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ABSTRACT
THz time-domain spectroscopy (THz-TDS) is a novel technique to characterize material
properties with broadband terahertz wave. A traditional THz-TDS employing a photoconductive antenna or electro-optic (EO) crystal has a bandwidth limited within 5 THz,
which is not sufficient to cover the entire THz gap (0.3~10 THz). Recently, broadband
THz generation and detection techniques using air photonics has been developed. These
innovations make it possible to build THz-TDS systems with remarkable bandwidth, and
provide much higher THz electric field. The work presented in this thesis is mainly
focused on the development of broadband THz time domain systems based on THz air
photonics.
A brief introduction of THz time domain systems is presented in this thesis. The
commonly used THz emitters, detectors, and the background of THz air photonics are
reviewed. Based on the designing, constructing and testing of different THz air
photonics systems, several critical problems have been identified and solved. The
experimental data is analyzed and simulated theoretically. Finally, spectroscopy
measurements are performed utilizing these broadband THz air photonics systems.
Taking the advantages of the new techniques, we’re able to observe some absorption
features that cannot be obtained previously with regular THz-TDS.
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1. Introduction
1.1 THz time-domain system
THz time-domain spectroscopy (THz-TDS) is a spectroscopic technique used to
investigate material properties with pulses of terahertz radiation [1, 2]. Both amplitude
and phase information of the terahertz pulse are obtained from the measurement. This
unique property reveals dynamic processes inside the samples, and provides information
other than traditional Fourier-transform spectroscopy systems, such as FTIR.
There are several distinct advantages of THz-TDS. Firstly, THz radiation can
penetrate many optically opaque materials. Secondly, it has low energy making it safe
for biological samples. Thirdly, many materials including explosives, dielectric crystals,
or nano-structured materials, have unique spectral fingerprints in the terahertz range.
This means that terahertz radiation can be used for spectral identification [3-8].
In most cases, terahertz radiations in a THz-TDS are single or few cycle pulses.
Femto-second (fs) lasers are usually employed as optical sources to excite THz emitters.
For detection, the electrical field of the terahertz pulse is sampled in the time domain by
fs laser pulses. The electric field of the THz pulse interacts in the detector with a much
shorter laser pulse in a way that produces an electrical or optical signal proportional to
the electric field of the THz pulse at the time the laser pulse gates the detector on. By
repeating this procedure at different relative timing of the gating laser and THz pulse, the
electric field of THz pulse can be constructed as a function of time. Both amplitude and
phase information can be extracted through a Fourier transform of the time-domain data.

1.2 THz emitters and detectors
1.2.1 THz emitters
There are several techniques widely used for generating terahertz pulses in time domain
systems.

Photoconductive emitter
The photoconductive emitter (antenna) is the most commonly used radiation source in
THz systems [9, 10]. In a photoconductive emitter, the femto-second laser pulse excites
carriers in a semiconductor material, such as semi-insulating GaAs. Effectively, the
semiconductor changes abruptly from being an insulator into being a conductor.
Typically, the two antenna electrodes are patterned on a low temperature grown gallium
arsenide

(LT-GaAs),

semi-insulating

gallium

arsenide

(SI-GaAs),

or

other

semiconductor (such as InP) substrate. In a commonly used scheme, the electrodes are
formed into the shape of a simple dipole antenna with a gap of a few micrometers and
have a bias voltage up to 40 V between them. A DC electric field is applied across the
excited region, and leads to a sudden electrical current. This process has a time scale of
10-12 s, and emits EM radiation with 1012 Hz (THz) frequency.
The short duration of THz pulses generated are primarily due to the rapid rise of the
photo-induced current in the semiconductor and the short carrier lifetime semiconductor
materials. THz pulses generated from photoconductive antennas have average power
levels on the order of 10-9 W. The bandwidth of the resulting THz pulse is primarily
limited by how quickly the charge carriers are being created in the semiconductor
material, rather than the duration of the laser pulse.

Semiconductor surface emitter
The surface emitter is another commonly used source of THz pulses. A fs laser pulse
with photon energy above the band-gap of the material is incident the semiconductor,
which excites mobile carriers. Most of the carriers are generated near the surface leading
to two main effects. Firstly, it accelerates carriers of different signs in opposite directions
creating a dipole. Secondly, the presence of the surface itself creates a break in
symmetry which results in carriers being able move only into the bulk of the
semiconductor.

This phenomenon, combined with the difference in mobilities of

electrons and holes, also produces a dipole known as the Photo-dember effect.
Semiconductor surface emitters do not require an outer electric bias.
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Optical rectification
Optical rectification is a THz generation method employing second order nonlinear
processes in some dielectric crystals. In this technique, a fs laser pulse passes through a
crystal material that emits a terahertz pulse without any applied voltages. The crystal
material is quickly polarized at high optical intensities. This quickly-changing electrical
polarization emits terahertz radiation.
In optical rectification, the THz energy is totally transformed from the optical pulses
so higher laser intensities are needed to increase the THz output. Typical crystal
materials are LiTaO3, LiNbO3, zinc telluride (ZnTe), gallium phosphide (GaP), and
gallium selenide (GaSe). It has been reported that utilizing LiNbO3, with tilted wave
front optical pulses, increases the output power by several orders. [11, 12]
The bandwidth of the pulses generated by optical rectification is limited by the laser
pulse duration and terahertz absorption in the crystal material. The velocity mismatch
between the laser pulse and the terahertz pulse inside the crystal also causes problems.

1.2.2 THz detectors
Two common detection techniques are usually used in THz-TDS: photoconductive
sampling and electro-optical sampling. [13, 14]

Photoconductive detection
This method utilizes the inverse process of photoconductive THz generation. The bias
electrical field is generated by the electric field of the THz pulse focused onto the
antenna. Once the probe laser pulse is shining on the surface to create free carriers,
current will be formed across the biased region. This current is the measured parameter
which corresponds to the THz field strength. Thus, the THz waveform can be plotted out
by scanning the relative timing between the THz pulse and probe beam.

