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Final Report
(10/13/2010-04/11/2011)

1.0 INTRODUCTION

In Phase I, NP Photonics has successfully demonstrated the feasibility to implement
the proposed fiber-based, compact, tunable, THz spectroscopic/fingerprinting system, by
achieving the progress as following:

(1) The pulse energy of NP pulsed fiber lasers with transform-limited linewidth have been
scaled up to 0.212 mJ, which corresponds to a peak power of 2.12 kW by using the
new developed NP single-mode PM large core fiber 30/250. This pulse energy is the
highest fiber-based pulse energy for the longer pulses (> 100 ns) with transform-
limited linewidth.

(2) Achieved the bonded QPM-GaP crystals and the proposed THz crystal fiber
converter for high power parametric THz source.

(3) Achieved the optimized coherence length for GaP crystal by using a GaP wedge, and
demonstrated a new approach to verify the THz wavelength by using the GaP wedge.

(4) THz waveguide modeling has been developed for high efficiency and high power THz
generation In Phase | by the UD team, which can be used for the design to fabricate
the THz waveguide nonlinear crystal (or THz waveguide crystal converter) in NP
Photonics, in order to achieve the high efficiency and high power THz generation.

(5) NP has successfully scaled the THz power to 0.339 mW by using the developed
monolithic high power pulsed fiber lasers at ~ 1550 nm with longer nanosecond pulse
width, and transform-limited narrow linewidth, based on a external cavity to enhance
and recycle the fiber laser pumps.

(6) We have successfully demonstrated room temperature THz detection based-on THz
upconversion by using the QPM-GaP crystal that will be used to develop the fiber-
based high-resolution THz spectrometer in Phase Il.

In this project, NP Photonics proposes to implement and produce a fiber-based, compact,
tunable, THz spectroscopic/fingerprinting system that offers ultra-high resolution (< 1 MHz), high
sensitivity and room temperature operation over the 1-3 THz range. This proposed system provides
high resolution molecular fingerprint information by leveraging NP Photonics high power and
narrow linewidth fiber-based THz source, which is based on the newly developed THz crystal fiber
converter and NP’s high power single-frequency pulsed fiber lasers at eye-safe wavelength ~1550
nm in master oscillator and power amplifier (MOPA) configuration. Fig. 1 shows the schematic of
the proposed compact, tunable, THz frequency source/detector system. Based on the successful
demonstration in Phase I, in Phase II, the external cavity enhanced fiber-based THz source will
generate 1-10 mW narrow linewidth THz radiation while providing for 3-4 decades of dynamic
range. For the THz detection, we will implement a all fiber-based ultra-sensitive, room-temperature
optical THz detection by using nonlinear parametric up-conversion based on our successful
demonstration in Phase I. Terahertz radiation is mixed with pump light at ~1550 nm in the THz fiber
converter to generate an optical sideband or idler wave that is coupled into optical fiber and detected
using a Femtowatt Photoreceiver or GM-APD. The noise equivalent power (NEP) of this proposed
THz detector is expected to be ~ fW/Hz"? with a timing resolution of < ns.
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NP Photonics uses our monolithic high power pulsed fiber laser system to achieve fiber
laser pulses at ~ 1550 nm with high pulse energy, average and peak power, pulse width of > 500
ns, and transform-limited narrow linewidth (< MHz) for pumping the proposed ultra-high
resolution THz source. The parametric THz generation is leveraged by a THz crystal fiber converter
based on quasi-phase-matched (QPM)-GaP, which provides strong confinement of the two optical
pumps and of the THz product, good overlap of the 3 optical fields over a long interaction length, and
maintenance of the spatial synchrony between the induced polarization wave, and the electromagnetic
wave product. In Phase II, NP Photonics will demonstrate the proposed THz source 1-10 mW power
over the 1-3 THz range, and its footprint is smaller than 60x60 cm’ owing to the special compact
advantages of fiber lasers. In the THz detection based on THz upconversion, optical detectors are a
mature and commercial technology that offers excellent sensitivity with large bandwidths and room-
temperature operation. As we demonstrated in Phase I in this project, InGaAs Femtowatt Photoreceiver
or GM-APD enable detection down to the single photon limit with very fast performance. Therefore,
this proposed fiber-based, compact, tunable, THz frequency source/detector system will have
advantages of: (1) compact (footprint < 60x60 cm®); (2) high spectral resolution (< MHz); (3) room
temperature operation; (4) High temporal resolution (< 1 ns); (5) high sensitivity (NEP ~ fW/Hz"?); (6)
high stability for field applications; (7) safety (THz is safe for human body and fiber laser at ~ 1550 nm

is eye-safe).

Fiber-based THz spectroscopic/fingerprinting system
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Fig. 1 Schematic of the proposed fiber-based, compact, tunable, THz spectroscopic/fingerprinting
system with ultra-high resolution (< 1 MHz), high sensitivity and room temperature operation.

20 PROJECT OBJECTIVES IN PHASE |

We have successfully carried out the following specific objectives in Phase I period:
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1) Achieve monolithic high power fiber laser pulses with ~ 1 mJ pulse energy, average and peak
power of 20W and 1-5 kW, pulse width of > 500 ns, and transform-limited narrow linewidth
(< MHz) at ~ 1550 nm (eye-safe wavelength) based on NP’s pulsed fiber laser seed and large
core SM PM highly Er/Yb co-doped phosphate fibers.

2) Design and fabricate the optimized single mode THz crystal fibers as THz parametric
converter by using the QPM-GaP structures under collaboration with Prof. Haus and Prof.
Powers of UD.

3) Achieve mW-level ultra-narrow linewidth THz radiation based on single-pass DFG by using
optimized single mode THz crystal fiber converter and monolithic high power fiber laser pulses.

4) Achieve ~ 10 mW ultra-narrow linewidth THz radiation based on our external cavity
enhanced THz generation technique pumped by above high power pulsed fiber lasers by
using THz crystal fiber converter with AR-coatings.

5) Demonstrate ultra-sensitive room-temperature THz detection based on THz parametric
upconversion by using above high power pulsed fiber lasers and THz crystal fiber converter.

6) Demonstrate an ultra-narrow linewidth integrated high power THz array with 10-100 mW
power over the 1-3 THz range, and its footprint is smaller than 60x60 cm® owing to the
special compact advantages of fiber lasers. (Optional and in Phase I1)

7) Design and build a fiber-based, compact, tunable, THz source/detector system that offers ultra-high
resolution (< 1 MHz), high sensitivity and room temperature operation over the 1-3 THz range,
which provides high-resolution molecular fingerprint information. (Optional and in Phase I1)

3.0 WORKPERFORMED AND RESULTS OF PHASE |

3.1 All Fiber-Based THz Source

Table 1 summarizes the schemes for laser-based THz generation. One can see that among
three kinds of compact THz sources, only fiber laser pumped parametric processes can not only
generate high power narrow linewidth THz waves but also be operated without cryogen cooling
at ambient temperature in the field. After we firstly demonstrated fiber-based THz source based
on parametric processes, THz output power was scaled to 0.339 mW through scaling the
average/peak power of Q-switched fiber lasers and increasing the conversion efficiency of the
parametric processes. In Phase II of this project, the power of this narrow linewidth (< MHz)
fiber-based THz source will be scaled to 1-10 mW for the proposed fiber-based, compact,
tunable, THz frequency source/detector system shown in Fig.1.

