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ABSTRACT

T-ray systems o�er an exciting range of capabilities for chemical and biological diagnostics using the emerging
technology of terahertz pulse imaging.1,2 We report results from the �rst Australian T-ray program and discuss
how MOEMS techniques can be applied to decrease the system size.3 A small portable T-Ray system will cost less
and is needed, for example, in endoscopic applications.4
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1. INTRODUCTION

Pulsed T-ray chemical sensing has developed over the last �fteen years, exploring the previously inaccessible far-
infrared region of the electromagnetic spectrum. New sources and detectors o�er improved access to spectral infor-
mation at terahertz (THz), or submillimeter, frequencies. Two new terahertz generation and detection techniques
have been developed in the last ten years, both relying on ultra-fast laser pulses. The �rst, using photoconductive
antennae, was developed at Bell Labs and IBMWatson Research Center and is now available in a commercial product
from Picometrix Inc.5 The second, using the nonlinear e�ects of optical recti�cation and electro-optic sampling, has
been developed at RPI and is now capable of showing two-dimensional images of terahertz radiation.6 Terahertz
radiation has been used for an increasing range of chemical sensing applications, including biomedical diagnostics,7

semiconductor device diagnostics,8 trace gas analysis,9 moisture analysis for agriculture,10 quality control of
packaged goods,11 inspection of artwork and inspection of the internal structure of smart cards.12

Pulsed T-ray systems are well suited to complement existing chemical sensing and analysis tools, such as FTIR
spectroscopy and NMR. Pulsed terahertz radiation consists of ultrashort pulsed radiation with a bandwidth spanning
the range of about 0.1 to 10 THz. This corresponds to about 3 to 0.03 millimeters in wavelength, or about 3 to
300 cm�1. A typical T-ray pulse is shown in Fig. 1. The vertical axis shows the magnitude of the pulse and the
horizontal axis shows the time-delay between the optical generation and detection pulses. The T-ray pulse visible at
about 20 ps is followed by oscillations caused by water vapour in the system.13 The operation of a T-ray system is
explained in Sect. 3. The important characteristic of a T-ray pulse is its short pulse length. The picosecond pulse,
that is 10�12 seconds, has high peak power, short time resolution and a very broad spectral bandwidth. Pulsed
T-ray detection is time gated, so achievable signal-to-noise ratios (SNRs) are far higher than non-gated techniques.14

Ultrafast laser-driven T-ray sources are brighter and more portable than other sources in this frequency range. Hot
sources are very ineÆcient at such long wavelengths and water vapour lasers are cumbersome.15 Electronic sources
have achieved frequencies only up the gigahertz range and are very low-powered.16 Although useful for terahertz
space applications, these sources are not strong enough for spectroscopy or imaging. Pulsed T-ray systems have
demonstrated SNRs of over 10,000:1 using lock-in detection,17 with only small pulse energies. A high powered pulse
is 0.4 microjoules.18 Having very low average power, T-rays are particularly attractive for medical applications,
when it is important to avoid damaging the sample. Characterised by high SNR and wide bandwidth, T-rays are an
excellent tool for sensing and analyzing molecules and mixtures by their far-infrared spectra.

Current T-ray systems remain, however, limited in used because of their size, robustness and sensitivity. Although
useful for analyzing gases, the power and sensitivity of a typical T-ray system is not suÆcient to characterize thick
samples. For example, femtojoule terahertz pulses of 0.3 { 2.7 THz are blocked by three millimeters of moist dermal
tissue.19 This means many samples can only be characterised using a re
ection geometry. In re
ection, thick
objects can be characterised by the far-infrared spectral response of their surfaces. Figure 7 shows the components
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Figure 1. A terahertz pulse in free space. This was measured using an all-optical T-ray system driven by a 800 nm
Ti:sapphire Hurricane (SP) laser running at 1 kHz repetition rate, with a pulse duration of 130 fs and optical power
of 50 mW. The magnitude of this plot has been normalised to the peak value of the terahertz �eld in free-space
transmission.

in a typical terahertz system designed for re
ective measurements. The function of this system is further described
in Sect. 3. Using a re
ection geometry minimises the losses and distortions caused by terahertz radiation traveling
through air by minimising the path length. Water in the atmosphere slightly reduces the amplitude of the terahertz
radiation and imparts a ringing to the waveform.13 This can be seen in Fig. 1 as an oscillation on the tail of the
pulse. The e�ects of water vapour can be removed by drying or evacuating the radiation path. This is quite diÆcult
in a transmission geometry because the sample is part of the set-up. Using a re
ection geometry, the path length
can be minimised and the whole system can be combined in a sealed package. One �nal advantage of a re
ection
geometry in a pulse terahertz system is the potential for tomographic imaging, where a depth pro�le of the sample
is built up by analyzing return pulses from internal structures in the sample.20 Tomography is diÆcult in terms
of calculations but requires no more hardware than discussed in the re
ection system and can provide important
information about a sample's subsurface structure.

