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Project Description

Our scientific objective is to understand the science of broadband THz wave generation and
detection with gases. Specifically, we are studying on using ambient air and selected gases as
THz wave emitters and sensors with excitation by pulsed laser for remote detection. In the
proposed two (2) optional years, we will continue to systematically study inert gases and
molecular gases which are used to emit and detect THz waves under different conditions
(photo-ionization potential, pressure, third-order optical nonlinearity, and static breakdown field
threshold). We will continue the investigation of the ability to utilize THz sources to remotely
detect and spectrally identify weapons of mass destruction-linked aerosols or other airborne
particles. Our targeted distance for the remote THz wave generation and detection is one
kilometer.

Our tasks are (l) Basic Science, (I1) Experimental Verification, (1ll) Exploring Limitations, and (VI)
Remote Operation. In the two (2) optional years, our additional projects under above tasks are:
direct measurement of THz field distribution inside of a laser induced filament; THz wave with
arbitrary polarization; demonstration of intense THz wave generation (target for 5 to 10 MV/cm);
and systematic study of THz wave generation with the excitation of sub-10 fs laser pulses.

Summary on the achievements in the two optional years

(1) In order to further understand the basic science, we performed numerical simulation based
on our full quantum mechanical model to reproduce our experimental results on phase-
dependent THz wave emission spectrum from two-color laser-induced gas plasma (our
simulation results along with the experimental ones will be submitted to Physical Review
Letters in a few months);

(2) In an effort to increase the THz wave emission efficiency and get high-field THz wave
generation from laser-induced gas plasma we use different laser polarization combinations
and different gases species with higher nonlinearity to generate THz waves. We have
shown that a circularly polarized fundamental beam (800 nm) combined with a linearly
polarized second harmonic (400 nm) can generate higher THz emission in comparison to
the case when linearly polarized 800-nm beam is combined with linearly polarized 400-nm
beam. We verified that some metallic vapors, due to its higher optical nonlinearity, can
generate much higher THz wave emission at low pressure compared to those regular gases
(i.e., nitrogen and those inertia gases) at the similar pressure. Very importantly, we have
recently demonstrated that, using airy laser beam, the THz emission efficiency can be
further increased. Besides, we have demonstrated that very thin metal films excited by two-
color laser fields can generate broadband THz waves, which provides an alternative intense
THz source;

(3) For the purpose of remote sensing, we have successfully extended THz wave remote
sensing distance in ambient air from the previous 10 meters to 20 meters, and finally to 30
meters, using THz radiation enhanced emission of fluorescence (THz-REEF) by designing a
new optical fluorescence collection system. We also indicated that, laser-induced gas
plasma not only can emit forward THz radiation but also backward radiation, which gives
more options for THz wave remote sensing (using either THz radiations from the two
opposite emission directions as the remote sensing source). More importantly, THz wave
generation from micro-sized plasma has been demonstrated very recently. This new
achievement greatly reduces the requirement on the laser pulse energy (intensity) for THz
wave generation from gas plasma and pushes THz remote sensing closer to the reality.



Detailed achievements we have got in the research of two optional years

(1) Improvement on remote THz wave sensing distance using THz Radiation-Enhanced
Emission of Fluorescence (THz-REEF) from previous 10 m to 20 m, and finally 30 m.

We have performed remote THz wave sensing and extended the maximal sensing distance
from previously reported about 10 m to more than 30 m using THz-REEF. Fig.1 shows the
experimental setup and THz waveforms sensed at different distances (0.1 m, 7 m, 14 m, 20 m,
and 30 m, respectively). Currently the maximal sensing distance is limited by either the lab
space or signal-to-noise ratio (SNR). In order to increase the SNR we will improve both the THz
electric field and electronics used to get the signal from fluorescence emission of the plasma.
Another factor that affects the SNR is the air turbulence in the atmosphere. We proposed to use
adaptive optics to mitigate the THz signal and/or fluorescence fluctuation.

a L Distance |
(@) » |‘ *|
,
THz e § Fluorescence
T\N Plasma =
w+2w 7 A
‘/ UV focusing
mirror
PMT
(b) |
| 30m i
—~T 20m ]
=
s
> ]
©
2
al ]
£
< 7m
| | | | | | 1 | |
-4 -3 -2 0 1 2 3 4 5

-1
Time delay (ps)

Fig. 1. (a) Schematic of the experimental setup used to remotely sense THz waves using two-
color (w and 2w) THz radiation enhanced emission of fluorescence (THz REEF) at different
distances; (b) THz waveforms sensed/detected at distances of 0.1 m, 7 m, 14 m, 20 m, and 30
m respectively. PMT, photomultiplier tube.