Table 1. Summary of the schemes for laser-based THz generation.
SCHEMES POWER VOLUME | OPERATED
TEMP.

Free Electron (THz) Laser ~W Very Bulky | Room-temp.
Optically pumped THz gas laser ~ 100 mW Bulky Room-temp.
Broadband THz pulses (Photoconduction & optical | ~ uW Bulky Room-temp.
rectification

Current-injection laser (QCL) ~mwW Compact Cryogenic temp.
Fiber laser pumped photomixing ~ uW Compact Room-temp.
Fiber laser pumped parametric processes ~mW Compact Room-temp.
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1) Monolithic high power single-frequency pulsed fiber laser
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Fig. 2 Monolithic high power pulsed fiber laser system in MOPA.

Fig. 2 shows our current approach for high power single-frequency pulsed fiber laser, which we
have developed in MOPA configuration based on NP’s newly developed SM PM highly Er/Yb co-
doped phosphate fibers EYPhF 15/125, 25/400 and 30/250. Fig. 2 shows one of two implemented
channels (1550.67 nm and 1538.74 nm) that were used for THz DFG. Their repetition rate can be tuned
from tens of hertz to MHz. Most importantly, (1) the fiber laser pulsed seed is obtained by directly
modulating the single-frequency fiber laser, which has the transform-limited narrow linewidth; (2) the
pulse duration can be tuned from 2.5 ns to ps controlled by an arbitrary waveform generator (AWG). In
order to get the linewidth < MHz, we will use pulse width > 500 ns in this project. (3) Their
wavelengths can be mode-hop-free tuned by piezo tuning of fiber laser, and thermally tuned in the
range of ~ 30 GHz. Previously, we have demonstrated the highest peak power of ~ 128 kW when the
repetition rate is 10 kHz and the pulse width 2-3 ns.

In this project, one of the core objectives is achieve the high peak power for the longer
nanosecond (100ns-ps) transform-limited fiber laser pulses by improving the stimulated Brillouin
scattering (SBS)-threshold. In Phase I of this project, NP Photonics has successfully achieved
significant progress for the longer nanosecond (100ns-ps) transform-limited fiber laser pulses by
leveraging on NP’s unique highly Er/Yb co-doped phosphate fibers with high unit gain for high SBS-
threshold, in order to achieve the ultra-narrow linewidth fiber-based THz source for the proposed
compact ultra-high resolution THz spectroscopic/fingerprinting system. In this project, NP Photonics
proposed high resolution THz spectroscopic/fingerprinting system has the spectral resolution in <
MHz level, and the linewidth and stability of the pulsed fiber laser should be less than < MHz.
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because the fiber laser pulses are anticipated to have a transform-limited linewidth, the pulses
duration must be large enough (~ 500 ns) in order to have a sufficiently narrow linewidth due to
the transform-limit. For the sub-microsecond pulses with single spatial mode and very narrow
linewidth, laser power scaling has been difficult in fiber amplifiers due to limitations primarily
from the SBS nonlinear effect. SBS builds up strongly in the fiber for narrow linewidth pulses of
long pulse duration. So it has been difficult to achieve high peak power, single-mode, and narrow
linewidth operation simultaneously in a fiber laser system in a MOPA structure. Therefore,
increasing the SBS threshold for the fiber amplifiers is crucial to scaling the peak/average power
for the SM PM narrow linewidth sub-microsecond fiber laser pulses. There are three main
approaches to reducing SBS effect or increasing SBS threshold. One is to reduce the overlap
integral between the optical and acoustic field as accomplished by proper profile design.
However, this approach is effective for passive fiber, not for LMA active fiber. The second is
using a temperature gradient or strain gradient to alter the SBS spectrum along the fiber (which
essentially shortens interaction length), but there is no high peak power narrow linewidth pulsed
fiber laser reported yet using this approach. The last one that is the well-known approach to
reduce the SBS effect is to make fibers with large mode area (LMA). The mode area is increased
by lowering the core numerical aperture (NA) and increasing the core diameter. However, when
the core diameter is larger than 20 um, the fiber becomes multimoded even with NA as low as
0.06. Modal discrimination, for example, induced by bending the fiber, can be used to achieve
single mode operations. A side effect of this method is that for large core size, bending deforms
the mode field distribution and thus reduces the mode area.
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Fig. 3 Estimated SBS threshold vs. fiber length for 15/125, 25/400, 30/250, and 100/400 LC-

EYPhF fibers.
In order to implement the high SBS-threshold amplifiers, we notice that the SBS
threshold can be simply expressed as , A« , where A is optical effective mode area,
T K goLy
95 the Brillouin gain coefficient .- gl s Lett the effective length of the active fiber
e CAV AV
(Leff :exngL) LLeXp(gz)dz, where g is the unit gain of the active fiber), and K the polarization

dependence factor (1/3<K<2/3 when Let >> Lg where Lg is the polarization beating length). It is
worth noting that our highly co-doping Er/Yb phosphate has the highest unit gain (> 5 dB/cm);
resulting that the relative Leg is smaller by one or two orders of magnitude compared to silica and
silicate fibers. Furthermore, we have done the research about the SBS gain coefficient of our
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phosphate fibers under collaboration with Edward L. Ginzton Laboratory of Stanford University
recently. The results show that the SBS gain coefficient of our phosphate fibers is only half of
that of a silica fiber.

According to the above analysis, in Fig. 3 we estimated the SBS threshold for our (large
core) LC-EYPhHF fibers with core size of 15 um, 25 pm, 30 um and 100 pm, respectively. One
can see that when using 10-20 cm fiber length (as mentioned below, the optimized length for
NP’s LC-EYPhF in the range of 10-20 cm), the SBS threshold can be up to 2.8-5.6 kW for the 15
um core phosphate fiber, 7.7-15 kW for 25 pum core fiber, 11.1-22.2 kW for 30 um core fiber,
and 123.8-247.5 kW for 100 um core fiber, respectively. From these high estimated SBS-
threshold in Fig. 3, it’s is worth noting that NP’s highly Er/Yb co-doped phosphate fiber has the
highest possibility to achieve the highest peak power and pulse energy for SM PM sub-
microsecond pulses with transform-limited pulse width. Actually, we have already achieved the
highest peak power and pulse energy by using 15 um, 25 um and 30 um core fibers, respectively,
in Phase I.