We propose MOEMS for implementing a re
ective T-ray system in a single compact package. This would
improve stability, cost, portability and sensitivity. Excluding the ultra-fast pump laser, all the standard components
of a terahertz system lend themselves to implementation in MOEMS. The components of the system are detailed in
Sect. 3 below. Basically, the system requires two mirrors, two crystals for generation and detection, and a movable
delay stage. A MOEMS terahertz system would be far easier to manufacture than large-scale systems, it could be
easily sealed and evacuated, and the short path-length minimises unnecessary transmission losses. The following
sections analyse the theoretical advantages of a minimum path-length terahertz system and discuss how it would
be implemented. The conclusion presents some open problems with MOEMS implementation and other system
improvements.

2. CHEMICAL SENSING

T-ray spectroscopy exposes the far-infrared or submillimeter region of the electromagnetic spectrum. The far-infrared
is populated by energy transitions of less than 0.1 electron-volts, which corresponds to di�erent rotational and
torsional states of a whole molecule, as opposed to between atoms.21 For larger molecules, the far-infrared has fewer
transitions than the near-infrared, which can be very densely populated. The far-infrared also corresponds to energy
gaps in superconductors, plasma states, and lattice vibrations and other resonances in crystals.22 Typical terahertz
waveforms are shown in Figs. 2 and 3. These pulses show characteristics of transmission through two crystals used
extensively in T-ray experiments { zinc telluride and gallium arsenide. The spectra of these pulses are shown in Figs. 4
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and 5. There are clear di�erences between the absorption spectra of the two crystals where lattice resonances are
present; for example, the strong absorption band around 5 THz in the ZnTe sample. Pulsed terahertz spectroscopy is
a coherent technique, where both the amplitude and phase of the terahertz pulse are measured. Coherent detection
enables direct calculation of absorption and refraction pro�les without using the Kramers-Kronig relations. T-ray
spectroscopy has been used in a wide range of chemical sensing applications, including gas sensing,23 nonpolar liquid
spectroscopy,24 semiconductor wafer characterisation25 and time-resolved studies of liquid dynamics.26
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Figure 2. Terahertz pulse after passing through a 1mm-thick (110) ZnTe crystal. The Fourier transform of this
waveform indicates the far-infrared absorption spectrum of the ZnTe, seen in Fig. 4. This pulse was obtained using
a transmission geometry and a lock-in time constant of 100ms. The magnitude of this plot has been normalised to
the peak value of the terahertz waveform in free space, shown in Fig. 1.
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Figure 3. Terahertz pulse after passing through a 601�m-thick (110) SI-GaAs crystal. This pulse was obtained
using a transmission geometry and a lock-in time constant of 100ms. The magnitude of this plot has been normalised
to the peak value of the terahertz waveform in free space, shown in Fig. 1.

An important extension of T-ray spectroscopy is T-ray imaging, or terahertz pulse imaging (TPI). The �rst TPI
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Figure 4. Absorption spectrum of a ZnTe crystal in the far-infrared. This spectrum is the ratio of the free-space
terahertz power spectral density and the power spectral density of the terahertz pulse after transmission through a
sample of 1mm-thick (110) ZnTe. The power spectral density was estimated by Welch's method. The x-axis has
been limited to a maximum frequency of 6 THz because the power at higher frequencies is very small and the ratios
are dominated by noise.
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Figure 5. Absorption spectrum of a GaAs crystal in the far-infrared. This spectrum is the ratio of the free-space
terahertz power spectral density and the power spectral density of the terahertz pulse after transmission through a
sample of 601�m-thick (110) SI-GaAs.