(2) Backward THz radiation from two-color laser-induced gas plasma
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Fig.2. (a) Schematic illustration of the
generation and collection of backward pulsed
THz radiation from two-color laser induced gas
plasma; (b) a typical THz waveform generated
from the plasma pumped by a total pulse energy
of about 500 wJ using a lens with an effective
focal length of 100 mm; (c) pump pulse energy
dependence of THz waveforms: the results
show that the waveform shifts to the left in delay
as the pulse energy increases. The dashed lines
are used to indicate the peak positions of the
detected THz waveforms using electric-optic
sampling with 1-mm <110> cut ZnTe crystal.

As shown in Fig.2, we found that there is very good THz wave emission in the backward
direction with respective to laser pulse (w and 2w pulses) propagation direction. which gives
more options for THz wave remote sensing (using either THz radiations from the two opposite
emission directions as the remote sensing source)

(3) Phase-dependent THz wave emission spectrum in two-color laser-induced gas plasma
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We have found that the change in the relative phase between the fundamental laser pulse and
its second harmonic not only causes the THz wave emission efficiency change but also induces
the emission spectral change, as shown in Fig. 3. The emission spectrum changes slightly
(almost keeps unchanged in the normalized case in Fig. 3(b)) as the phase changes. However,
the spectral change becomes dramatic when the relative phase approaches the value at which
the THz emission efficiency becomes the lowest. The physical mechanism of such spectral
change is investigated by numerical simulation based on our quantum mechanical model.



(4) Improvement on the efficiency of THz wave generation from laser-induced gas plasma
using circularly polarized fundamental pulse (w) in combination with linearly polarized
second harmonic pulse (2w)

Fig. 4. () An inline phase compensator used
to generate circularly or linearly polarized
fundamental pulse (w) in combination with a
linearly polarized second harmonic pulse (2w)
pulse is also used to control the relative phase
between w and 2w pulses; (b) two phase
) 18 curves obtained with different polarization
combinations (circular w + linear 2w and linear
w + linear 2w). The maximum of each phase
curve indicates the maximal emission
efficiency of each case. QW, quartz wedge;
DWP, dual-wavelength waveplate.
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Fig. 4(a) shows an inline phase compensator used to generate circularly or linearly polarized
fundamental pulse (w) in combination with a linearly polarized second harmonic pulse (2w)
pulse. The same phase compensator is also used to control the relative phase between w and
2w pulses. Fig.4(b) indicates the difference in THz wave emission efficiency using different
polarization combinations of the w and 2w pulses. An increase of the THz wave emission
efficiency of ~20% is currently observed using circularly polarized fundamental pulse in
combination with linearly polarized second harmonic pulse. Other polarization combinations will
be tested in search for the maximal THz emission efficiency in the next reporting period. The
THz average power is measured with a pyroelectric detector. The theoretical investigation will
be performed to explain the experimental observation.

(5) Generation of THz radiation from a laser-induced micro-plasma

We demonstrated THz wave generation using the lowest pulse energy down to pJ level
using laser-induced micro-plasma created by focusing laser pulses into air or selected gases
with a microscope objective. The pulse energy required for THz wave generation from micro-
plasma has been reduced by an order of magnitude.
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Fig.5. (a) Schematic illustration of
generation and detection of pulsed THz
radiation from laser-induced micro-plasma
created by focusing the laser pulses with a
microscope objective; (b) typical THz
waveforms generated from micro-plasmas
created with pulse energies of 110 and 5.5
WJ, respectively, using a microscope
objective with a numerical aperture (NA) of
1.25; (c) angular distribution of THz
radiation from a laser-induced micro-
plasma in air.