15 um core LC-EYPhHF:

 PM-ESF-7/125 i

i~ 1 m PM LC-EYPhF

, N\ ##  15/125 |

Modulated Single- | |

frequency pulsed fiber | ’ |

laser seed | Combiner |

1\ ) |

| g |

! Three amplifier stages |

Fig. 4 Schematic of the SBS-free amplifier using NP fiber 15/125.
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Fig. 5 (a) Pulse energies vs. pump power. (b) OSA spectrum and F-P scanning spectrum for the high-
energy pulses at 1538 nm with repetition rate of 20 kHz.

Recently, we observed the SBS-free pulse energy of 54 pJ at 1538 nm with pulse duration
of 153 ns based upon our large core SM PM LC-EYPhF 15/125 with 12 cm length shown in Fig.
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4. This pulsed fiber laser system in MOPA is all fiber-based, no any free-space component
included. The peak power is 352 W, transform-limited linewidth ~ MHz, and the beam quality
M? ~ 1.1. This pulsed fiber laser system can be operated in the whole C-band. Fig. 5 (a) shows
the typical performance of the MOPA system at ~ 1538 nm and the typical pulse shape (inset of
Fig. 5 (a)). Fig. 5 (b) shows the OSA spectrum and Fabry-Perot (F-P) scanning spectrum (inset)
of 54 pJ pulses. One can see that the in-band signal to noise ratio is nearly 50dB from the OSA
spectrum. From the F-P scanning spectrum, it was estimated that the pulsed fiber laser in MOPA
was operating in longitudinal single-mode and the transform-limited linewidth is about several
MHz.

25 um core LC-EYPhHF:

In Phase I of this program, we used the newly-developed SM PM highly Er/Yb co-doped
phosphate fiber 25/400 with core size of 25 pm to build the 2™ power amplifier stage of Fig. 6.
By precisely controlling the indices of core and cladding glasses, the core NA of 25/400 fiber
is as small as 0.0395, corresponding to a V number of \, _ 27” aNA = 2.000 < 2.405 that means this

fiber is single mode fiber. In Phase I, we have optimized the fiber length of ~ 12 cm theoretically
and experimentally.
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@
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— 25/400 /: 15/125
2" Power amplifier stage '
Fig. 6 Schematic of the 2™ power amplifier stage by using 25 um core fiber. Insert: cross section of the

High power
1 isolator MM LDs
)

new large core highly Er/Yb co-doped phosphate fiber 25/400.

By using this newly developed SM PM large core highly co-doped phosphate fiber
25/400, the second power amplifier stage has been implemented. Fig. 6 shows the whole
schematic of the monolithic pulsed fiber laser in MOPA, which have been designed and
implemented for the high power/energy longer ns (> 100ns) pulses with narrow linewidth. And
one can see that the newly developed fiber has been successfully used in the final power
amplifier stage with the optimized length of ~ 12 cm. NP Photonics phosphate-based gain fiber
has the unique and dramatic feature of high gain per unit length. This makes possible high
amplification in a short length and without SBS effect typical of conventional silica-based active
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fibers. It is worth noting that the large core SM PM phosphate fiber has been successfully fusion-
spliced with commercial silica fibers for the first time, which makes the whole MOPA system
monolithic.

Fig. 7 (a) shows the output pulse energy at different pump powers for 112 ns pulse seed
at 1530 nm with repetition rate of 8 kHz. One can see that the highest pulse energy can reach
0.126 mJ, which is the highest pulse energy for the longer ns pulses with transform-limited pulse
width. Fig. 7 (b) shows the seed and amplified pulse shapes. One can see that the amplified pulse
width 105 ns is a little narrower than the seed pulse width of 112 ns, and the amplified pulse
shape is still Gaussian-like. Fig. 8 (a) shows the output peak power from the 2°® amplifier stage
at different pump powers, which obtained by the pulse energy measurements in Fig. 7, pulse
width, and repetition rate. It is worth noting that the highest peak power can reach 1.2 kW for
105 ns pulses with repetition rate of 8 kHz, which is the highest peak power for the longer ns
pulses with transform-limited pulse width.
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Fig.7  (a) Output pulse energy of the 2™ amplifier at different pump power; (b) Pulse shape for the seed and amplified pulses.
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Fig. 8 (a) Output peak power of the 2™ amplifier at different pump powers; (b) Typical spectrum of the amplified
pulses by the 2" amplifier at 1530 nm.

The output beam quality of the fiber laser pulses with >100 pJ per pulse was
characterized by a Spiricon Pyrocam III. Inset of Fig. 8 (a) shows the image of the pulsed fiber
laser profile displayed in 2D view, which indicate the fiber laser pulses have diffraction limited
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beam quality. The beam quality was also evaluated by measuring the M? values of around 1.2 for
both vertical and horizontal directions through scanning the beam size around the waist position
of the focused propagation beam. Fig. 8 (b) shows the spectrum of the amplified pulses when the
peak power is about kW, which indicates the signal to noise ratio about 45 dB.

30 um core LC-EYPhHF:

stress rods for PM
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Fig.9  Schematic of the 2" power amplifier stage. Insert: cross section of the new large core highly Er/Yb co-
doped phosphate fiber 30/250.
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Fig. 10 SBS-free pulse energies vs. pump powers for the 2" power amplifier stage by using 30/250 fiber.

In order to further increase the SBS threshold, NP Photonics has developed another new
large core SM PM highly Er/Yb co-doped phosphate fiber 30/250 with core size of 30um. This
new fiber has been designed and drawn in NP Photonics. Fig. 9 shows the fiber cross-section of
the cleaved fiber end. One can see that this fiber is a PM fiber, and has a core size of 30 um,
which is the largest core size in the world for the phosphate active PM single-mode fiber. It is
worth noting that the lowest core NA of 0.0395 has been achieved in NP Photonics by precisely
controlling the index of the core /cladding glasses, which corresponds to a V number of
V= 27”aNA =2.400 < 2.405 that means this fiber is single mode fiber.

By using this fiber in the o power amplifier stage, the transform-limited pulse energy
has been successfully improved in Phase I of this project. Fig. 10 shows the pulse energy at 1530
nm with SBS-free when using different pump level for the 2nd power amplifier stage. The final
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pulse width is about 100 ns and repetition rate 8 kHz. One can see that the maximum SBS-free
pulse energy can be up to 0.212 mJ, which corresponds to a peak power of 2.12 kW, average
power of 1.696 W and conversion efficiency of 3.28%. This pulse energy is the highest fiber-
based pulse energy for the longer pulses (> 100 ns) with transform-limited linewidth.

100 um core Leakage Channel Fiber with Single-mode Performance:

R1=167u
R1=167u

Fig. 11 Design of the new all-glass leakage channel fiber.
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Fig. 12 Simulation of the power performance for the designed LCF to be used as amplifier
fiber with 40 cm length.

