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Super-tunable, broadband upconversion of a high-power CW
laser in an engineered nonlinear
crystal
Ameneh Bostaniͷ, Amirhossein Tehranchi & Raman Kashyapͷǡ
A specially-designed chirped periodically poled lithium niobate nonlinear crystal was fabricated with
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device is demonstrated to be fully phased-matched simultaneously for both second-order nonlinear
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The device allows for the creation of tunable broadband CW sources at shorter wavelengths with
potentially high power.

There is increasing demand for tunable and broadband sources at shorter wavelengths due to many applications
in biomedicine and spectroscopy1–3. Owing to the lack of suitable sources, a feasible approach is the frequency
conversion of available lasers in nonlinear materials4–6. Recently, high-power fiber lasers have attracted huge
attention7, however, these lasers in the form of continuous wave (CW) generally possess a bandwidth (BW) in
the order of hundreds of GHz proportional to the laser output power due to the use of fiber Bragg gratings 8 or
four-wave mixing (FWM) between the different longitudinal modes7, 9. Further, these high-power fiber lasers are
only available in limited wavelength ranges10. In addition, they experience a drift in their central wavelength when
the output power varies11, 12. Nevertheless, in order to realize tunable CW sources at desired higher frequencies,
up-conversion based on second-order nonlinearities using engineered quasi-phase-matching (QPM) in nonlinear crystals can be exploited with several advantages13–17.
There are many works on second harmonic generation (SHG) and sum frequency generation (SFG) using
QPM in uniform gratings in the form of periodically poled crystals15, 18–23. However, uniform gratings limit the
BW of up-conversion process (and consequently the tunability) as it is inversely proportional to the length of a
grating24. Since the up-conversion efficiency (assuming an undepleted pump) is increased by the length squared,
using a long grating leads to a reduction in the up-converted BW of a few-nm-wide pump and consequently
results in a waste of power whilst a short grating up-converts the whole BW with a very low efficiency. Also, at
higher pump powers, the use of a short grating may lead to the crystal damage in order to achieve efficiencies
comparable to those of longer gratings. Moreover, as the effective period of uniform grating changes by angular
rotation and temperature, fine alignment and a controlled temperature are required to obtain maximum efficiency for the central wavelength of a pump. Also, accurate temperature tuning is necessary for uniform gratings
to tune the up-conversion wavelength25, 26. However, to convert the entire wide BW of a pump laser, especially in
a tunable way, a broadband converter is required.
To increase the SHG bandwidth, some work has been done on short-range ordered ferroelectric domains27, 28
and modified QPM grating structures have been proposed to broaden the phase matching and multi-wavelength
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harmonic generation considering two domain-inverted building blocks and an aperiodic grating structure29, 30,
although devices are not easy to fabricate31. The fan-out and temperature-controlled QPM devices have also
been used for up-conversion bandwidth broadening by mechanical displacement and temperature control of the
crystal, respectively32, 33 which are not appropriate for some applications34. Fortunately, engineered chirped and
step-chirped periodically poled lithium niobate (PPLN)35, 36 with an SHG efficiency almost linear proportional
to the grating length have been proposed to provide higher efficiency compared to very short uniform gratings
to achieve the same BW. Although for the same length the conversion efficiency of a chirped grating with wide
BW is less compared to that of a uniform grating with narrow BW, using a high-power source, the efficiency
is not of significant concern, as power can be traded for BW. Hence, one can benefit from temperature- and
fine-alignment-insensitivity of chirped grating and obtain a large conversion BW simply tolerating the drift of
pump’s central-wavelength. Recently, temperature-independent broadband up-conversion (i.e., SHG and SFG)
as well as cascaded with different frequency generation in step-chirped PPLN (SC-PPLN) were demonstrated
for tunable monochromatic CW lasers34, 37 and the effect of tight focusing on broadband output spectra of such
converters was reported38, 39.
In this paper, we demonstrate super-tunable broadband frequency up-conversion of an available high-power
CW fiber laser for the first time to the best of our knowledge, in a specially-designed nonlinear crystal namely
SC-PPLN device, demonstrating wideband SFG by tuning of a tunable monochromatic laser as a signal source.
Our device does not need any thermal control or physical displacement and needs a simple setup for full operation. The loosely-focused beam position of the high-power CW laser is optimized within the grating for maximum up-conversion efficiency. A tunable source at shorter wavelengths is thus realized in which the central
frequency is controlled by tuning the control signal laser without concern of the frequency drift of the high-power
CW laser pump.