Electro-optical sampling
Pockels effect, where certain crsystals become birefringent in the presence of an electric
field, is used in this method. The birefringence induced by the electric field of a terahertz
3

pulse leads to a change in the optical polarization of the probe pulse proportional to the
THz electric-field strength. With the help of polarizers and photodiodes, this polarization
change is measured.

1.3 Theory background of THz air photonics
A traditional THz-TDS employing a photo-conductive antenna or EO crystal provides a
useful bandwidth of less than 5 THz, which is not sufficient to fill the entire THz gap
(0.3~10 THz) [15, 16] . The limitations arise mainly from phonon absorption in the EO
crystals and semiconductors.
In 2000, a new method for THz generation with remarkably broadband and high
field strength was reported. [17, 18] In this method, frequency doubling crystals, such as
Beta Barium Borate (BBO), are used to generate a second harmonic beam (SH) from the
fundamental beam. Both the high power fundamental and SH are focused in air or other
gases to induce a plasma at the focal point. This generates THz radiation through high
order nonlinear processes. Unlike the EO sampling or antenna detection, the bandwidth
in this technique is not limited by any phonon properties in solid materials. The THz
electric field can be as high as several hundred kV per centimeter.
In 2006, the THz Air Breakdown Coherent Detection (THz ABCD) was developed.
[19-23] As an inverse process of laser induced plasma THz generation, an ultra-short
amplified laser beam is focused as the probe beam. The air or other sensor gases is
ionized by the extremely high peak power (on the order of 1012 W/cm2) of the focused
laser. THz field induced second harmonic was generated during the process through a
third order nonlinear optical interaction. The generated second harmonic field shows a
linear proportion with THz field, expressed as:
E2Signal
∝ χ (3) Eϖ Eϖ ETHz
ϖ

(1)

If we take the square of this E field, the total SH intensity in the time average values
over one period of E-field can be expressed as:

(

I 2ω ∝ χ (3) Iω

)

2

(

LO
ITHz + 2 χ (3) Iω E2LO
ω ETHz cos(ϕ ) + E2ϖ

4

)

2

(2)

A further development of ABCD introduced an electro bias as a local oscillator at
the detection beam focus. By modulating the bias field directions, [19, 20] the only
coherent item amplified by lock-in amplifier is the coherent part:
I 2ω ∝ 4 ⎡⎣ χ (3) Iω ( t ) ⎤⎦ Ebias ETHz
2

(3)

The second harmonic intensity signal is proportional to THz and external bias fields.
This innovation improves the bandwidth of THz TDS to cover the entire THz gap. By
using THz ABCD, the only remaining limitation of the spectrum bandwidth is the laser
pulse duration. From 0.1 to 10 THz frequency spectrum coverage can be achieved by
employing a 100 fs amplifier laser. Recent work shows that by introducing beam
recycling, or the pre-steepen technique; the frequency range can be expanded to 20 THz
with the same laser. Furthermore, other recent work indicates that by using the 25 fs
ultra-short amplified laser, the all-air THz TDS (air plasma THz generation, air
breakdown detection) reaches up to 40 THz, which is already in the mid-infrared field.
In this thesis, most works are based on the THz ABCD technique.
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2. THz Air Photonics TDS Design
2.1 Design of portable THz ABCD transmission spectrometer
The design goals of the portable THz ABCD transmission spectrometer includes: the
system should provide over 10 THz usable bandwidth with 1000:1 peak SNR, be able to
switch between transmission mode and reflection mode, and the maximum reflection
range is 1 meter. The THz path needs to be purged with dry air or nitrogen under
working condition. And the system should have near real time fast scan feature. Size was
not the first priority concern, but the whole device should be portable, compatible with
different working places, lasers, and easy to restore after transportation.

Figure 2.1 The prototype THz ABCD system under construction.
Fig. 2.1 is a photo of the system during construction. To satisfy the portable
requirement, the whole system was embedded in an aluminum frame with the size of 22
×26 × 10 inch. All optics, controller and other electronic devices are enclosed in the box.
Two delay stages are used in the system for common and fast scan mode. A Newport
100mm travel linear stage drives the step scan delay line with 1μm minimum step size.
A Nanomotion pizo-stage is installed for the continuous fast scan which gets up to one
wave from per second nearly real time detection. Powered by a linear pizo-motor, its
6

maximum moving speed can be as high as 1000 mm per second, and the positioning
accuracy was 0.5 um. This delay line also provides large scan range for the 1m reflection
measurement. The entire frame could be purged with dry nitrogen to avoid the THz
absorption from ambient water vapor.

Figure 2.2 The picture and the reference signal of the prototype THz ABCD system.
Fig. 2.2 shows the finished system picture and its reference signal. The driving
source is a Coherent Hurricane amplified laser with 100 fs pulse duration, 810 μJ pulse
energy, 800 nm central wavelength and 1 kHz repetition rate. Under the lab condition,
the system generates about 45 kV/cm peak THz electric field. In the frequency domain,
the bandwidth gets to over 10 THz, and the signal to noise ratio is around 1000:1. In the
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fast scan mode, the system got up to 2 seconds per waveform refreshing rate. The
limitation of scanning speed is from the external lock-in amplifier.