systems involved raster scanning a sample to build up a two-dimensional image.27 Recently, this has been extended
to using a CCD camera to capture the terahertz image of the whole sample at once.28,29 Using a two-dimensional
array of data speeds up the acquisition of information at the expense of losing signal power at each pixel. Simple
contrast images in the terahertz domain can be developed, showing the cumulative absorption of a material in the
terahertz bandwidth. Such an image is shown in Fig. 6. The three digits on the plastic $100 note clearly have
di�erent absorption pro�les in the far-infrared. This does not necessarily correspond to transmission at optical
wavelengths. Dry substances, such as paper, transmit T-rays with less than 1% attenuation. More interesting than a
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simple contrast image is a two-dimensional array of waveforms, such as those in Figs. 1, 2 and 3. Spectral analysis at
each pixel can then provide molecular information about the whole sample. With a metric of far-infrared molecular
classi�cation, it will be possible to map samples in terms of their speci�c chemistry. T-ray chemical sensing and
imaging will become a valuable tool in medical and biological diagnostics.
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Figure 6. Two-dimensional terahertz image plotting di�erence in terahertz absorption pro�le of a segment of a
plastic Australian $100 note. The dark pixels are points of higher absorption and the lighter pixels show greater
transmission. The colour of each data point corresponds to the magnitude of peak of the terahertz pulse - darker
pixels correspond to a smaller peak on the pulse. The image was build up by raster scanning the $100 note through
the terahertz beam in a transmission geometry.

T-ray chemical sensing has in recent years been applied to a number of biological problems. As mentioned above,
T-rays are strongly attenuated by moist tissue because of water absorption. This has limited medical applications to
dry or thin samples. Toshiba, for example, have explored T-ray images of human teeth.19 The T-ray data revealed
di�erences between the enamel, the enamel and dentine and a cavity. T-ray images of living plant leaves and thin
samples of wood have been studied to show water and density pro�les.30 Rice University has shown terahertz
pro�les of burnt chicken tissue2 and we have studied thin slices of Spanish ham (`Jamon Serrano').31 The problems
with biological imaging are resolution, penetration and speed. The resolution is limited by wavelength in the far
�eld, giving about 0.3 mm resolution at 1 Terahertz, which will be suÆcient for many biological applications. Depth
penetration is a greater problem, even for re
ection spectroscopy. Depth penetration can be improved by increasing
the terahertz power and reducing the path length. Lastly, the imaging speed is important for living samples that
tend to move. Therefore the CCD two-dimensional imaging technique can be used to minimise motion between the
emitter and the sample. A MOEMS T-ray imaging system would help solve these problems.

3. MOEMS SYSTEM

Pulsed T-ray systems are based on an ultrafast laser set up in a pump-probe con�guration.14 Figure 7 shows the
main components of a re
ective T-ray system.28,32 The ultrafast laser outputs femtosecond light pulses onto the
terahertz emitter, generating T-rays, which are focussed onto the sample. Re
ected radiation from the sample passes
through a detector collinearly with a fraction of the femtosecond pulse. In a system with photoconductive antennae,
the detector converts the terahertz pulse directly into an electric current. In electro-optic detection, the terahertz
modulates the polarisation of the collinear femtosecond pulse in the detector crystal. The polarisation modulation
is in turn converted to an intensity modulation using crossed polarisers. The output intensity modulation can be
detected by a photodiode or cast onto a CCD camera. The delay stage changes the time di�erence between the
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optical pulses incident on the emitter and detector. This time delay corresponds to the horizontal axes of Figs. 1,
2 and 3. Because the time delay must be zero within the travel of the delay stage, annotation (a) in the diagram
indicates a longer path to balance the path length in both arms. The sample is placed to re
ect T-ray onto the
detector from its surface. The Fourier spectrum of re
ected T-rays can be calculated from the re
ected pulse. To
determine the absorption spectrum o the sample, the spectrum of an unmodulated T-ray pulse must be measured
by replacing the sample with a mirror. The sample's absorption spectrum is then the ratio of the spectra from the
mirror and the sample itself. In measuring the re
ected pulse, it is important to ensure the sample surface and the
mirror are placed at exactly the same distance from the generation and detection setup. If the pulses travel di�erent
distances for the two cases, there will be phase errors in the analysis.

sample

diode

delay stage

emitter
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fs laser

lock-in(a)

beamsplitter

gold-coated parabolic mirror

optical
pulse

T-ray pulse

Figure 7. Outline of a typical re
ective terahertz system. The laser generates ultrafast optical pulses, typically of
femtosecond duration at about 800 nm. Each pulse is divided in a 0.95:0.05 ratio as the pump and probe respectively.
The pump passes through a delay stage and into the emitter, whence T-rays are produced. The T-rays are collimated
and focussed using gold-plated parabolic mirrors. Some terahertz radiation is re
ected by the sample and focussed
onto a detector. The detector modulates the probe pulse depending on the strength of the terahertz and a diode
detects the intensity of the modulated probe pulse. Annotation (a) indicates an extended path length for the probe
pulse, simpli�ed here for clarity. The path length from the laser to the detector must be the same for both pump
and probe pulses so that pulses are coincident within the travel of the delay stage.