In Phase II of this project, NP Photonics will demonstrate mJ-level SBS-free transform-
limited fiber laser pulses with 100-500 ns pulse width, corresponding to ~100 kW peak power. In
order to significantly improve the SBS threshold and achieve the highest peak power for efficient
narrow linewidth THz generation, in Phase II, we will design and fabricate the first SM PM large
core highly Er/Yb co-doped phosphate leakage channel fiber (LCF) with core size of ~ 100 pum.
The preliminary structure design of 100 um core photonic crystal fiber is shown in Fig. 11. One
can see the SM performance is formed by leakage channel design. The polarization maintaining

11
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of leakage channel fiber is introduced by the stress rods shown in Fig. 11. Based on our
calculation, the fiber core should be close to 100 um, even by using NP’s high unit gain
phosphate fiber. Fig. 12 shows the power performance simulation results for the designed LCF
(in Fig. 11) to be used as amplifier fiber with 40 cm length, when using 10 W seed and 450W
pump power. One can see that the highest output power can reach ~ 120 W. Especially, the
expected SBS-threshold can be up to ~ 100 kW.

2 Narrow linewidth of the fiber-based THz source

In this project, the narrow linewidth of the fiber-based THz source is critical for the
proposed ultra-high resolution (< 1 MHz) and high sensitivity molecular THz fingerprint system.
Firstly, NP’s fiber-based THz source has very fine tunability. From Fig. 2, one can see our
pulsed fiber laser start from NP Photonics single-frequency fiber lasers. The piezo tuning range
of the fiber laser is 200 MHz with a tuning rate of ~10 MHz per voltage applied to the piezo. So,
the tuning step can be down to < kHz-level. The thermal tuning range 30 GHz with a tuning rate
1 GHz/°C. The proposed THz source is based on the difference-frequency generation of two
fiber laser pumps, so the proposed THz source has the same frequency tuning range and tuning
rate. The wide range tuning from 0.2 to 6 THz can be easily achieved by changing the NP
Photonics fiber laser seed with different center wavelength. The aforementioned tunability is
very crucial for high resolution molecular fingerprint information. Secondly, NP’s fiber-based
THz source can reach very high spectral resolution. From Fig. 2, one can see that our pulsed fiber
laser pumps are operated by directly chopping the single-frequency fiber laser, therefore the
linewidth is transform-limited. The electrical pulses used to drive two EOMs are generated from an
AWG card, which can have programmable waveform and any pulse width above ~ 500 ns.
Therefore, in this project, in order to achieve the narrow linewidth (< MHz) optical pulses, we have
successfully controlled the pulse spectral linewidth by using longer pulse widths based on NP’s
proprietary unique fiber laser pulse seed in Phase I. The linewidth of THz source depends on the
pump linewidth for the DFG process. Thirdly, the average power of the fiber-based THz source
should be higher enough. In Phase I of this project, we have successfully scaled the THz power to
0.339 mW by using the developed monolithic high power pulsed fiber lasers at ~ 1550 nm with
longer nanosecond pulse width, and transform-limited narrow linewidth, based on a external
cavity to enhance and recycle the fiber laser pumps.

3.2  THz Crystal Fiber Converter for High Power Parametric THz source

In pursuing the high power THz generation based on optical parametric processes,
previously, the PI has successfully used several bulk THz crystals, such as GaSe, ZnGeP,, GaP,
to achieve the high power THz parametric generation. Recently, we noticed that the QPM-GaP
and GaAs materials have been developed and the larger samples are available currently.
However, the generated THz peak power is still below the results obtained by using bulk
crystals. Initially, the main reason is that the length of QPM samples is limited due to the trade-
off between the length and interface loss. However, the high quality QPM crystals did not
produce high power either. The most important reason is the poor overlap of the three interaction
beams due to THz divergence in the optical parametric processes and the small optical beam size
(< 100s um) for the THz wavelength, when using bulk crystal or QPM materials. Considering
the THz divergence, the THz conversion efficiency should be modified as:
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distribution of the optical beam and the normalized electric field distribution of the THz waves.
In order to increase the modified factor, several approaches have been reported, such as rod-type
waveguide, polymer cladding silicon core waveguide, and integrated GaAs optical waveguide.
None of these approaches resolves the problem very well. From Eq. (1), in order to achieve the
highest THz conversion efficiency and highest parametric THz generation, the following factors
should be considered simultaneously: (1) phase-matching, (2) high effective nonlinear
coefficient, (3) nonlinear interaction length, (4) low absorption of THz materials at pump and
THz ranges, (5) high pump power (peak power), (6) beam size and overlap factor between the
optical pump beams and the THz waves. Therefore, NP Photonics proposes a single mode THz
crystal fiber as THz parametric converter, by using QPM-GaP materials, in order to achieve the
highest parametric THz conversion efficiency and highest THz power. In Phase I of this project,
NP Photonics has successfully demonstrated this new structure— the single mode THz crystal
fiber as THz parametric converter, including the development of the QPM GaP materials (see
Fig. 13). This is the first demonstration of the single mode THz crystal fiber converter.

SM core: QPM-GaP
QPM-GaP Structure

Cladding: Polymer Si
nanocomposite coating

NP unique drilling and =
grinding techniques — [110]

Polymer
l QPM:-GaP rod ] nanocomposite coating @ )

Fig. 13 Schematic of the fabrication for the single mode THz crystal fiber converter.

1) QPM-GaP crystals

Previously, tunable THz DFG was achieved in bulk GaP with ~1 um pump sources and
THz tuning range can be from 0.106-4.22 THz. GaP crystal has zinc blende structure with
symmetry group of F43m, so its linear optical properties are isotropic and it has no birefringence.
For THz generation based on optical parametric processes in GaP pumped by near infrared
lasers, phase-matching conditions can still be achieved because THz wavelengths pass through
reststrahl region. Theoretically, exact collinear phase-matched DFG for THz generation can only
be obtained when pump wavelengths are in the range from 0.995 to 1.033 um for bulk GaP
crystal. However, it’s still difficult to achieve the high power THz radiation by using these pump
wavelengths due to multi-photon absorption with a GaP band gap of about 2.26 eV. In addition,
we are still short of high quality laser sources in the wavelength range of 0.995um-1.033 pum for
parametric processes. In order to achieve high power THz generation, in this experiment we use
bonded QPM-GaP crystals with different numbers of periods pumped by high power pulsed fiber
lasers in the C-band. In addition GaP has no two-photon absorption at our pump wavelength (~
1.5 um), and a second order nonlinear coefficient ¥® (dis ~ 30pm/V) close to that of LiNbO; (das

13



NP Photonics, Inc Contract No.: W911NF-11-C-0005
Contract Line Item Number (CLIN) 0001AF Pl: Wei Shi

~ 34.4pm/V).In order to best use nonlinearity of GaP, (110) undoped GaP wafers were used for
preparing the QPM structures and have high resistivity ~ 10 MQ-m with carrier concentration ~
10° cm™. Fig. 14 (a) shows the orientation of these GaP wafers. The calculated coherence length
is 551.5 um based on GaP index dispersion, when using 1550 nm and 1538 nm pulsed fiber laser
pumps to generate difference frequency of 1.5 THz. Fig. 14 (b) shows the pictures of the bonded
QPM-GaP crystals with different layer numbers of coherence length. The measured THz
absorption coefficient is about 1.6 cm™ at 1.5 THz for the bonded QPM-GaP crystals.