Figure 2.3 (Left) The portable ABCD system is loaded into a mobile vehicle for field
test. (Right) The system test in Quantronix Laser Inc., NY. And the air plasma
generated by focusing 42fs Integral-C amplified laser.
The prototype system and its supporting devices can be easily loaded into a car
trunk (Fig. 2.3). It’s robust, easy to setup, and showed good compatibility with different
lasers. We had transported the system to many places for field test. In May 2008, it was
transported to the laser manufacture Quantronix Laser Inc., Long island, NY, working
with 3mJ 42fs amplified laser, which was much more powerful than our Coherent
Hurricane. Although the working condition had changed a lot, we just spent about 2
hours to set the system to working condition. As we expected, with the shorter laser
pulse, the reference spectrum was expanded to over 20 THz, and the E field strength was
around 90kV/cm. The test results proved the system performance, and verified that the
only limitation to achieve broader bandwidth was the laser pulse duration.
This design achieved most design goals. It had been used for many spectroscopy
measurements and scientific experiments. On the other hand, we gained more
experiences on the commercialized time domain system design. Some problems were
found. One major issue of this system is the purging time. Since the whole system
chamber must be purged, it takes almost half hour to remove the water vapor. That
makes the measurement a very time consuming work. The system is bulky and heavy.
8

The double stage design brings a lot of trouble to alignment and optimization. To solve
these problems, the new version of portable THz ABCD spectrometer is developed.
The new design is aimed on the smaller size and fast purging feature. The
performance enhancement is also a major goal. For real world application purpose, the
instrumental preparation time should be as short as possible, that requires the purging
time shrinking to less than few minutes. On the other hand, all optics should be
adjustable under the purging condition.

Figure 2.4 The 3-D model of the purging chamber.
The key to get fast and effective purging is to reduce the gas chamber volume and
seal better. A series of adaption chambers have been developed. An example is shown in
Fig. 2.4. These chambers are designed to fit the existing optical mounts, holders and
other parts. Only THz path is enclosed in the purging chamber to minimize the volume.
All these parts are modeled by Solidworks and built by 3D SLA printer.
The new design does not have the reflection spectroscopy function, since from the
previous system we found that the mode switching between transmission and reflection
was tricky. It may be better to make the transmission and reflection spectrometer two
separate systems. This also reduces the system size a lot.

9

Figure 2.5 The prototype portable THz ABCD transmission system with fast
purging feature.
Fig. 2.5 is the photo of the 3rd prototype THz ABCD transmission system. It’s
compact (18×12×6 inch) and easy to purge. The relative humidity inside the THz
chamber can be reduced to less than 0.1% within 30 seconds, which makes the
spectroscopy measurement a much easier job. All optics inside the chamber could be
adjusted without opening the cover. The electrodes were designed as “plug-in” parts.
One can easily plug in electrodes with different gap and shape. The magnetic sample
holder fits most samples, and makes the sample more stable during the measurement.
Fig. 2.6 shows the reference waveform and spectrum of the second generation THz
ABCD transmission spectrometer working with 100 fs 800 μJ 800 nm amplified laser.
The system is designed based on the standard four 90 degree off axis parabolic setup for
THz path. With improved optical design, it is much easier to align, and the peak SNR
reaches over 1000:1, with a limit frequency expanded to around 15~16THz. The
performance shows obvious improvement comparing with previous systems.
Some Key parameter of the new prototype system:
Generation lens focal length: 150 mm
Detection lens focal length: 150 mm
Parabolic mirrors focal lengths: 4 inch -6 inch -6 inch -2 inch
Beam splitter: 4:6 (probe: pump)

10

Figure 2.6 The reference signal of the third prototype system.

2.2 THz ABCD reflection system
For many real-world applications, reflection measurements are preferred since most
bulky targets are impossible to measure in transmission mode, in which the targets
would completely attenuate the incident THz waves. Additionally, various prospective
THz imaging applications, especially THz reflection tomography, are based on the
measurement of the complex reflectivity. To date, there have been many works
published reporting the realization of THz-TDS in reflection mode. [24-26] However,
traditional THz-TDS employing a photo-conductive antenna or electro-optic crystal
technique provides a useful bandwidth of less than 5 THz, which is not sufficient to fill
the entire THz gap (0.3~10 THz). The limitations arise mainly from the carrier lifetime
in the photoconductors and/or phonon absorption in the electro-optic crystals. To break
these limitations, the first THz broadband reflection spectrometer employing ABCD
technology is built in 2009.
Fig. 2.7 shows the setup schematic of small angle reflection ABCD system. The
800nm femto-second laser beam is separated into two beams by an optical beam splitter:
one beam with 75% (530 μJ) is used to generate the THz waves, and the remainder is
used for detection. The fundamental (ω) beam and its 400nm second harmonic (2ω),
produced with a 100 μm thick type-I beta BBO crystal, are focused in air. Laser-induced
plasma is created at the focus, where an intense broadband THz wave is generated
through the asymmetric ionization process. The emitted THz pulses are collimated and
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focused by a pair of parabolic mirrors (P1 and P2), then reflected by the sample surface,
which is located at the focus of P2. Since normal incidence is used, the beam is reflected
back along the incident path and collimated again by P2. The reflected THz beam is
steered toward the third parabolic mirror (P3) by a silicon beam splitter, and focused at
the gap between the bias electrodes. The probe beam, which is collinear with the THz
beam, is focused at the same position. SH light is generated through the nonlinear
interaction between the probe beam and the THz field, and its intensity is proportional to
the E field strength. The field-induced second harmonic is selected by several band pass
filters and detected by a PMT.

Figure 2.7 Setup schematic of normal angle reflection ABCD system.
Because the normal reflection is desired, the incoming and out coming THz beams
shared the same path. It is inevitable to lost 70% THz energy in this setup comparing
with small angle reflection design. My test result showed that this loss doesn’t affect the
system performance much. Actually the band width and SNR are even higher than the
small angle reflection system (Fig. 2.8).