Results

Theory. Under the undepleted pump regime and plane wave approximation, the SFG electric field envelope in
the frequency domain is given by the product of the transfer function, D̂(ω) and the convolution of the pump and
signal electric field envelopes40
A3 (ω − ω3) = Dˆ (ω) . [A1(ω − ω1) ∗ A2 (ω − ω2)],

(1)

where Ai and ωi are the electric field envelope in the frequency domain and angular frequency, respectively. The
star sign denotes a convolution. i = 1, 2 and 3 denotes the pump, signal, and sum frequency (SF) waves, respectively. D̂(ω) is proportional to the Fourier transform of the nonlinear modulation function, d(z) in a
quasi-phase-matched structure which is engineered. In addition, the effect of focusing can be added to the transfer function integral as follows38
D̂(ω) = − jγ

+∞

∫−∞

d(z )
exp[jΔk(ω)z ]dz ,
1 + jξ(z )

(2)

where Δk = k1 + k2 − k3 and ki is the wave vector. ξ = 2(z − f)/b where f and z are the focal position and propagation axis, respectively. b ≅ 2πw2n1/λ1 is the confocal parameter where w and n1 are the beam waist, and refractive
index, respectively, at the pump wavelength, λ1. γ = ω32γ0/k 3c 2where c is the speed of light in vacuum and γ0 is
considered to be a constant from the Boyd-Kleinman calculation for a focused Gaussian beam in a parametric
interaction41. d(z) in the spatial domain can be presented as
⎛z ⎞
d(z ) = rect⎜⎜ ⎟⎟ ×
⎝ L ⎟⎠

⎛ 2 ⎞
⎛ πm ⎞ ⎛⎜ j2πmz ⎞⎟
⎟⎟d 33 sin⎜⎜
⎟exp⎜
⎜⎜
⎟,
⎟⎠
⎝
⎝ 2 ⎟⎟⎠ ⎜⎜⎝ Λ(z ) ⎟⎟⎠
m =−∞ mπ
+∞

∑

(3)

where d33 is the nonlinear coefficient of the crystal, Λ(z) is the period of the grating at different spatial positions,
z and rect is the rectangular function.
For the input pump, we suppose a Gaussian function with a peak amplitude of a1 centered at ω1, and a BW
of σ1 as A1 = a1exp[−(ω − ω1)2/σ1]; and for the monochromic signal, we consider a Dirac delta function as
A2 = δ(ω − ω2) at ω2. Therefore, the SF wave amplitude can be calculated as
A3 (ω − ω3) = Dˆ (ω)a1exp[ −(ω − (ω1 + ω2))2 /σ1],

(4)

which can have the same BW as the pump if the transfer function is broad enough to accommodate the Gaussian
function. Therefore, with the engineering of a proper transfer function, the entire BW of a pump laser can be
converted to an SF wave. However, in the case of SHG of the pump, using an auto-convolution, the spectra of A2
is replaced with A1 in Eq. (1) and the second harmonic (SH) wave amplitude can be calculated as
ASH (ω − ωSH ) = (1/2)Dˆ (ω)a12exp[ −(ω − 2ω1)2 /( 2 σ1)],

(5)

which shows a spectral broadening of the SH amplitude in the order of the square root of two, compared to that
of the input pump BW, assuming a broad enough transfer function. Thus, we expect full BW conversion of the
pump in SFG and broadening of the SHG BW compared to the pump BW only if the transfer function is wide
enough to accommodate both processes. The power can be also calculated from the electric field envelope in the
frequency domain using P = (πw 2/2ncε0) ∫ A2 dω for the fundamental-harmonic (FH), SH and SF waves.
Consequently, considering two Gaussian functions as inputs centered at ω1 and ω2 with the peak amplitude of a1
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Figure 1. (a) Normalized transfer functions with bandwidths as large as 50 nm for different lengths of SCPPLN at 25 °C, considering input pump (plane wave) at a wavelength of 1550 nm and a sweeping control signal.
Longer nonlinear crystal introduces larger ripples while the up-conversion peak power increases. Therefore,
there is a trade-off between the acceptable ripple height and the generated power, for the choice of length.
(b) Equal-bandwidth transfer functions of a 0.6 mm-long uniform PPLN and a 13 mm long SC-PPLN are
compared. (c) Transfer function for the compromised length (13 mm) at 115 °C still covers the C band.

and a2, and the bandwidths of σ1 and σ2, we can calculate the power for the generated SF wave at ω1+ω2 as
2
PSFG = (πw 2/2ncε0)Dˆ a12a22σ12σ22π π /2 / σ12 + σ22 .