4 Layers Single Layer

SF 8+/-2mm

(111)A

2 Layers 13 Daycrsf

(b)

(001) PF
16+/-2 mm

Fig. 14  (a) Orientation of the GaP wafers for QPM-GaP structures; (b) Pictures of the bonded QPM-GaP crystals.

(2) Single-pass THz generation using QPM-GaP crystals

[110]
1550 nm I

[1-10] Parametric

mirror
1538 nm /\ V4

attenuator
Pulsed fiber 1 !
lasers QPM-GaP crystal k;;“ R EQ
Bolometer

Fig. 15 Schematic and picture of the setup for single-pass THz generation by using QPM-GaP crystals.

The two pulsed fiber lasers in MOPA configuration that are realized by directly
modulating two single-frequency fiber lasers (1550nm and 1538nm) were used to pump the
QPM-GaP crystals for single-pass THz generation, based on DFG. The generated THz signal
was measured by using a calibrated bolometer. Two temporally overlapped pulses (~80ns, 20
kHz) from two fiber lasers in MOPA configuration are combined using a polarizing beam
splitter, and then focused into QPM-GaP crystal for the single-pass THz generation by using the
experimental setup shown in Fig. 15.
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Single-pass DFG THz average powers for different bonded QPM-GaP crystals.

In order to optimize the effective second-order coefficients for the QPM-GaP crystals in
experiments, the azimuthal dependence of the THz generation in (110) plan for the GaP QPM
bonded structures has been measured when the polarization directions of two pump beams are
orthogonal and parallel, respectively. Fig. 16 shows the THz generation for the GaP QPM
bonding structures when the polarization directions are orthogonal and parallel. For orthogonal
polarization direction in Fig 16 (a), one can see that the generated THz signal reaches the
maximum values when the one of the pump polarizations is along the [001] direction. For the
parallel polarization direction in Fig. 16 (b), the generated THz signal reaches the maximum
value when the pump polarizations are along the [111] direction. Fig. 17 shows the single-pass
DFG THz average powers for different bonded QPM-GaP crystals when using orthogonal

polarization directions and one of the pump polarization is along the [001] direction. The pump
pulse energy we used is about 53.3 pJ for two pulsed fiber laser pumps. One can see that the
generated THz average power for 13-layer bonded QPM-GaP is about 5.1 uW, which is 29 times

higher than that for single layer GaP with coherence length, and corresponds to a conversion
efficiency of 4.78x10°°.
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3) Optimization of the coherence length by using a GaP wedge

For the above QPM-GaP crystals, we used the theoretical THz indices to calculate the coherence
length for the GaP crystals. The coherence length of 551.5 um was determined by using GaP
index dispersion, when using 1550 nm and 1538 nm pulsed fiber laser pumps to generate
difference frequency of 1.5 THz. In order to achieve the optimized QPM-GaP structures, we
demonstrated the optimization of coherence length of GaP in experiments by using a polished
GaP wedge crystal, for the first time.

~850um

Fig. 18 Polished wedge sample using the high purity (110) GaP wafer.
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Fig. 19 THz generation at different thickness for the wedge sample.

In order to best use GaP’s second order nonlinearity for THz generation, we choose the high
purity GaP wafers that have relatively low absorption in THz range. A 2-inch GaP wafer with
thickness of ~ 1 mm was used to make a wedge sample shown in Fig. 18. Its orientation is shown
in Fig. 14 (a). One can see the thickness of the wedge sample is from ~ 250 um to ~ 850 pm, and
two (110) facets were polished. Then the THz generation was detected at different thicknesses
for the wedge sample shown in Fig. 19. NP’s 1550 nm and 1538 nm pulsed fiber laser pumps
(orthogonally polarized to each other) were used to generate difference frequency of 1.5 THz. In
Fig. 19, the symbols indicate the measured THz radiation values at different thickness, the red
curve represents the fitting of the experimental data, and the blue curve shows the fitted profile
of the experimental results. From Fig. 19, one can see that the measured results show a very
well-defined interference pattern when changing the wedge thickness. From the fitted profile
curve, we can clearly see the generated THz signal increases then decreases when the thickness
of wedge changes from ~250 um to ~850 pum. Therefore, the coherence length of 516.97 um
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corresponds to the thickness when THz signal reaches the maximum, which is different by 34.53
um compared with the calculated coherence length. From this measured coherence length, we
can determine the THz index 3.33675 at 1.5 THz based on near-IR indices of GaP and
momentum mismatching defined as | AK =] ks-Ky-ki , where k3, ko, and k; correspond to the wave
vectors for the THz wave and two pump beams. The theoretical value of THz index at 1.5 THz is
3.32464. On the other hand, we can verify the THz wavelength by using the interference pattern
in Fig. 19 and the measured THz index of GaP: A =2n,d, , =198um, where dp.p is the distance

between two adjacent peaks in the interference pattern.
4) THz waveguide modeling for high efficiency and high power THz generation

In Phase I, the UD team worked on several modeling efforts to help THz guide device
designs for boosting THz performance. Finally, we will this design to fabricate the THz
waveguide nonlinear crystal (or THz waveguide crystal converter) in NP Photonics, in order to
achieve the high efficiency and high power THz generation.

The first set of models look at THz generation using difference frequency generation
(DFG) in a waveguide. The UD team put together two waveguide models; one assumes
cylindrical symmetry (and hence runs fast) while the second allows an arbitrary two-dimensional
waveguide structure such as a ridge-waveguide. A second modeling effort focused on “photon
recycling” has also been initiated. In the DFG process, two inputs (pump and signal) are incident
at the input to the crystal waveguide, which then generate the THz difference frequency. In this
process, the THz is generated, the pump is depleted, and the signal is amplified. In the DFG
process, most of the energy goes to the signal photon, and the photon recycling idea looks at
using this excess energy to further amplify the THz signal. Both modeling efforts are described
below.