12

Figure 2.8 THz ABCD reflection system.
Comparing with the small angle reflection system, the alignment of this one is more
challenging. The high resistance silicon wafer does not only block the residual pump
beam, but also works as a THz beam splitter, which determines the THz beam direction.
It is part of the optical path and cannot be removed during the alignment. To solve this
problem, a second reference light is split from the probe beam, with 15% probe energy,
and focused at focal point of parabolic P2. When aligning the system, the CW
semiconductor laser should be adjusted collinear with the pump beam first. Remove the
silicon wafer and align the optics before sample (lens, P1 and P2). Then block the femtosecond laser and use the CW laser to align the sample holder. After that, install the
silicon wafer, remove the mirror on the sample holder, and use the second reference to
align other optics. The procedure is complex, but it ensures the system being aligned
correctly in the experiment.
The similar THz chamber design as the transmission ABCD system is used. The
system can be purged to less than RH 0.1% within one minute. The reference bandwidth
is about 0.3~12 THz, with over 1000:1 SNR. A series of experiments have been
performed utilizing this system.
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The following table lists the key parameters of our typical THz ABCD time-domain
systems.
Parameter
Bandwidth

Value

Condition

12~15 THz

Without beam steepen method

15~20 THz

With beam steepen method

SNR

1000:1

300ms lock-in time constant single scan

Purging time

30 s

Transmission system

1~2 minutes

Reflection system

30~60 kV/cm

With 100 fs 800 μJ Laser

Over 100 kV/cm

With sub-30 fs Laser

THz E Field

2.3 H-V modulator
In any THz air photonics systems employing ABCD technique, electric field modulation
is an indispensable unit. The E field should be high enough to get clear modulation, and
synchronized with the laser. High stability is also important for good system
performance. Because there is no commercialized product meets these specific
requirements in the market right now, a 4 kV square wave high voltage modulator has
been built for THz air photonics systems.
The high voltage modulator is able to provide alternating 0~4 kV high voltage
output, which is triggered by a 1000 Hz TTL pulse signal. The phase delay between the
trigger and output switch is adjustable. The HV output is applied on the electrodes to
provide the ABCD system bias modulation, and a TTL output synchronized with the HV
output is sent to the lock-in amplifier as the reference signal.
To meet the requirements, the high voltage modulator should contain several basic
units: frequency divider, delay generator, HV generator, HV switch driving unit, HV
switches. As shown in Fig. 2.9.
The frequency divider turns the 1000 Hz pulse trigger to 500 or 250 Hz square wave,
then the delay unit gives a 0~90 degree phase shift to the square wave. The switch driving
unit amplifies the delayed signal for the HV switch, and HV generator provides an
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adjustable DC high voltage. Finally the 2 HV switches chop the DC high voltage and
output two opposite phased HV square wave.

Figure 2.9 The schematic of basic units in the HV modulator.

Figure 2.10 Photo of finished high voltage modulator.
All circuits are made on two separate PCBs (one for HV switch, one for other units) and
assembled into a plastic box. A cooling fan is installed since this device consumes about
15 W power. In real test, the modulator provides stable square wave HV output from 70
to 4500 V. The rising and falling edge of the square wave at 4 kV is about 0.1 ms. By
installing the modulator in my THz ABCD spectroscopy system, the THz signal reaches
16 THz bandwidth and 1000:1 signal to noise ratio. Test results show that the modulator
meets the designing goal pretty well.

15

3. Performance testing of THz air photonics TDS
High field strength and ultra broadband, these two unique advantages make THz air
photonics systems very powerful tools for scientific and real world application.
Consequently, improving the performance of THz air photonics systems becomes an
important subject. The design details of air photonics time domain systems are discussed
in this chapter.

3.1 Phase shift in THz air photonics TDS
The polarity inverse of electro-magnetic wave as it travels through its beam focus was
discovered by Gouy in 1890. The similar phenomenon was observed in many other
waves, including sound waves. Gouy phase shift plays an important role in optics,
especially in laser, higher harmonic generation, optical tweezers, etc. In 1999, the Gouy
phase shift of single cycle THz pulses was observed by adding focal spot in THz path.
In THz air photonics system, THz and probe beam are focused for detection. They
interact at the focus, where Gouy phase shift happens. Since the interaction is phase
dependent, it’s not surprising that the Gouy phase shift affects the detected waveform.
Actually in our experiment, it is found that the THz signal is very sensitive to the focus
geometry of both THz and probe laser beam in the ABCD test. We clearly observed the
signal polarity flipping while THz pulse traveling through its focus. This is the first
direct observation of THz Gouy phase shift by continuously tracing the field strength
and direction along beam path. The experiment result indicates that phase shift is an
inneglectable factor in THz TDSs employing ABCD or other detection methods.
In this experiment, a broadband air photonic THz TDS is used to investigate how
the detection geometry and parameters affect the air breakdown broadband detection. A
Coherent Hurricane Ti:sapphire amplifier femtosecond laser with 100 fs pulse duration
and 710 mW average power provides the optical source. The pulse repetition rate is 1000
Hz, and central wavelength is 800nm. 60% of the laser energy is split to generate THz
pulses as the pump beam, which gets a timing delay by a motorized linear stage delay
line, then pass through a 100 μm BBO crystal to generate second harmonic. The
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fundamental beam combined with 400nm frequency doubled beam is focused in air to
generated broadband THz emission. The THz beam is collimated and focused by a pair
of 90° off-axial parabolic mirrors. The remaining 40% power laser beam is attenuated to
80mW, and concentrated to probe the THz field. A pair of parallel thin metal wires with
1.2 mm spacing is set on both side of beam focus, perpendicular to the beam path and
THz polarity. These wire shaped electrodes are used to generate a modulation bias field
crossing the focus region. They were mounted on a motorized linear stage to scan along
the beam path. The voltage applied on the electrodes is 500 Hz ±2 kV square wave,
synchronized with the 1000 Hz laser pulses. Eventually the field induced second
harmonic is generated by mixing the probe, THz beam and bias electro field in the focus
region, and detected by a PMT (Fig. 3.1).