Design. In order to design an SC-PPLN (in congruent LN) with a wideband transfer function for SFG with a
pump laser centered at 1550 nm and a swept control signal in the 30-nm C-band (1530 nm to 1560 nm), the device
should work at room and possible higher temperatures to reduce possible photo-thermal damage42. Two pairs of
minimum and maximum periods for SC-PPLNs at 25 °C and an elevated temperature, i.e., 115 °C can be calculated from the phase matching condition for SFG resulting in Λ = 2πc /(ω3n3 − ω2n2 − ω1n1), where ω3 = ω1 + ω2
and the refractive indices are dependent on temperature through the Sellmeier equation43. The minimum period
at the higher temperature and the maximum period at the lower temperature are then chosen. Therefore, the
SC-PPLN period change from 18.38 μm to 19.11 μm results in a 50-nm BW fully covering the C-band for temperatures from 25 °C to 115 °C. Given that our fabrication facility allows a minimum variation in the period of
100 nm (chirp step), the SC-PPLN device has to be designed in 8 sections to give an approximately linearly
chirped grating. The length (L) of the device is then determined by a compromise between the higher efficiency
and smaller ripple height. The normalized transfer function for different lengths of the SC-PPLN at room temperature is plotted in Fig. 1(a). The length of 13 mm is then selected for fabrication to reduce the ripples to ±2 dB.
Longer SC-PPLNs lead to peak-to-peak ripples greater than 4 dB reaching as high as 6 dB for a length of 18 mm.
Shorter SC-PPLNs reduce the efficiency without a remarkable reduction in ripples. Figure 1(b) depicts the
equal-bandwidth transfer functions of a 0.6 mm-long uniform PPLN and a 13-mm-long SC-PPLN. Interestingly,
the intensity for the latter is increased more than 13 dB across the entire bandwidth. Figure 1(c) shows the transfer
function for the 13-mm-long SC-PPLN at 115 °C demonstrating that it tolerates a wavelength shift due to the
temperature change but still covers the C-band.
Our device works like a 2D nonlinear photonic crystal13, 14, 44 as it has a large acceptance angle. Briefly, a uniform nonlinear crystal in 1D can have a very large bandwidth if it is very short, behaving similar to a photonic
crystal in 1D as it has a small angular acceptance angle, but with a poor efficiency due to its limited length. Other
structures, such as with a radially periodic nonlinearity can behave as “nonlinear photonic crystal” in 2D, as they
have a nonlinear response potentially over 360 degrees, however, these structures do not necessarily have large
bandwidths44. Our device behaves differently in that being chirped, has a large bandwidth and a much larger
acceptance angle than the uniform grating would have for a single section of the SC-PPLN, as well as better theoretical efficiency. The device tolerates ±11.4° yaw to obtain a half BW, which is almost 2 times greater than is
possible for a short uniform PPLN with a single section length in addition to benefiting from a higher efficiency
as large as 5 dB.
In addition, we can simulate the role of focusing on the transfer function, to approach the real experimental
conditions. The effect of different degrees of focusing and the position of the focus within the grating were already
examined in ref. 30. Focusing can suppress the side-lobes in the transfer function of the SC-PPLN far from the
phase-matching wavelength of the grating in the focusing point. In Fig. 2, the transfer functions for a loosely
focused light beam with a waist of 70 μm located at 0.5 × L and 0.7 × L are plotted for a 13-mm-long SC-PPLN
at room temperature, using a fixed pump at 1550 nm and a swept signal. For comparison, the transfer function
of the ideal plane wave is also shown in Fig. 2. In the case of focused beams, the focal point is optimized to be
at 0.7 × L within the grating to achieve the maximum up-conversion power for 1550 nm, and to maintain the
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Figure 2. Normalized transfer functions of SC-PPLN using plane wave (solid line) and focused beams at
two different positions of 0.5 L and 0.7 L along the grating. Focusing suppresses the side-lobes in the transfer
function far from the phase-matching wavelength of the grating in the focusing point. The focal point is
optimized to be at 0.7 L to achieve the maximum up-conversion power for 1550 nm, and to maintain the
required 30 nm working bandwidth.