We propose a number of improvements on the common T-ray setup by unifying the system into one package. A
single sealed short path-length unit will be more robust, less expensive, easier to deploy and more sensitive than the
con�guration described above. Our proposed short path-length setup is outlined Fig. 8. The essential elements of a
pulsed T-ray system are contained in the double lined box. The ultrafast laser remains external to the system and
the femtosecond pulse enters through a small window. The small mirror in the centre of the unit splits the incoming
pulse in an approximate 0.95/0.05 ratio corresponding to pump and probe pulses. The pump pulse falls on the zinc
telluride emitter, generating terahertz radiation, which passes through a �lter and is immediately re
ected from the
sample. The RG-1000 Schott colour glass �lter blocks the remaining optical pulse. The probe pulse from the centre
passes though a quarter wave plate and is re
ected from a mirror onto the detector zinc telluride crystal. The quarter
wave plate rotates the polarisation of the probe pulse so it is not re
ected by the central mirror. Terahertz radiation
from the sample is re
ected by the larger mirror onto the detector crystal and travels collinearly with the probe
pulse, rotating its polarisation. The probe pulse exits the unit and is detected by a photodiode or a CCD camera for
images. In e�ect, the short path-length system operates identically to the system in Fig. 7.

A unique characteristic of this system is the positioning of the emitter crystal in the return path of the re
ected
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Figure 8. Design of a short path-length re
ective terahertz system. The optical pulse from the laser enters the
box and is divided into pump and probe pulses. The pump pulse excites the emitter. T-rays are re
ected from the
sample back through the emitter and are focussed onto the detector. The probe pulse is delayed and directed to the
detector, where it is modulated by the terahertz radiation. The intensity of the modulated probe pulse is measured
with a photodiode or CCD camera. The path length of the terahertz radiation has been minimised and the entire
system is contained in a single box.

terahertz beam. We have pro�led the terahertz absorption spectra of two common emitters, ZnTe and SI-GaAs,
to measure their attenuation of the T-ray pulses. From the graphs in Figs. 4 and 5 above, SI-GaAs is seen to
have a smaller absorption pro�le, which makes it a more desirable emitter for our con�guration. Furthermore, at
frequencies higher than those measured in Fig. 5, GaAs has better absorption characteristics: ZnTe absorbs strongly
at its transverse-optical (TO) phonon frequency of 5.31 THz, whereas GaAs has a TO phonon at 8.06 THz.33 The
ZnTe absorption band around 5 THz is visible in Fig. 4, where GaAs has above 50% transmission. For experiments
stretching to higher frequencies,34 which provide better imaging resolution, GaAs will transmit more terahertz
radiation than ZnTe.

The di�erences between a short path-length system and a normal system are having the contents in a single unit,
enclosing the terahertz radiation in an airless case and the close proximity between the emitter and the sample. The
unit can be evacuated and kept completely clean inside, reducing losses and improving stability once aligned. Having
the sample in contact with the emitter removes losses from terahertz transmission in air and means the detection can
be calibrated to a set terahertz path length. The sample window can easily be kept motionless relative to the sample,
which is important for living samples. Having a sealed container is also an advantage when working in unclean
medical or industrial environments. The short path-length T-ray system is ideally suited to a partial MOEMS
implementation. The only moving part is the delay stage, which could be realised with a MEMS component. The
crystals and mirror could be miniaturised and combined into a unit no more that a few centimeters in size. Such a
unit would be a valuable step towards creating an endoscopic T-ray spectroscopic imaging system. The short-path
implementation has advantages both for construction and application.

4. CONCLUSION

In conclusion, we have described a novel T-ray spectroscopic imaging system, designed for a short path-length, small
size and robustness. Further improvements would come from reducing the size and cost of the ultrafast pump laser,
currently the most cumbersome item in any terahertz system. Ultrafast �bre lasers are now an alternative to the
larger and more expensive Ti:sapphire mode-locked lasers.35 A �bre pump laser would enable full �bre coupling,
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useful for an endoscopic implementation. The single mechanical element in the short path-length system, the delay
stage, could be removed if a spatial transform method were used to detect the terahertz pulse. One technique is to
directly measure the terahertz spectrum with a chirped optical pulse and a grating.36 Another is to observe the
terahertz time domain pulse shape by directing the probe pulse into the detection crystal on an angle and detecting
the intensity with a linear diode array.37,38 To improve the penetration depth into the sample, signal-to-noise
ratio and speed of the system, future research will address the emission and detection crystals and improve signal
processing methods.39,40

The open questions facing a short path-length T-ray spectroscopic system centre around (1) the techniques for
MOEMS implementation, (2) speeding up signal acquisition and (3) characterising important molecules and mixtures
in the far-infrared.
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