Waveguide models

Modeling the DFG process centers on the wave equation, which is derived in several
textbooks. We do not reproduce the derivation here, but go straight to the working equations and
then highlight the salient features. For the DFG process in a waveguide, three coupled amplitude
equations are given by,

2 2
i n e —N(XY 2 2 )
%zéviAl 70‘1(X’y) Al 71( 1 l( ) )%Al +i (’01 5 deﬂ‘AzA:‘eilAkZ (2)
dZ Zkl,curc 2 2kl,cun: 1,core
i (l’l corez_n X,y 2) 2 2 .
dAs i gy a(xy), (e T (x,y) NIRRT 3)
dZ 2k2,core 2k2,core 2,core
i (Il corcz —n3 X,y 2) 2 2
ddi = 21(l VA, - o, (X, Y) A, -i 3, - 3 ( ) m—;A3 +iL2deﬁ-AlA;eiAkz (4)
Z c

3,core 3,core 3,core

where A is the field amplitude, a is the linear absorption coefficient, neye is the index of
refraction in the core of the waveguide, n(x,y) is the index as a function of transverse direction
(in the core n>-n(x,y)’=0), @ is the angular frequency of the field, k is the wavevector

magnitude, defr is the nonlinearity, and Ak is given by k;-ks-ks. Each equation shows terms that
account for diffraction, loss, waveguiding, and nonlinear coupling. Solving for output fields is
accomplished by using a split-step approach, which has had great success in modeling three-
wave interactions. The temporal profile of the fields is assumed to be slowly varying so that we
may segment up a pulse into several pieces, solve for each segment separately, and then at the
end add up the contributions from each segment. Such a procedure works well for narrow
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bandwidth pulses and is appropriate for nsec and longer pulse durations. Reducing the
computation time for the models is greatly increased by assuming cylindrical symmetry, as might
be expected in a nonlinear fiber. We do not go into the details here, but the main difference
between cylindrical symmetry and no symmetry is in how we work with the transverse
Laplacian. With cylindrical symmetry we use a 1-dimensional Hankel transform whereas with
no symmetry we use a 2-dimensional Fourier transform. In our initial work, we benchmarked
the two models against each other and found that they both give the same results when the
waveguide structure exhibits cylindrical symmetry. As seen in Equations (2) through (4) there
are a many variables that enter into the equations, each of which may depend on wavelength. Our
models incorporate all of the variables separately to give us the greatest flexibility. The
cylindrically symmetric model’s front panel is shown in Fig. 20. We developed a similar front-
panel for modeling a ridge waveguide, which is shown in Fig. 21.

= | panell (=N SR ==~
Wavelength and iber information
ol [um] 1 & # lombdaZ fum) 1.0 % lsmbcdad s 164
ncorel 304 : o 304 + reomd 334
nclsdl | 104 C rclaetz| 3014 * neladd| 225
slphacrel [I/me) 0 © alphacor? 1ins) 0 2 slphacoeed [1/mm] 0 %
alphsclnd] | 10 = alchaclad? | 10 = sghaciadd| 0
Cons radus [um] 176§ Claddig radius [um] | 1 20405
For bulk interactions, make rcore larger than grid
Ennrgy and duration informatian
W0 at=0 then inpul is ow and the energy inpuls cormespand Lo the cw power with unils of W (dL is the FWHIY
Fumg ot insec) 10 2 Sig ok meec) 10 El Icher char [revesc] 10 = Oforow
Pussgs oy [md] | 11% = Signal Eneigy [ml] | 0.05 2 ldden enengy fml] 0
Beam walst sizes (1/8 Neld raci) and radil of curvamre
wl fum] 54 L i um] 54 ) W ] | K1 ¥
BT ]| e $ 2 fmer) | 1e+03 5 il R
Nonlinear propamies
sl [penV] S0 + ek (1) 0677531
Grid setings and visualization
i 1000 points 5003
Humber of stepe b0 take in coptel | 150 5 Aallength [em] 09
Hurriber of time-shoes [Tor 1/2 of the pulse 15 0
e [§ Vinum [T Wi [TEERT
Laembxscudoll 1 fusn] [T Lastbdscuteif 2 fum) [0 Lamnbdacucdl 3 fum) (1735
e bowpount [150
g ermg] (2155540 05
GO! Dutpast eriy2 (2 H0ERS TR
Outpast erergyd [T 7556 3e-00

Fig. 20 Front panel for cylindrically symmetric waveguide designs. This front panel lets us quickly change
variables and see how they affect the performance of the device.

Both models are operational, however most of our current efforts in working with the
models has centered on the cylindrically symmetric one. In the next quarter we will start
comparing the ridge waveguide designs to the cylindrically symmetric designs. Currently, we
have looked at optimizing the waveguide structures for THz generation. The first set of
simulations looked at the effects of the core diameter and the size of the input beams. Fig. 22
shows a plot of THz output as a function of the core radius and as a function of input beam
radius (Gaussian). Fig. 22 a) shows a continuous wave simulation and Fig. 22 b) shows a 10
nsec pulse simulation. The input powers for Fig. 22 a) were 100W in both the inputs and for b)
the input energies were 50 uJ in each input. The cladding material is a nanocomposite material,
which has an index of 2.25 at the THz. The cladding material is assumed to scatter the inputs,
which we model by increasing the absorption of the two inputs in the cladding layer. For each
point in the figure, Ak was optimized for peak performance.

18



NP Photonics, Inc Contract No.: W911NF-11-C-0005

Contract Line Item Number (CLIN) 0001AF Pl: Wei Shi
+ gt i |
| —— “‘ -
(1 © et T fual
Al - T e
e 112 Wl ) 174" !.- L R
A el i ¢ araLmtid
1 441 7 Wt i3 O
M el G kel ettt
e Wt Wit T
el D el nal
Lt S L} e s Ahros
| Pow gt Tapa L .- e
i ' i Do e C | Air
iy g L G
-y s
P nl
D 0
e MW Lot TN — Lot 13 n3

n4

Fig. 21 a) Front panel for modeling nonlinear interactions in a ridge waveguide structure. b) Waveguide structure.
Note that we control the indices and the layer thicknesses from the front panel.
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Fig. 22 a) THz power as a function of input beam radius and waveguide core radius (power is in W). The input
powers were 100W each. b) THz pulse output energy as a function of input beam radius and waveguide core radius
(energy is in J). The input pulse energies were 50 uJ in 10 nsec pulses (FWHM). Both simulations used a 1 cm
interaction length.

Fig. 22 shows that in general, it is advantageous to focus the inputs as tightly as possible.
Other simulations over a broader range of input beam radii show the same trend. However,
crystal damage limits how tightly one may focus. The monotonic increase in power of energy
with decreasing beam size is attributed to the fact that the near-IR inputs do not diffract
significantly over the 1 cm interaction length. We chose the range Fig. 22 so as to focus more on
the effects of the core radius on the performance. Fig. 23 shows the dependence on core radius
when the input beam size is 75 um. The figure shows an optimum core radius in the
neighborhood of 115 pum. The oscillations are attributed to interference effects that occur due to
the core-cladding interface. Note that such effects are present in the waveguide because of the
relatively short interaction length. Being able to see such features is a strength of this numerical
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approach, it does not rely on describing the interaction in terms of waveguide modes, rather it
simply propagates the fields in the structure.

75 micron input beam size
100W in both pump and signal

Power (W)

| | | I | |
80 90 100 110 120 130
Core radius (microns)

Fig. 23 A closer look at core size on THz output power. The line is included to guide the eye.