Figure 3. (a) Pump spectra for different integrated pump powers. (b) Theoretical (T) and experimental (E)
results of simultaneous SFG and SHG when the pump and control signal are at 1550.16 nm and 1545 nm,
respectively and the pump power is around 20 W. The inset shows the region of tolerable drift in the pump
central wavelength at 1550 nm for different signal wavelengths. For the pump central wavelength at 1550 nm,
the drift bandwidth is 52 nm for the signal within the C-band.

required 30-nm working BW. The transfer function is suppressed in the range of 1510 nm to 1530 nm, but this is
not a concern as it is outside the designed working range.

Experimental Results. The spectra of the CW pump laser at three output powers are shown in Fig. 3(a). The
FWHM of the laser increases from ~0.1 nm at 10 W to ~1 nm at 53 W due to the FWM within the fiber laser. In
addition, it shows a spectral-shift (with a peak wavelength drift <0.75 nm) toward longer wavelengths as apparent
in Fig. 3(a). The experimental spectra of simultaneous SFG and SHG for the high-power laser centered around
1550 nm and the signal at 1545 nm are shown in Fig. 3(b).
The results are compared with the computed spectra for SFG and SHG simulated by the real pump spectrum and a monochromatic wavelength at 1545 nm as the inputs to the SC-PPLN. The SF wave, centered around
773.78 nm, has a spectrum corresponding to the pump BW as expected from the theory. The SH BW centered
at 775.08 is ~1.4 times broader compared to the SF as it is proportional to the auto-convolution of the FH beam
in the agreement with the presented theory. Also, both χ(2) processes tolerate the drift easily in the central wavelength of the pump. Based on the up-conversion simulation, the pump central wavelength (at 1550 nm) can
undergo −37 nm to + 15 nm drift for the signal at a wavelength of 1545 nm as shown in the inset of Fig. 3(b).
Next, the control signal is tuned when the pump wavelength is fixed at 1550 nm and simultaneous SH spectra
of the pump and signal and associated SF spectrum are observed. In Fig. 4, four overlaying spectra of SH and SF
for four different control signals centered at 1532 nm, 1536 nm, 1560 nm, and 1561 nm are shown. Each SF wave
has a broader and narrower BW than that of the corresponding signal SH wave and pump SH wave, respectively,
SCIENTIFIC REPORTSȁͽǣ 883 ȁ ǣͷͶǤͷͶ;ȀͺͷͻͿ;ǦͶͷͽǦͶͶͿͽͺǦ
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Figure 4. Overlaying of four experimentally observed spectra including SH of a pump (SHP) at λ1 = 1550 nm
and SH of four tuned signals at λS1 = 1532 nm, λS2 = 1536 nm, λS3 = 1560 nm and λS4 = 1561 nm named as SHS1,
SHS2, SHS3 and SHS4 and SF of the pump and signals presented by SFP,S1, SFP,S2, SFP,S3 and SFP,S4. The inset shows
theoretical and experimental results for normalized SF power versus wavelength demonstrating the tunability of
the device over >8 nm.

Figure 5. SH spectra for 3 pump powers shown in Fig. 3(a). The inset shows output SH power in mW versus
input FH pump power in W. Quadratic SH power with respect to the pump power is realized and the a
coefficient is ~0.056/kW.