Figure 3.1 The detection geometry of THz ABCD phase shift experiment.
In THz ABCD, the beam is focused for second harmonic generation. Since we are
detecting the THz electro field, a field polarity flip, known as Gouy phase shift, is
expected to be observed near the focus region. This phenomenon has already been
reported in THz range by adding focal points in the beam path before. However, the
unique characters of ABCD enabled us to research the detailed phase changing process
along the wave propagation path. As described above, the second harmonic signal is
modulated by a bias AC electro field to perform heterodyne detection. Only the
modulated 400 nm wavelength signal could be seen through Lock-in amplifier, others
are filtered. Since the electrodes dimension is tiny in our experiment setup, the bias field
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region is small. Although the field induced second harmonic is generated along the
whole focus region—actually even larger than the focus region, as our test result shown
later—we are able to filter our most of them and just record the signal from in the small
region between two electrodes. By scanning the electrode pair along the beam path, we
get the THz waveform changing at different position.

Figure 3.2 The waveform peak value change with different electrode position.
Fig. 3.2 shows Waveform peak value change with different electrode position.
From the peak and offset curves, we can identify the probe focus region and THz focus
region. The waveform peak shifts its direction at the THz focus, so the THz focus is
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around 10~12 mm in the figure. The waveform offset is due to the interaction between
probe beam and bias field. So the strongest interaction region (highest offset, 10~20
mm) should be corresponding to the probe focus. It is clear that the two focuses do not
overlap. Although we didn’t notice the Gouy shift in ABCD before, the two focuses
always doesn’t overlap in our previous work, since that gives smaller signal. However,
we’ll discuss how to use the Gouy shift to explain many problems we met before.

Figure 3.3 The simulation and experimental results of THz signal peak value with
different electrode position.
Fig. 3.3 shows how the THz signal peak value changes while the electrodes moving
along the beam path. The THz beam, probe beams and pump-probe delay are all fixed;
the only changing parameter is the electrodes position. The red curve shows the THz
field vector reaches a negative maximum at around 10 mm, then sharply increase and
reaches its positive maximum at 14 mm, then the values decreases. To understand this
plot, three factors should be considered. Firstly, the THz was focused; the polarity
variety can be described by Gouy phase shift equation:

ϕG = − arctan

z
zR

(4)

Where zR is the Rayleigh length and z = 0 corresponds to the position of the THz
beam waist. The related THz field strength is the sine of its peak value:
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ETHz = E0THz sin(ϕ )

(5)

Secondly, the THz peak value is proportional to the inverse of THz beam radius.
The THz beam can be regarded as Gaussian beam, follows the relation:

E0THz ∝

1
1
=
w ( Z ) w 1 + ( z / z )2
0
R

(6)

Thirdly, the probe laser is also a Gaussian beam, shows the same intensity changing
equation as (6). The THz and probe beam focuses were not at the same position, there
was a small offset Zo.
Considering all the factors above, we can simulate field strength curve, as the blue
line in Fig. 3.3. The simulation curve fits experimental data fairly well.

Figure 3.4 Waveforms at different electrodes positions.
Fig. 3.4 shows the waveform changing with different electrodes positions. The
phase vary can be clearly observed from this plot. If we track the positive (or negative)
peaks from top to bottom, their positions change slowly at the beginning, then from 8
mm to 16 mm, the position varies rapidly. After that, it becomes slow again.
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From the experiment results and analysis above, we can see that the detected THz
waveform is highly depend on the relative position between THz focus, probe focus and
electrodes. The phase shift should be seriously considered to get the optimized design.

3.2 Parameters of detection unit
THz ABCD is a relatively complex and tricky technique comparing with other THz
detection methods. Besides the phase shift, the system performance also depends on
many other factors.

3.2.1 Probe beam energy

Figure 3.5 Waveforms with different probe power.
Probe beam power is another important factor deciding the signal waveform. Fig. 3.5
shows the detected THz waveforms with different probe powers. All positive peaks are
normalized to unit, so we can identify the waveform shape change. Clearly, the ratio
positive to negative peak becomes smaller when the probe power drops. The similar
phenomenon is also reported under different gas pressure conditions.
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Figure 3.6 Waveforms with different probe power, non-purged condition.
If the system is not purged, a lot of ringing caused by water vapor can be observed
on the waveform, as shown in Fig. 3.6. Since the main peaks are normalized in this plot,
it’s easy to tell that not only negative peaks, all the ringing peaks become smaller when
probe energy drops.

Figure 3.7 The main peak values of THz waveform with different probe energy.
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Figure 3.8 The ratio positive to negative peak with different probe energy.
Fig. 3.7 and 3.8 shows the positive peak amplitude change, and how the positive to
negative peak ratio changes with probe energy, respectively.
Gouy phase shift could be one way to explain the observed phenomena. If we go
back to the Fig. 3.2, it is clear that when the detected region changes, the variation of
positive peak and negative peaks follow different curves. Probe power and gas pressure
may affect the detection region; as a consequence, the waveform shape changes.
However, this hypothesis hasn’t been verified yet. The THz air photonics detection is a
complex process, further investigation is needed to understand the experimental results.

