plots the output spectrum at 3.2-W coupled power. The 
spectrum has the rightmost spectral lobe at 1.1 μm, which is selected 
by a bandpass filter [blue curve in Fig. 2(a)]. Inset of Fig. 2(a) shows 
the measured autocorrelation trace (blue curve) and the calculated 
autocorrelation trace (black curve) of the transform-limited pulses 
corresponding to the filtered spectrum. The pulse duration is 
estimated to be 125 fs, assuming a deconvolution factor of 1.4.  As 
we increase the power to 6.8 W, the resulting broadened spectrum has 
the rightmost one at 1.2 μm [red curve in Fig. 2(b)]. The filtered 
spectral lobe [blue curve in Fig. 2(b)] results in pulses with an 
estimated duration of 110 fs [inset of Fig. 2(b)].  

 

 

Fig. 2. SPM-dominated spectral broadening in the 4-cm LMA fiber with the 
rightmost spectral lobe tunable by varying the coupled power. (a) Output 
spectrum at 3.2-W coupled power (red curve) and the filtered spectral lobe (blue 
curve). Inset shows measured autocorrelation trace (blue) and calculated 
autocorrelation trace corresponding to the transform-limited pulse given by the 
filtered spectrum (black). (b) similar as (a) for the coupled power increased to 
6.8 W. (c) Measured pulse energy (black curve) and duration (blue curve) for the 
pulses resulting from the filtered spectral lobes at 1100 nm, 1110 nm…1200 nm. 
Black curve: measured pulse energy; blue curve: estimated pulse duration. 

To show the capability for generating wavelength tunable signal 
pulses, we adjust the coupled power into the LMA fiber and then use a 
series of bandpass filters to select the rightmost spectral lobes between 
1100-1200 nm with a wavelength step of 10 nm. Figure 2(c) shows the 
measured pulse energy and duration for these 11 representatively 
selected spectral lobes. The pulse duration varies between 100-140 fs 
[blue curve in Fig. 2(c)]. The black curve shows that the pulse energy is 
16-20 nJ, which represents >10 times energy improvement in 
comparison with a PCF-based Raman soliton source at the same 
wavelength range. These energetic signal pulses are combined with 
the pump pulses to perform Type-I phase matched (e-o=o) DFG in a 
GaSe crystal to generate mid-IR pulses. Two GaSe crystals with 
different thickness—0.5 mm and 2 mm—are employed. During the 
experiment, we adjust the splitting ratio of the laser power such that 
SESS produces the signal wavelength tunable between 1100-1200 nm 
with 10-nm wavelength steps, and use the rest of the laser power 
serving as the pump. To avoid crystal damage, we use another 
combination of HWP and PBS to keep the pump power below 6 W, 
corresponding to a maximum pulse energy of 200 nJ.  

Figure 3(a) plots the measured mid-IR spectra generated from the 
0.5-mm thick GaSe. The center wavelength varies from 7. 4 μm to 16.2 
μm and the spectral bandwidth (full width at half maximum, FWHM) is 
about 0.4-2.7 μm. The blue dashed line records the average power for 
each mid-IR spectrum. The maximum measured power is 1.9 mW for 
the mid-IR pulses at 11.3 μm as a result of DFG between the pump 
pulses at 1.03 μm and the signal pulses at 1.14 μm. The fine structure in 
the mid-IR spectrum at about 7.4 μm [red curve in Fig. 3(a)] is caused 
by water absorption in the environmental air. CO2 in the atmosphere 
exhibits strong absorption at 15 μm, which generates a deep spectral 
valley in the mid-IR spectra that cover this wavelength. To scale up the 
mid-IR power, we replace the 0.5-mm thick GaSe by a 2-mm thick one 
and redo the experiments. The measured spectra and their average 
power are recorded in Fig. 3(b). Since a thicker crystal permits smaller 
phase-matching bandwidth, the mid-IR spectra generated by 2-mm 
thick GaSe possess a narrower spectral bandwidth of 0.3-2 μm. At the 



expense of phase-matching bandwidth, a thicker GaSe crystal increases 
the power of mid-IR pulse yield by a factor of 2-4. The maximum 
average power is 5.4 mW for the mid-IR pulses at 9.5 μm and the 
minimum is 1.7 mW at 16.7 μm. 

 

 

Fig. 3. Measured spectra and average power for mid-IR pulses generated in GaSe 
crystals of different thickness: (a) 0.5 mm and (b) 2 mm. During DFG, the pump 
pulses are fixed at 1030 nm and the signal pulses are tuned in 1100-1200 nm 
with 10-nm wavelength step. 