as predicted by Eqs (4) and (5). Filtering is necessary to have a single peak emission for SFG. The maximum
power of SF waves alters for different signal wavelengths as expected from the ripply transfer function of the
SC-PPLN, shown in Fig. (2).
The simulated and experimental results (at 25 °C) for normalized maximum SF power versus wavelength is
plotted in the inset of Fig. 4 for a pump at 1550 nm and a swept control signal. The measured SF central wavelength is successively tuned from ~770 nm to 778 nm by tuning the control signal from 1530 nm to 1560 nm,
confirming an experimentally tunable BW of ~8 nm for the SF whilst for an equivalent-length, uniform PPLN, it
is only 0.41 nm, demonstrating the super-tunability of our SC-PPLN. However, the difference between experimental and simulated results comes from accumulated phase differences in the fabrication and errors involved in
the poling process. The simulated response in the inset is shown in a wider range than the experimental one as the
SC-PPLN is designed to work also at higher temperatures. Theoretical calculation for the SF power using Eq. 1
and assuming Gaussian functions (approximately) with the integrated powers and bandwidths of (P1, σ1) and (P2,
2
2 1/2
σ2) for the pump and signal, respectively leads to PSF ∝ PP
which results in a small SF power
1 2σ1σ2/(σ1 + σ2 )
where σ1 ≫ σ2 even if P1 is comparable to P2. For instance, considering a typical 1-W signal power at 1542 nm and
a 3-W integrated power of the pump, the maximum integrated power in the generated SF power at 773.2 nm is
calculated and measured to be around 75 μW resulting in an SFG efficiency of ~0.025/kW.
In a special case, by turning the control signal off, an SH proportional to the auto-convolution of the
high-power pump is generated. The SH spectra for three pump powers (already illustrated in Fig. 3a) are shown
in Fig. 5. It is obvious that the SC-PPLN performs well for full-BW frequency-doubling of the FH wave, and is also
able to handle the pump spectral-shift. The generated SH power is measured and plotted versus the input power
in the inset of Fig. 5.
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Figure 6. Experimental setup to evaluate SFG in an SC-PPLN with a high-power fiber laser as a pump and
a tunable CW laser as a control signal, EDFA: erbium doped fiber amplifier, PC: polarization controller, M:
mirror, BS: beam splitter, PBS: polarization beam splitter, HWP: half-wave plate and OSA: optical spectrum
analyzer. The light from the high-power laser is combined with the light from the tunable laser after polarization
controlling, in a 50:50 beam splitter and loosely focused in the SC-PPLN. The higher harmonics are separated
by a dichroic mirror and coupled to an optical spectrum analyzer. SHG in the SC-PPLN is evaluated using the
high-power laser by turning the tunable laser off.

The SH power changes quadratically with the FH power as is expected from the un-depleted pump theory. The
quadratic fit curve to the experimental data is shown in the inset and the estimated quadratic coefficient, a is
0.056/kW, which is comparable with the theoretical calculation of the efficiency using the following equation
2
L
a = PSH /PP2 = 8π /λ12cε0nSH n12w 2 ⎡⎢∫ d(z )e jΔkzdz ⎤⎥ for an SC-PPLN, where d33 is 21 pm/V, the free space permit0
⎣
⎦
tivity, ε0 is 8.85 × 10−12 F/m, c is 3 × 108 m/s, w is 70 μm, and nSH is the refractive index of LN at the SH wavelength, respectively. The calculation gives the coefficient, a in the range of 0.048/kW to 0.12/kW which depends
on the chirp step, SC-PPLN length, working wavelength and temperature. No photorefractive damage was seen
at 25 °C for different FH powers, however, we increased the temperature from room temperature to 115 °C. The
change in the SH power is less than 3 dB over a 90 °C temperature-tuning BW in a fixed-position alignment and
thus, the device does not require a temperature controller. It is worth noting that the similar BW for an
equivalent-length uniform PPLN is calculated to be only around 4 °C.

Discussion
In this paper, it was demonstrated both experimentally and theoretically that by engineering the chirped grating
in a nonlinear crystal and designing the transfer function larger than the signal tuning span, all spectral components of a few-nm-wide pump and a tunable CW signal can be phase-matched over the transfer function’s
bandwidth to generate an SF wave with a corresponding bandwidth as the pump wave. For the SC-PPLN, a
50 nm wide transfer function was obtained to cover the C-band at room temperature and higher temperatures
(up to 115 °C). In this device, SFG phase-matching of the control signal swept over 30-nm in the C-band with
a high-power CW pump at 1550 nm resulted in the generation of a super-tunable SF wave over ~8 nm around
775 nm. Also, the loosely-focused beam position along the grating is moved to maximize the up-conversion efficiency around 1550 nm in the transfer function. The focusing position has been found to be optimized at 0.7 × L
of the grating. The measured generated SF power versus wavelength is in a good agreement with the theory.
Although the SF response has ripple due to the transfer function profile, apodization of the SC-PPLN grating can
remove the ripples35, 45. In a special case of turning the signal off and obtaining frequency doubling of the pump
alone, the SH wave with a broader bandwidth than that of the pump was achieved which is the consequence of the
auto-convolution of the pump wave distribution function in the frequency domain40. Quadratic SH power with
respect to the pump power was realized and the quadratic coefficient was measured to be ~0.056/kW. The device
is insensitive to pump-spectrum drift and does not need a temperature controller and also can tolerate ± 11.4°
yaw, i.e. an input acceptance angle. The current engineering technique can also be applied to other wavelength
ranges and materials as long as the phase-matching conditions are met.