In Phase II, under collaboration with Prof. Joseph W. Haus and Peter E. Powers from
Nonlinear Optics Lab & the Electro-Optics Program of University of Dayton (UD), we will
further investigate and design the guided parametric THz generation, and develop and optimize
the proposed THz crystal fiber converters. Also, NP Photonics will further optimize the drilling
process in order to fabricate the uniform rods and protect the end surfaces, in order to fabricate
the optimize THz crystal fiber converter for high power ultra-resolution THz source.

3.3 Fiber-Based High Spectral Resolution THz Spectrometer
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Fig. 24 Characterization of the resonant peaks of methanol vapor: (a) measured by previous THz spectrometer; (b)
measured by using the high resolution THz spectrometer based on the NP’s new narrow linewidth THz source.

PI has implemented a tabletop high spectral resolution spectrometer by using NP’s narrow
linewidth THz source. The resonant peaks of methanol vapor (CH;0OH) have been distinguished by
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using such a high spectral resolution spectrometer. Fig. 24 (a) shows the resonant peak structures as
determined by using the THz source with ~ GHz-level linewidth (Wei Shi et al, “Fingerprinting
molecules based on direct measurement of spectrum by frequency-tuning monochromatic THz
source,” Laser physics letters, Vol. 1, No.: 11, 560-564 (2004)). Fig. 24 (b) shows the resonant peak
structures by using the high resolution THz spectrometer based on NP’s new narrow linewidth THz
source. From Fig. 24, it’s worth noting that the high resolution THz spectrometer can distinguish
<10s MHz-FWHM resonant peak. On the other hand, this high resolution THz spectrometer
conforms that linewidth of NP’s high power THz source can be narrower than 1 MHz, which
depends on the transform-limited of the pulse width. In this project, we will demonstrate the ultra-
narrow linewidth (< MHz) THz source and ultra-high resolution THz spectrometer by using ~ 500 ns
fiber laser pulses based on Fig. 2’s MOPA system.

3.4 External Cavity Enhanced THz Generation
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Fig. 25 Schematic of the cavity enhanced THz source.
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Fig. 26 Cavity enhanced and single-pass THz power (multiplied by 50), and cavity enhancement factor for two and
four layers of QPM-GaP crystals when using the fixed fiber laser pulse energy of 18.3 wJ and different pulse widths.

Recently, NP Photonics has successfully demonstrated a new method to produce single
frequency THz radiation by enhancing and recycling nanosecond fiber laser pulses in an external
ring cavity with an intracavity ZGP, for the first time. In Phase I of this project, we
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demonstrated a large increase in cavity enhancement and average output THz power using QPM
GaP. To achieve a large cavity enhancement for two separate input beams a simple cavity is
vital to reduce aligning complexity. The previously used crystal (ZGP) is birefringent and to
phase-match at ~ 1.5 um perpendicular polarizations are needed, which creates a walk off of the
two orthogonal pump beams. This necessitated using intracavity edge filters to separately align
each wavelength, increasing complexity and cavity losses. By employing QPM-GaP in the
external cavity; the cavity and cavity alignment has been significantly simplified. The optical
cavity is arranged in a bow tie shape as seen in Fig. 25 with total length ~ 0.65 m. It is stabilized
by a third (1550 nm) CW laser traveling in the opposite direction around the cavity then picked
off by an edge filter to avoid destabilizing fluctuations in the locking signal from the nanosecond
pulses. The QPM-GaP crystal is located at the waist between two concave mirrors with radius of
curvature 0.25 m. Two input couplers M1 (17%, 8%) were used to impedance match the cavity
loss depending on which crystal was used (2 and 4 layers QPM-GaP crystals). The cavity is
pumped by two temporally overlapped pulsed fiber lasers in MOPA configuration at 20 KHz.
They are combined in a polarizing beam splitter and mode matched to the cavity.

For a given intracavity QPM crystal there is a trade-off between the number of periodic
layers and the losses they incur inside the cavity in order to achieve highest THz average power.
In addition, for an optical cavity and associated losses there is an optimum pulse width that
optimizes input peak power for efficient THz DFG and resonant pulse enhancement where they
scale as inverse and proportional respectively to the pulse width. Thus we chose to test this by
measuring THz enhancement for different pulse widths with 2 and 4 layers of QPM-GaP crystals
shown in Fig. 14. The different width pulses (20 ns-170 ns) all had pulse energy of 18.3 uJ
geometric mean of the two laser channels and similar pulse shapes. We can see a peak in the
overall THz average power at ~ 110ns for the 2-layer sample and ~ 80ns for the 4-layers. The
difference in pulse width to achieve peak power is due to higher losses in the 4-layer sample
leading to lower pulse enhancement, which favors shorter pulse lengths with higher peak power.
Fig. 26 also includes the cavity enhancement factors and single-pass THz output powers when
using the fixed fiber laser pulse energy of 18.3 uJ and different pulse width. One can see that the
cavity enhancement factor increases when the pulse width increases. For 2-layer and 4-layer
QPM-GaP crystals, the cavity enhancement factors can be up to ~ 250 and ~190 when the pulse
width increases to ~ 110 ns and ~ 80 ns, respectively. For the single-pass cases, the generated
THz power decreases when the pulse width increases due to the pump peak power decreasing. It
is possible that more QPM layers will result in a higher cavity enhanced THz power due to the
longer QPM interaction length but we were limited to the samples at hand. We did test the 13-
layer GaP sample for the cavity enhanced THz DFG but found the transmission loss too high to
get more efficient cavity enhancement, as demonstrated, the cavity enhancement factor is very
sensitive to the cavity loss.

We then chose to use the optimum pulse width 80 ns for 4-layer QPM-crystal in order to
achieve higher cavity enhanced THz output power by using higher pulse energy for the pulsed
fiber laser pumps in Fig. 25. Fig. 27 shows the average THz powers for cavity enhanced single-
pass cases when using different pulse energy up to 70 uJ with pulse width of 80 ns. We can see
that both the single pass and resonantly enhanced data follow a quadratic curve as would be
expected in a second order nonlinear interaction. From a quadratic fit of the data we can see an
enhancement of 151 times over the single pass case. The maximum external cavity enhanced
THz average power can reach 339 uW and peak power ~212 mW when the pump pulse energy is
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about 70 pJ. This maximum THz output power corresponds to a THz power conversion
efficiency of 2.43x10™ and quantum efficiency of 3.16%. The pulsed fiber laser pumps are
transform-limited, and the expected linewidth is about 10 MHz. Due to the parametric process
(DFQG), the generated THz waves are expected to have the same narrow linewidth level. So, the
spectral power density for the generated THz signal can be up to ~ 33.9 W/THz.
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Fig. 27 Cavity enhanced and single pass THz power vs. pump pulse energy when using pulse width 80 ns at 20
kHz repletion rate.