3.2.2 PMT and bias voltage
Photomultiplier tubes (PMT) are the detectors to convert the optical pulses to electrical
signal in THz air photonics spectrometers. It is one of the most essential parts affecting
the system performance. Another parameter need to be carefully set is the modulation
bias voltage. The following experiment is performed to investigate the optimum setting
of PMT and modulation bias voltage.
The laser is a Coherent Hurricane with 1 kHz repetition rate, 100 fs pulse duration
and 750 µJ pulse energy, which gives 460 µJ to the Pulse beam, and 290 µJ to probe
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beam. The probe beam is attenuated to 85 µJ for detection. The focal length is 100 mm
for pump beam, 150 mm for probe beam. The probe beam is not pre-steepen or recycled.
According to our previous experiences, the best SNR usually does NOT correspond
to the highest possible PMT gain, even when the gain is way from saturation. In this test,
with fixed condition, PMT gain is changed to find out its relation with SNR. (Since SNR
is hard to be measured precisely, the dynamic range instead of SNR is used in the test)
Based on the calculation result, very high modulation bias voltage may harm the
SNR of ABCD system. Considering the PMT noise, the SNR should decrease after
getting a maximum point when we keep increasing the bias voltage. In this test, dynamic
ranges under different bias voltages are compared to verify this predict.

Figure 3.9 Define the dynamic range.
In this test, the dynamic range is defined as the waveform Peak Value divided by
Standard Deviation of the region before the main peak (region “A” shown in Fig. 3.9).
Fig. 3.10 shows the spectrum with different bias and PMT gain. It is shown that the
bias voltage and PMT gain does not affect the envelop of the spectrum.
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Figure 3.10 Spectrums with different bias voltage and PMT gain.

Figure 3.11 Dynamic Range with different PMT Gain.
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Fig. 3.11 shows the dynamic Range with different PMT Gain. The maximum PMT
gain on this plot is around 2 (a.u.). According to the test record, the PMT does not
saturate when the gain reaches 4 under this condition. This is to make sure that all data
are taken within the PMT linear region. This data indicates that when the gain is around
1 (a.u.), the system dynamic range reaches a maximum.

Figure 3.12 Dynamic range curve of different bias voltage.
Fig. 3.12 shows the dynamic range curve of different bias voltage. It is clear that the
maximum points of these curves do not correspond to the maximum PMT gain. The
maximums are around 1/4 to 1/8 of PMT gain saturation point.
Also we notice that the curve of 2060V gives larger maximum than that of 2520 V
and 3060 V. It’ll be clearer in the next plot.

Figure 3.13 The maximum dynamic range with different bias voltages.
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Fig. 3.13 shows the maximum dynamic range with different bias voltages. This plot
indicates the trend that after around 2 kV, the dynamic range decreases if the voltage
keeps increasing.
According to the test result, to get the highest dynamic range, the PMT gain should
be set to about 4 to 8 times lower than the saturation value (the gain value at which the
waveform begin to show distortion). Also we see the trend that after some value the
higher bias voltage decreases the dynamic range. However, since the dynamic range is
based on the noise measurement, of which the precision need to be double checked, the
maximum dynamic range points do not fit the curve well (last plot). Further test is
needed to confirm this conclusion.
This conclusion is form the experimental observation. Obviously, the optimized
gain and bias voltage setting highly depend on the PMT itself. Different PMTs may have
their unique characters. However, without losing universality, this experimental result
tells us the trend of PMT characters affecting the system performance.
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4. Broadband THz air photonics TDS spectroscopy
The terahertz region, usually refers to the frequency range of 0.1 to 10 THz, is one of the
most unknown EM wave band in the electromagnetic spectrum. Situated between
infrared and microwave radiation, it is resistant to the techniques commonly employed in
these well-established neighboring bands. That’s how the name “THz Gap” comes.
Terahertz spectroscopy systems utilize far-infrared radiation to extract molecular
spectral information in an otherwise inaccessible portion of the electromagnetic
spectrum, allowing a material's far-infrared optical properties to be determined as a
function of frequency. A large number of molecules or crystals show dynamic properties
on 10-12s time scale. These unique characters can only be revealed by spectroscopy
measurement in THz range. This makes THz Optics sensing an extremely attractive
research field with interest from sectors as diverse as the semiconductor, medical,
manufacturing, space, and defense industries.
Usually a traditional THz-TDS which employs a photo-conductive antenna or
electro-optic crystal technique provides a useful bandwidth of less than 5 THz. The
limitations arise mainly from the carrier lifetime in the photoconductors and/or phonon
absorption in the electro-optic crystals. A THz-ABCD spectrometer we designed uses
dry air (or selected gases), which works in a completely different way from the solid
emitters and sensors. The only limitation of bandwidth in this air photonic system is the
laser pulse duration. In our THz air photonics time domain systems, an over 10 THz
usable bandwidth can be provided in both reflection and transmission geometries. The
entire THz gap is covered. Several spectroscopy measurements have been done utilizing
these great tools.

4.1 Transmission spectroscopy
Transmission mode is the most commonly used geometry in spectroscopy
measurements. It measures the spectra after the beam passing through the sample,
compares it with the reference spectra, and retrieves the amplitude and phase
information. Comparing with reflection geometry, transmission measurement is less
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sensitive to the sample surface quality, shape and mounting. In many cases it gives very
accurate measurement results, such as absorption coefficient, refractive index, etc.

4.1.1 Explosives spectroscopy
Explosive identification is a very important real world application of THz. Many
explosives show unique spectral signatures in this frequency range. That creates a very
promising potential market for THz technology commercialization.

HMX
HMX, also called octogen, is a powerful and relatively insensitive nitroamine high
explosive, chemically related to RDX. It is one of the most powerful chemical
explosives manufactured. The explosive velocity can be as high as 9100 m/s, which is
nearly 50% faster than TNT, 10% faster than RDX.
In the experiment, the HMX is made to two different kinds of samples: pellet (pill)
sample (20% HMX mixed with 80% PE, thickness=1.2 mm, compressed with 5 ton
force), and film sample (4.1 mg pure HMX on a thin PE film). A PE pellet and thin film
are used as reference.
Pellet samples usually work better on lower frequency. Higher than 5~6 THz, the
scattering from sample powder could make the spectrum really noisy. Film samples are
used for higher frequency measurement. Fig. 4.1 shows the measured waveform of two
samples.