Since increasing the pump power or the signal power can both scale 
up the resulting mid-IR power, a question naturally arises: which 
approach works more efficiently?  To answer this question, we first fix 
the signal wavelength at 1150 nm and place a metallic neutral density 
step-variable filter in the signal arm to adjust the launched signal 
power onto the 2-mm thick GaSe crystal. Figure 4(a) shows the mid-IR 
power as a function of pump power for a signal power of 0.1 W (blue 
curve), 0.2 W (green curve), and 0.4 W (red curve), respectively. For a 
fixed signal power, the mid-IR power increases linearly with the 
increased pump power until saturation occurs as the pump power 
reaches about 3 W. This saturation is caused by the onset of two-
photon absorption in GaSe. The same mid-IR power can be achieved 
using different pump-signal power combinations. For example, the 
pump-signal power combinations of (0.9-W pump, 0.4-W signal), (1.8-
W pump, 0.2-W signal), and (3.6-W pump, 0.1-W signal) all result ~0.9-
mW mid-IR power, which immediately suggests that increasing the 
signal power constitutes an efficient approach for power scaling of the 
mid-IR pulses. This is of particular importance given that the pump 
power is not limited by the Yb-fiber laser system. It is the GaSe’s two-
photon absorption and damage threshold that limits the maximum 
pump fluence on the GaSe crystal. In this scenario, increasing the signal 
power constitutes an efficient approach to further improve the mid-IR 
power. Figure 4(b) shows the mid-IR power as a function of signal 
power for the pump pulses at different power levels of 0.9 W (blue 
curve), 1.5 W (green curve), and 3 W (red curve).  For a fixed pump 
power, the mid-IR power also increases linearly with the increased 
signal power, suggesting that increasing signal power can scale up the 
mid-IR power as efficiently as increasing pump power. The linear 
dependence of the mid-IR power on both signal power and pump 
power– which is valid for the pump power below 3 W—implies that 
the mid-IR power indeed scales up with the power product between 
the pump and the signal. To better illustrate this point, we redraw the 
experimental data in terms of mid-IR power versus the pump-signal 
power product. The red squares in Fig. 5(a) represent these data 
points. We carry out similar experimental measurements using 0.5-

mm thick GaSe and plot the data as the blue triangles in Fig. 5(a). The 
red and blue lines are the linear fit of the data, demonstrating the linear 
dependence of the mid-IR power on the pump-signal power product. 

Fig. 4. (a) Mid-IR power scaling versus pump power for signal power at 0.1 W 
(blue curve), 0.2 W (green curve), and 0.4 W (red curve). (b) Mid-IR power 
scaling versus signal power for pump power at 0.9 W (blue curve), 1.5 W (green 
curve), and 3 W (red curve).  A 2-mm thick GaSe crystal is used for DFG. 

    
To confirm the experimental results in Fig. 5(a), we carry out 

numerical simulation by modeling the DFG process using coupled-
wave equations [17]. In the simulation, pump pulses are centered at 
1030 nm with 170-fs duration and signal pulses at 1150 nm with 130-
fs duration. Both pump beam and signal beam have the same spot size 
of 200 μm inside the crystal. Their pulse energy is chosen to match the 
experimental parameters from Fig. 4. The simulation also takes into 
account crystal dispersion, Fresnel loss for the input and output, and 
additional 20% mid-IR loss from optical components.  
        Figure 5(b) shows the simulation results. For both 0.5 mm and 2 
mm GaSe crystals, the mid-IR average power scales linearly with 
respect to the pump-signal power product. We also notice a 
discrepancy of about 30% between experiment and simulation. This 
may be due to the absence of multiple-photon absorption, beam walk-
off effect in the simulation, and the difference between simulation 
spectra and experimental ones. Nevertheless, the reasonable 
agreement between experimental data and simulation results 
confirms that increasing the signal power for mid-IR power scaling is 
as efficient as increasing the pump power. 

 



 

 

Fig. 5. Power scaling of mid-IR versus power product between pump pulses and 
signal pulses for different GaSe thicknesses: 0.5 mm and 2 mm. (a) experimental 
results and (b) simulation results.   

In conclusion, we demonstrate an Yb-fiber laser based ultrafast mid-
IR laser source tunable in 7-18 μm. The powerful signal pulses are 
obtained by filtering the rightmost spectral lobe of optical spectra 
broadened by SPM-dominated nonlinearity inside an optical fiber. Up 
to 5.4-mW mid-IR pulses centered at 9.5 μm are achieved, 
corresponding to 180-pJ pulse energy. More mid-IR power is possible 
by further increasing the signal pulse energy while keeping the pump 
pulse energy below the crystal damage threshold. The limitation of 
crystal damage and two-photon absorption can be mitigated by 
replacing the Yb-fiber laser with other fiber lasers operating at longer 
wavelengths, such as Er-fiber lasers at 1550 nm. We recently applied 
SESS to ultrafast Er-fiber lasers and obtained femtosecond pulses 
tunable from 1.3 µm to 1.7 µm [18]. We also showed that using shorter 
conventional single-mode fibers can increase the filtered pulse energy 
up to 130 nJ, resulting ~100-fs pulses with >1-MW peak power [19]. 
Such an Er-fiber laser source has the potential to enable generation of 
nJ-level mid-IR pulses through DFG. In combination with high 
repetition rate, offset-free ultrafast mid-IR sources with Watt level 
average power are within reach. By stabilizing the repetition rate of the 
source laser, mid-IR laser frequency combs with unprecedented line 
power can be implemented.  
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