(6) Generation of THz waves from alkali metallic vapors, rubidium and cesium gases

Fig. 6 (a) shows the experimental setup for THz wave generation from N,, Rb, and Cs
gases. Fig. 6(b) shows THz time waveforms recorded at a pressure of 0.45 Torr with an input
pulse energy of 0.6 mJ, produced in Cs vapor (red), Rb vapor (blue), and nitrogen gas (black),
respectively. From Fig. 6(b) one can see THz field strength generated from Cs gas is about one
order of magnitude higher than that from nitrogen gas, indicating the potential of alkali gases for

higher-field THz wave generation.
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Fig. 6. (a) Schematic of the experimental setup. DWP: dual-wavelength wave plate; QWP:
guarter-wave plate; WP: Wollaston prism. The a-BBO is used to compensate the dispersion
between the two-color waves. The SiO2 wedge pair functions as an inline phase compensator
to modulate the relative phase between the two-color waves. The two parabolic mirrors on the
right have a focal length of 4 in. The THz spatial filter (an iris) is to block the residual THz wave
emitted from B-BBO. The silicon wafer is used to block the residual two-color waves output from
the cell. The vapor cell has two end windows made with 1.59-mm-thick fused silica. pulses in 3D
plot; (b) THz time waveforms recorded at a pressure of 0.45 Torr with an input pulse energy of
0.6 mJ, produced in Cs vapor (red), Rb vapor (blue), and nitrogen gas (black), respectively.

(7) THz wave generation from thin metal films excited by asymmetrical optical field in
transmission geometry

We experimentally demonstrated terahertz (THz) wave emission from thin metal (gold) films
excited by asymmetrical optical fields synthesized using an in-line phase compensator. By
driving the electrons in thin metal films asymmetrically, THz wave emission is observed at
normal incidence of two-color pump beams. Coherent control of THz wave emission from metal
films suggests that a similar mechanism to that of the air-plasma THz source excited by two-
color laser fields can be used to describe the generation processes.

Fig. 7(a) Schematic diagram of the experimental setup. M, high-reflection mirror at both 800 nm
(w) and 400 nm (2w); P, parabolic mirror; S, thin gold film coated on z-cut sapphire crystal
substrate; F, high-resistivity silicon filter used to block the residual 800 nm and 400 nm beams
while passing through the THz beam. Fig.7(b) shows THz waveforms generated at normal
incidence from Au films with different thicknesses, 5 nm, 10 nm, 20 nm, and 30 nm,
respectively. For each waveform in the figure, the THz signal is optimized by changing the
relative phase between 800 and 400 nm excitation pulses. Experimental results indicate when
the thickness of gold film approaches 10 nm maximal THz wave emission can be obtained.
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Fig. 7. (a) Schematic diagram of the
experimental setup. M, high-reflection mirror
at both 800 nm (w) and 400 nm (2w); P,
parabolic mirror; S, thin gold film coated on z-
cut sapphire crystal substrate; F, high-
resistivity silicon filter used to block the
residual 800 nm and 400 nm beams while
passing through the THz beam. (b) THz
waveforms generated at normal incidence
from Au films with different thicknesses, 5
nm, 10 nm, 20 nm, and 30 nm, respectively.
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Science of the Electromagnetic Spectrum” from IRMMW-THz 2014, September 16, 2014
X.-C. Zhang, "Editor-In-Chief" from Optics Letters, January 1, 2014

. Kang Liu, "Research Mobility Travel Grant", February, 2014
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Opportunities for training and professional development has the project provided

Graduate students, Fabrizio Buccheri, Kang Liu, Xuan Sun, and Leva Mclintire have been well
trained by being involved in the project supported by DTRA. Kang Liu is one of the two students
who are the main players to recently extending the THz remote sensing distance from the
previous 10 m to 20 m and finally to 30 m.

Moreover, two undergraduate students (currently in their 4rd year), Natalie Pastuszka and
Christoper Marsh in the Institute of Optics at University of Rochester will join the THz wave air
photonics team. They are currently supported by NSF REU for a year and will potentially
become graduate students to continue to work on THz wave air photonics for further training
and career development.
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