Method

The fabricated mask based on our design is used in the photolithography on a + z face of an undoped,
0.5-mm-thick, z-cut, optical grade LN crystal. Electric-field poling at room temperature, a common technique
for the fabrication of QPM devices, especially for LN is used37, 46. A dc electric field (22 kV/mm) higher than the
coercive field strength of LN in the shape of pulses with duration of 0.5 ms was applied to the patterened LN. The
fabricated SC-PPLN then was cut, polished and placed in the experimental setup as shown in Fig. 6.
A CW erbium fiber laser (ELR-75-1550) from IPG Photonics with a central emission wavelength around
1550 nm with multiple longitudinal modes having random phases is used as a high-power FH pump. A combination of a half-wave plate and a polarization beam splitter (PBS) cube in front of the pump beam is placed to adjust
the power. After the PBS, another half-wave-plate is located to fix the light polarization before entering into the
SC-PPLN.
The pump beam is combined in a 50:50 beam splitter with the control signal coming via a fiber-based polarization controller from another device: a JDSU tunable laser amplified by a C-band EDFA. The signal beam from the
fiber, collimated by a spherical lens enters the beam splitter cube. The two combined beams (the pump and signal)
SCIENTIFIC REPORTSȁͽǣ 883 ȁ ǣͷͶǤͷͶ;ȀͺͷͻͿ;ǦͶͷͽǦͶͶͿͽͺǦ
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are loosely focused into the SC-PPLN by a lens with a focal length of 12.5 cm (at around 1550 nm). The output SF
and SH waves were separated from the pump by a dichroic mirror, then collimated and coupled into the output
fiber and analyzed using an optical spectrum analyzer and a power meter.