Figure 4.1 Waveform of HMX Film and Pill sample.
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Figure 4.2 The Spectrum of HMX Film and Pill Sample.
Fig. 4.2 shows the reference and transmission spectra of two HMX samples. It is
clear that the pill sample shows much clear features. However, it is noisier as well,
especially at higher frequency range. The signal is cut at 9 THz. For film sample, the
spectral features at over 10 THz are still retrievable.

Figure 4.3 Absorption of HMX.
Fig. 4.3 shows the combined data from Pill and Film samples. Curve before 4.27
THz is from pill sample, after that is from film sample. Since pill sample shows strong
scattering after 5 THz. All peaks are confirmed by FTIR test. This result indicates that
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the ABCD system is capable to do HMX spectroscopy at least up to 8 THz. (Although it
is noisy, 8~9 THz curve still fits the FTIR data well. But HMX has no feature there, so
it’s not sure if the system can work within that range or not)

Other Explosives
Several other explosives have been measured using the transmission system. The tested
samples are Nitroguanidine (NG), DDB, TNT, KClO4, and 2-4 DNT. All absorption
peaks at lower frequency (below 2.8THz) are confirmed with our previous publications.
Since we just have pellet samples for these chemical, higher frequency spectra features
were not retrieved.

Figure 4.4 The Nitroguanidine(NG) absorption plot. Our previous data confirms
the peak at 1.43, 2.38, 2.76 THz. Higher frequency peaks at 3.75, 3.85, 4.35 THz are
found.

Figure 4.5 The DDB absorption. Absorption peaks are found at 1.22 and 1.5 THz.
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Figure 4.6 The 2-4 Dinitrotoluene (2-4 DNT) absorption plot. Absorption peaks at
1.08, 1.36, 2.52, 4.98 THz are confirmed by our previous data.

Figure 4.7 The KClO4 absorption plot. Peaks at 2.00, 2.22, 2.60 THz are confirmed
by our previous data. Higher frequency peaks at 3.28, 4.25 THz are found.

Figure 4.8 The TNT absorption plot. Peaks at 1.66, 2.20, 3.69, 4.71, 5.52 THz are
confirmed by our previous data. Peaks at 3.80 and 4.45 THz are found in this test.
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4.1.2 β-BBO
The beta barium borate (β−BBO) crystal is widely used for optical frequency doubling,
optical parametric processes, and other nonlinear optical processes due to its large
birefringence, remarkable nonlinear coefficients, and high damage threshold. These
merits make β−BBO a potential strong terahertz source via optical rectification with the
excitation of intense ultra-short laser pulses. The terahertz wave emission via optical
rectification directly from the BBO crystal has been previously observed. However, the
optical property of a β −BBO crystal in the terahertz range (0.1–10 THz) has not yet
been fully characterized and systematically studied.
Initial study of the birefringence and Raman scattering of a β−BBO crystal to
determine its optical property have been reported in 0.1–1.1 THz range, and a shorter
wavelength range. A more comprehensive understanding of BBO’s properties in the
terahertz range will result in better utilization of the BBO as efficient terahertz emitters,
detectors, or amplifiers through strategies such as tilted pulse front phase matching
between the terahertz wave and optical pulse.
This experiment is a cooperating work with my colleague Jingle Liu. Utilizing the
broadband air photonic terahertz time-domain spectrometer, we investigated the
birefringence and absorption coefficient of BBO crystals at the frequency range of 0.2 to
12 THz. Crystal orientation and frequency dependence of the refractive index and
absorption coefficient of the BBO crystal were experimentally characterized. We also
measured absorption versus lattice temperature from 293 to 10 K.
The BBO samples are a set of 90-degree cut with their thickness of 0.3, 0.5, 1 and 2
mm, and a set of 29-degree cut with 0.1, 0.2, 0.5, 2 and 3 mm. All the samples are type-I
crystals and have the same area 6×6 mm2. The 90-degree cut samples are bare crystals,
while 29-degree cut samples have anti-reflection coating at 400 nm and 800 nm. The
transmission spectra of ordinary beam (o beam) and extraordinary beam (e beam) were
measured by aligning the principle plane containing optical axis and THz wave vector
normal or parallel to the THz electric field.
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Figure 4.9 The measured THz waveform and spectrum of BBO crystal.
Fig. 4.9 plots the measured THz transmission time-domain waveforms of 0.2 mm
thick BBO crystal and the corresponding reference spectrum and transmission spectra.
Several pronounced absorption features are presented between 1.5 THz to 3.5 THz. A
wide “stop-band” is observed for o beam (4 THz - 9 THz) and for e beam (4 THz - 8
THz). At higher frequency range > 9 THz ( or 8.5 THz) to 11 THz, the ratio of
transmitted THz electric field to incident THz electric field can be as high as 50 % ( or
80 %) for o beam (or e beam). The measured absorption coefficients in this “stop-band”
for both o and e axes are greater than 600 cm-1 . As a result, even with a 0.1 mm thick
BBO sample, the THz attenuation in the “stop-band” is still too strong for the current
dynamic range of our spectrometer to resolve the real values of the absorption
coefficients.

Figure 4.10 The measured absorption coefficients of BBO crystal.
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Fig.. 4.10 shows plot absorption coefficient and refractive index for both o and e
axis, respectively. The spectral resolution is 0.05 THz. The absorption feature for both
the o axis (αo) and the e axis (αe) have a similar general profile, except that the value of
αo is higher. For example, the measured absorption coefficients are 15.4 cm-1 and 3.3 cm1

for o and e axes at 1 THz, respectively. Four absorption peaks at 1.75, 2.14, 2.50 and

2.83 THz were observed. Above 3.7 THz, the measured refractive index is no longer
accurate since it is very close to the stop-band.