3.5  Ultra-Sensitive Room-Temperature THz Detection Based-on THz Upconversion
(D THz upconversion detection

In order to achieve ultra-high resolution (< 1 MHz), high sensitivity and room
temperature molecular fingerprint measurements, an ultra-sensitive, fast and room temperature
THz detector is critical. However, compared to the near infrared, terahertz technology is
relatively immature. For the THz detection, room-temperature direct detectors like Golay cells
and pyroelectric have poor sensitivities. Other commercial THz detectors, like bolometers, are
much more sensitive but require liquid helium cooling and like their room-temperature
counterparts have small electrical bandwidths. In order to pursue the efficient and coherent THz
detection at room-temperature, the PI has successfully used several bulk THz crystals, such as
GaSe, ZnGeP, (ZGP), GaP, to achieve the THz parametric detection based on the THz
upconversion. Fig. 28 shows the setup for the detection of THz up-converted signal. Fig. 29
shows PI measured THz upcoverted results based on THz parametric upconversion by using
GaSe and ZGP. Recently, we noticed that the QPM-GaP materials have been developed and the
larger samples are available currently. In Phase I, NP has successfully achieved high power high
efficient THz generation by using QPM-GaP structure pumped by using NP’s high power pulsed
fiber lasers. Most importantly, we have observed the THz up-converted signal based on Fig. 28’s
setup, for the first time. In Phase II of this project, we will use QPM-GaP structure as THz
upconverter to detect the THz waves based on Fig. 30’s all fiber-based setup, in order to
demonstrate the fiber-based high-resolution THz spectrometer. In Phase II, NP Photonics will
demonstrate the proposed all fiber-based, compact, tunable, THz spectroscopic/fingerprinting
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system (see Fig. 1) that offers ultra-high resolution (< 1 MHz), high sensitivity and room temperature
operation over the 1-3 THz range.
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Fig. 29 Measured THz spectrum results based on parametric THz upconversion.
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4.0 ESTIMATIONS OF THE TECHNICAL FEASIBILITY AND CONCLUSIONS
4.1 Achievements in Phase |

In Phase I, NP Photonics has successfully demonstrated the feasibility to implement the
proposed fiber-based, compact, tunable, THz spectroscopic/fingerprinting system. The pulse
energy of NP pulsed fiber lasers with transform-limited linewidth have been scaled up to 0.212
mJ, which corresponds to a peak power of 2.12 kW by using the new developed NP single-mode
PM large core fiber 30/250. This pulse energy is the highest fiber-based pulse energy for the
longer pulses (> 100 ns) with transform-limited linewidth. We have achieved the bonded QPM-
GaP crystals and the proposed THz crystal fiber converter for high power parametric THz
source. We have optimized coherence length for GaP crystal by using a GaP wedge, and
demonstrated a new approach to verify the THz wavelength by using the GaP wedge. THz
waveguide modeling has been developed for high efficiency and high power THz generation In
Phase I by the UD team, which can be used for the design to fabricate the THz waveguide
nonlinear crystal (or THz waveguide crystal converter) in NP Photonics, in order to achieve the
high efficiency and high power THz generation. NP has successfully scaled the THz power to
0.339 mW by using the developed monolithic high power pulsed fiber lasers at ~ 1550 nm with
longer nanosecond pulse width, and transform-limited narrow linewidth, based on an external
cavity to enhance and recycle the fiber laser pumps. We have successfully demonstrated room
temperature THz detection based-on THz upconversion by using the QPM-GaP crystal that will
be used to develop the fiber-based high-resolution THz spectrometer in Phase II.

4.2  Core Objectives in Phase 11

Based on the achievements and successful demonstration in Phase I, NP Photonics proposes to
carry out the following specific objectives during Phase II period:

(1) In order to significantly improve the SBS threshold and achieve the highest peak power for
efficient narrow linewidth THz generation, in Phase II, we will design and fabricate the
first SM PM large core highly Er/Yb co-doped phosphate leakage channel fiber (LCF) with
core size ~ 100 um and cladding size ~ 400 pm.

(2) Achieve monolithic high power fiber laser pulses with ~ 1 mJ pulse energy, average and
peak power of 20W and 1-5 kW, pulse width of > 500 ns, and transform-limited narrow
linewidth (< MHz) at ~ 1550 nm (eye-safe wavelength) based on NP’s pulsed fiber laser
seed and large core SM PM highly Er/Yb co-doped phosphate LCF fiber 100/400.

(3) Further design and fabricate the optimized QPM-GaP structures and single mode THz
crystal fibers as THz parametric converter by using the QPM-GaP structures under
collaboration with Prof. Haus and Prof. Powers of UD about the fundamental design.

(4) Demonstrate ultra-narrow linewidth THz radiation based on single-pass DFG by using
optimized QPM-GaP crystals, single mode THz crystal fiber converter and monolithic high
power fiber laser pulses.

(5) Achieve 1-10 mW ultra-narrow linewidth THz radiation based on our external cavity
enhanced THz generation technique pumped by above high power pulsed fiber lasers by
using QP-GaP crystals and THz crystal fiber converter with AR-coatings.

(6) Demonstrate ultra-sensitive room-temperature THz detection based on THz parametric
upconversion by using above high power pulsed fiber lasers, QPM-GaP crystals and THz
crystal fiber converter.
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(7) Demonstrate an ultra-narrow linewidth integrated high power THz prototype with 1-10
mW power over the 1-3 THz range, and its footprint is smaller than 60x60 cm” owing to
the special compact advantages of fiber lasers.

(8) Design and build a table-top fiber-based, compact, tunable, THz source/detector system
that offers ultra-high resolution (< 1 MHz), high sensitivity and room temperature
operation over the 1-3 THz range, which provides high-resolution molecular fingerprint
information.

(9) Measure and investigate the THz spectroscopy of low-pressure molecular vapor by using
the proposed high-resolution THz spectrometer under cooperation with Prof. Haus and
Prof. Powers of University of Dayton about the fundamental THz spectroscopic research.

4.3 Commercial applications of the Innovation

The proposed fiber-based ultra-high resolution THz spectroscopic/fingerprinting system
can be of immediate use as a standalone product as its anticipated unique features and
capabilities are not available now on the market. In addition to the detection of molecular
fingerprint information, it will be a promising THz source/detector for homeland security,
especially for the remote sensing and imaging of hazardous materials, such as drugs and poison
chemicals due to its high power, tunable high frequency and high resolution, as well as for
nondestructive evaluation (NDE). This THz spectroscopic/fingerprinting benefits from the unique
narrow linewidth, tunability and high stability of our fiber-based THz source, so this THz sensor
will have very high resolution, very high sensitivity, and very low noise. The proposed new
approaches in both THz generation and detection will improve the current investigations in THz
spectroscopy, sensing and imaging, and detection and identification of molecular fingerprint
information and hazardous materials for homeland security. Three prototypes will be developed
in Phase II: 1) ultra-narrow linewidth integrated high power fiber laser; 2) ultra-narrow linewidth
compact high power fiber-based THz source; 3) proposed fiber-based ultra-high resolution THz
spectroscopic/fingerprinting system. These three prototypes will be further developed and
commercialized as NP’ final products in Phase III.
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