References
1. Cheng, C.-F. et al. Cavity ring-down spectroscopy of Doppler-broadened absorption line with sub-MHz absolute frequency
accuracy. Opt. Express 20, 9956–9961 (2012).
2. Yang, C. et al. Phase-referenced interferometer with subwavelength and subhertz sensitivity applied to the study of cell membrane
dynamics. Opt. Lett. 26, 1271–1273 (2001).
3. Su, J., Tomov, I. V., Jiang, Y. & Chen, Z. High-resolution frequency-domain second-harmonic optical coherence tomography. Appl.
Opt. 46, 1770–1775 (2007).
4. Jin, R.-B. et al. Efficient generation of twin photons at telecom wavelengths with 2.5 GHz repetition-rate-tunable comb laser. Sci. Rep
4, 7468 (2014).
5. Chen, B.-Q., Zhang, C., Hu, C.-Y., Liu, R.-J. & Li, Z.-Y. High-Efficiency Broadband High-Harmonic Generation from a Single QuasiPhase-Matching Nonlinear Crystal. Phys. Rev. Lett. 115, 83902 (2015).
6. Fedorova, K. A., Sokolovskii, G. S., Khomylev, M., Livshits, D. A. & Rafailov, E. U. Efficient yellow-green light generation at 561 nm
by frequency-doubling of a QD-FBG laser diode in a PPLN waveguide. Opt. Lett. 39, 6672–6674 (2014).
7. Nilsson, J. & Payne, D. N. High-Power Fiber Lasers. Sci. 332, 921–922 (2011).
8. Kablukov, S. I., Zlobina, E. A., Podivilov, E. V. & Babin, S. A. Output spectrum of Yb-doped fiber lasers. Opt. Lett. 37, 2508–2510
(2012).
9. Lapointe, M.-A. & Piché, M. Linewidth of high-power fiber lasers. Proc. SPIE 7386, 73860S–73860S–8 (2009).
10. Jackson, S. D. Towards high-power mid-infrared emission from a fibre laser. Nat Phot 6, 423–431 (2012).
11. Jackson, S. D., Sabella, A., Hemming, A., Bennetts, S. & Lancaster, D. G. High-power 83 W holmium-doped silica fiber laser
operating with high beam quality. Opt. Lett. 32, 241–243 (2007).
12. Chan, M.-C., Lien, C.-H., Lu, J.-Y. & Lyu, B.-H. High power NIR fiber-optic femtosecond Cherenkov radiation and its application
on nonlinear light microscopy. Opt. Express 22, 9498–9507 (2014).
13. Berger, V. Nonlinear Photonic Crystals. Phys. Rev. Lett. 81, 4136–4139 (1998).
14. Arie, A. & Voloch, N. Periodic, quasi-periodic, and random quadratic nonlinear photonic crystals. Laser Photon. Rev 4, 355–373
(2010).
15. Chen, B.-Q. et al. Simultaneous broadband generation of second and third harmonics from chirped nonlinear photonic crystals.
Light Sci Appl 3, e189 (2014).
16. Ren, K., Liu, Y., Ren, X. & Fan, J. Broadband second harmonic generation in an imperfect nonlinear photonic crystal with random
defects. J. Mod. Opt 63, 1719–1725 (2016).
17. Ren, M.-L., Ma, D.-L. & Li, Z.-Y. Experimental demonstration of super quasi-phase matching in nonlinear photonic crystal. Opt.
Lett. 36, 3696–3698 (2011).
18. Albuquerque, A. A. C., Drummond, M. V., Puttnam, B. J., Wada, N. & Nogueira, R. N. Investigation of PPLN-Based PSAs for HighGain Optical Amplification. Lightwave Technology, Journal of 33, 2802–2810 (2015).
19. Arahira, S. & Murai, H. Wavelength conversion of incoherent light by sum-frequency generation. Opt. Express 22, 12944–12961
(2014).
20. Hu, X. P., Xu, P. & Zhu, S. N. Engineered quasi-phase-matching for laser techniques Invited. Photon. Res. 1, 171–185 (2013).
21. Umeki, T. et al. PDM Signal Amplification Using PPLN-Based Polarization-Independent Phase-Sensitive Amplifier. J. Light. Technol
33, 1326–1332 (2015).
22. Zhou, Z.-Y. et al. Generation of light with controllable spatial patterns via the sum frequency in quasi-phase matching crystals. Sci.
Rep 4, 5650 (2014).
23. Steinlechner, F., Hermosa, N., Pruneri, V. & Torres, J. P. Frequency conversion of structured light. Sci. Rep 6, 21390 (2016).
24. Zhong, H., Zhang, L., Li, Y. & Fan, D. Group velocity mismatch-absent nonlinear frequency conversions for mid-infrared
femtosecond pulses generation. Sci. Rep 5, 10887 (2015).
25. Ahlawat, M., Tehranchi, A., Pandiyan, K., Cha, M. & Kashyap, R. Tunable all-optical wavelength broadcasting in a PPLN with
multiple QPM peaks. Opt. Express 20, 27425–27433 (2012).
26. Tang, X., Wu, Z. & Urquhart, P. Temperature optimization for broad-band quasi-phase-matched difference frequency generation.
Journal of Lightwave Technology 22, 1622–1627 (2004).
27. Sheng, Y. et al. Temperature and angle tuning of second harmonic generation in media with a short-range order. Appl. Phys. Lett. 91,
101109 (2007).
28. Sheng, Y., Dou, J., Ma, B., Cheng, B. & Zhang, D. Broadband efficient second harmonic generation in media with a short-range order.
Appl. Phys. Lett. 91, 11101 (2007).
29. Gu, B.-Y., Dong, B.-Z., Zhang, Y. & Yang, G.-Z. Enhanced harmonic generation in aperiodic optical superlattices. Appl. Phys. Lett.
75, 2175–2177 (1999).
30. Zhu, S. et al. Experimental Realization of Second Harmonic Generation in a Fibonacci Optical Superlattice of LiTa${\mathrm{O}}_
{3}$. Phys. Rev. Lett. 78, 2752–2755 (1997).
31. Mizuuchi, K. & Yamamoto, K. Waveguide second-harmonic generation device with broadened flat quasi-phase-matching response
by use of a grating structure with located phase shifts. Opt. Lett. 23, 1880–1882 (1998).
32. Moutzouris, K., Adler, F., Sotier, F., Träutlein, D. & Leitenstorfer, A. Multimilliwatt ultrashort pulses continuously tunable in the
visible from a compact fiber source. Opt. Lett. 31, 1148–1150 (2006).
33. Lee, Y. L. et al. Broadening of the second-harmonic phase-matching bandwidth in a temperature-gradient-controlled periodically
poled Ti:LiNbO3 channel waveguide. Opt. Express 11, 2813–2819 (2003).
34. Ahlawat, M., Bostani, A., Tehranchi, A. & Kashyap, R. Agile multicasting based on cascaded &#x3C7;(2) nonlinearities in a stepchirped periodically poled lithium niobate. Opt. Lett. 38, 2760–2762 (2013).
35. Tehranchi, A. & Kashyap, R. Design of Novel Unapodized and Apodized Step-Chirped Quasi-Phase Matched Gratings for
Broadband Frequency Converters Based on Second-Harmonic Generation. Light. Technol. J 26, 343–349 (2008).
36. Lu, G.-W. et al. 160-Gb/s all-optical phase-transparent wavelength conversion through cascaded SFG-DFG in a broadband linearchirped PPLN waveguide. Opt. Express 18, 6064–6070 (2010).
37. Bostani, A., Ahlawat, M., Tehranchi, A., Morandotti, R. & Kashyap, R. Design, fabrication and characterization of a specially
apodized chirped grating for reciprocal second harmonic generation. Opt. Express 23, 5183–5189 (2015).
38. Bostani, A., Ahlawat, M., Tehranchi, A., Morandotti, R. & Kashyap, R. Tailoring and tuning of the broadband spectrum of a stepchirped grating based frequency doubler using tightly-focused Gaussian beams. Opt. Express 21, 29847–29853 (2013).
39. Tehranchi, A., Ahlawat, M., Bostani, A. & Kashyap, R. Flexible All-Optical Wavelength Shifters Using Strong Focusing in a
Wideband Engineered PPLN. IEEE Photonics Technology Letters 28, 1924–1927 (2016).
40. Arbore, M. A. Generation and manipulation of infrared light using quasi phase matched devices: ultrashort-pulse, aperiodic-grating
and guided-wave frequency conversion. (Stanford University, 1998).
41. Boyd, G. D. & Kleinman, D. A. Parametric Interaction of Focused Gaussian Light Beams. J. Appl. Phys. 39, 3597–3639 (1968).