Figure 4.11 The absorption coefficient at different temperatures.
To further investigate the phonon modes of the BBO crystal, we measured the
absorption spectra of e axis αe at different temperatures from 293 K to 10 K, as shown in
Fig. 4.11. At low temperature, the overall transmission generally increased and thus the
broadband background absorption decreased. As temperature is decreased, the reduced
homogeneous broadening also resulted in considerably narrower absorption lines. The
absorption spectra αo also showed similar behavior.
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4.2 Reflection spectroscopy
Transmission spectroscopy is usually easy and accurate. However, it’s not true in all
cases. Take the BBO measurement as an example, the spectrum is over saturated
between 4 to 9 THz. For many bulky samples, or materials with large absorption
coefficients, the information can be retrieved from the transmission measurement is very
limited. Fortunately, reflection spectroscopy provides a complementary way.

4.1.1 Dielectric crystals
CaCO3 Crystal
Fig. 4.12 shows the measured waveform and spectra of CaCO3 (calcite). A CaCO3
crystal is a typical birefringent material widely used in optics. Our sample is an X-cut
crystal with a thickness of 2.8mm, an optical quality reflection area of 15×18mm, and no
coating. The measured data clearly shows the different optical characteristics of the e
and o axes. In the time domain (Fig. 4.12a), the e beam waveform has a larger peak
value and longer ringing structure. The difference is clearer in the frequency domain
(Fig. 4.12b). The measured THz responses in both the o and e axes show the same
reflectance below 2 THz. Several features are presented between 2 to 9.4 THz. The e
beam reflectance has two dips at 3.69 and 7.22 THz, where the reflectance drops to 17%
and 28%, respectively. The o beam spectrum shows one dip at 4.35 THz with a
reflectance around 7%. At a higher frequency range (> 9.4 THz) the reflected THz field
strength of the e and o beams are once again identical. As a comparison, the transmitted
spectrum of the same CaCO3 crystal sample is shown in the inset of Fig. 4.17b. No
features can be resolved from this data because the absorption was too intense so that the
signals at frequencies higher than 1.8 THz were merged by the noise floor.
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Figure 4.12 a. The measured reflection temporal waveforms of a CaCO3 crystal. b.
The reflection spectra of the e and o axes. The inset of b is the spectra data from the
transmission measurement of the same sample.
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Figure 4.13 The real (black) and imaginary (red) parts of the refractive index of a
CaCO3 crystal. The solid lines are the experimental results, and the dots are the
reference data. a. The refractive index of e axis. b. The refractive index of o axis.
The real and imaginary parts of the sample material can be retrieved from the data
(Fig.. 4.13). For e axis, two peaks of k are found at 3.1 and 6.6 THz, and for o axis, one
peak is found at 2.8 THz. These peaks indicate phonon resonance modes which lead to
strong absorption at these certain frequencies. The dots in Figure 3 represent the data
from former. This measurement is consistent with previous publications within a large
frequency range. The results proved the remarkable performance of the THz-ABCD
system, and demonstrated the unique advantage of broad band reflection spectroscopy in
high-absorption material measurement.
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β-BBO Crystal

Figure 4.14 The measured reflection waveform and spectrum of β-BBO crystal.
Fig. 4.14 shows the reflection spectrum of β-BBO crystal. There’re few papers
discussing the BBO transmission optical properties in THz range. All those results are
limited by the absorption band from 4 to 9 THz, within which the transmittance
attenuation is so intense that conventional THz-TDS or FTIR cannot provide enough
dynamic range in this region. On the contrary, our reflection data shows pretty clear
feature from 0.3 all the way to 11 THz.

ZnTe Crystal

Figure 4.15 The measured reflection waveform and spectrum of ZnTe crystal.
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4.1.2 Semiconductors
For semiconductors, the reflectance does not only depend on the phonon resonance, but
also related to the doping concentration, which will change the surface plasmon mode.
Fig. 4.16 shows the reflection spectrum of P doped InAs crystals with different
doping concentration. The sample with 2×1017 cm-3 doping shows a sharp dip on
reflection spectra at 7.3 THz. With the doping concentration increasing by one order,
this feature disappeared. The reflectance of higher doping sample is larger at lower
frequency, but drops much faster when the frequency goes higher.

Figure 4.16 The measured reflection waveform and spectrum of P doped InAs
crystal.

Figure 4.17 The measured reflection waveform and spectrum of N doped InAs
crystal.
Fig. 4.17 shows the reflection spectrum of N doped InAs crystals. Both of them
show the 7.3 THz dip, which indicates intrinsic phonon mode of InAs lattice. The
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3.1×1016 cm-3 sample shows a dip at 1.8 THz. For 1.35×1017 cm-3 sample, the dip
moved to 3.0 THz. This dip indicates a Plasmon resonance frequency, which moves to
higher frequency when the carrier (doping) concentration increases.

41

5. Conclusion
This thesis presents the design, test, and related scientific experiments of several THz air
photonics systems. To promote the application of broadband THz air photonics
technique, THz ABCD spectroscopy systems in both transmission and reflection
geometry have been developed. These systems provide over 15 THz bandwidth, which is
much wider than the traditional THz TDS. In the design process of these THz air
photonics systems, several critical problems have been identified and solved. The
optimized system configuration has been proposed and constructed. Finally, utilizing
these broadband systems, we are able to perform spectroscopy experiments that could
not be done previously. Selected experimental measurements indicate that these newly
designed THz-TDS using air photonics are ready for spectroscopic applications in
multidisciplinary areas.
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