SCIENTIFIC REPORTSȁͽǣ 883 ȁ ǣͷͶǤͷͶ;ȀͺͷͻͿ;ǦͶͷͽǦͶͶͿͽͺǦ

7

www.nature.com/scientificreports/
42. Sané, S. S. et al. 11 W narrow linewidth laser source at 780 nm for laser cooling and manipulation of Rubidium. Opt. Express 20,
8915–8919 (2012).
43. Jundt, D. H. Temperature-dependent Sellmeier equation for the index of refraction, ne, in congruent lithium niobate. Opt. Lett. 22,
1553–1555 (1997).
44. Bahabad, A., Ganany-Padowicz, A. & Arie, A. Engineering two-dimensional nonlinear photonic quasi-crystals. Opt. Lett. 33,
1386–1388 (2008).
45. Bostani, A., Tehranchi, A. & Kashyap, R. Engineering of effective second-order nonlinearity in uniform and chirped gratings. J. Opt.
Soc. Am. B 29, 2929–2934 (2012).
46. Pandiyan, K., Kang, Y. S., Lim, H. H., Kim, B. J. & Cha, M. Nondestructive quality evaluation of periodically poled lithium niobate
crystals by diffraction. Opt. Express 17, 17862–17867 (2009).

Acknowledgements
R.K. acknowledges Canada Research Chair program of the Govt. of Canada and Natural Sciences and Engineering
Research Council of Canada’s (NSERC) Strategic Grants Program.

Author Contributions
A.B. and A.T. contribute to conceive and plan the experiment. A.B. designs and fabricates the samples and carries
out the experiment with the help of A.T. A.B. and A.T. analyze the experimental results and write the manuscript
with the help of R.K. R.K. supervises the project. All authors contribute to discussing and evaluating the results.

Additional Information

Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2017

SCIENTIFIC REPORTSȁͽǣ 883 ȁ ǣͷͶǤͷͶ;ȀͺͷͻͿ;ǦͶͷͽǦͶͶͿͽͺǦ

8

