
Terahertz imaging of biological tissue using a chirped probe
pulse

Bradley Ferguson1,2,3, Shaohong Wang1, Doug Gray2,3, Derek Abbott2 and
X.-C. Zhang1

1 Department of Physics, Applied Physics and Astronomy,
Rensselaer Polytechnic Institute, Troy, NY 12180, USA

2 Centre for Biomedical Engineering and
Department of Electrical & Electronic Engineering,

Adelaide University, SA 5005, Australia

3 CRC for Sensor, Signal and Information Processing,
Technology Park, Mawson Lakes Boulevard, Mawson Lakes, SA 5095, Australia

ABSTRACT

There is increasing interest among research groups around the world in the terahertz portion of the electro-
magnetic spectrum. T-ray systems, driven by ultrafast THz pulses, offer a number of unique advantages over
other techniques and are under investigation for a wide range of applications. Biomedical diagnostics is an area
of particular emphasis. The sub-millimetre spectroscopic measurements obtained from T-ray systems contain
a wealth of information about the sample under test. A number of hurdles, however, hinder the application
of T-ray technology. One of the major hurdles to be overcome is the slow acquisition speed of modern THz
systems. The chirped probe pulse technique offers a significant improvement in this context. We present results
demonstrating the terahertz responses of biological samples measured using a chirped probe pulse, and discuss
the problem of data processing and extracting sample characteristics.

We show that different types of tissue can be classified based on their terahertz response measured with
the chirped probe pulse technique. We consider chicken and beef samples and differentiate between bone and
normal tissue. We demonstrate the performance of linear filter models for feature extraction and show that
these models are significantly more accurate than a number of intuitive features.
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1. INTRODUCTION

Terahertz imaging is a relatively new addition to the wide array of available imaging modalities. It utilises the
terahertz, or far-infrared, region of the electromagnetic spectrum and is based upon the increasingly popular
technique of terahertz time-domain spectroscopy (THz-TDS). The unique properties of THz radiation allow
terahertz imaging to fill niches that are unreachable using other techniques. THz spectroscopy systems are seeing
application in semi-conductor characterisation,1 gas sensing2 and molecular probing.3 Terahertz imaging has
been demonstrated for imaging flames,4 leaf moisture content,5 skin burn severity,4 tooth cavities6 and skin
cancer.7

The electro-optic detection of a terahertz pulse using a chirped probe pulse was first demonstrated by Jiang
and Zhang.8 This novel technique allows the full terahertz waveform to be measured simultaneously rather
than requiring a stepped motion stage to scan the temporal profile. This provides a significant reduction in
the acquisition time and greatly extends the applicability of terahertz systems in situations where the sample
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is dynamic or moving. Indeed, single shot measurements have been demonstrated measuring the transmitted
terahertz response using a single femtosecond light pulse.9

We demonstrate the first ever applications of the chirped probe pulse technique in acquiring images of in-vitro
tissue samples and present results based on the spectroscopic information obtained from these measurements.
The chirped pulse technique is not without its drawbacks, and the reduction in temporal resolution has been
noted.10, 11 We present spectra obtained using the chirped pulse method and discuss the limitations imposed
in the frequency domain.

Signal processing techniques for terahertz systems is a relatively unexplored area, however work has been
reported in determining optimal techniques for de-noising,12, 13 extracting material constants14, 15 and gas
mixture analysis.16 This paper adds to this important field by considering linear modelling as a means of
feature extraction with a goal of classifying samples based on their terahertz responses. This has particular
application in a medical imaging setting where extracted diagnostic information is required to aid the medical
practitioner in assessing the patient.

This paper begins by summarising the field of T-ray imaging. Section 2 reviews the available technologies
for performing T-ray imaging and Section 3 describes the principles of THz imaging with a chirped probe
beam and details our experimental setup. We then introduce the signal processing algorithms employed to
process the data from the chirped imaging system. Section 4 provides details on the linear filter models and
the classification scheme which was developed. The results of this analysis are given in Section 5. Section 6
summarises the results and suggests directions for future research.

2. THZ IMAGING

Terahertz imaging was first proposed by Hu and Nuss in 1995.17 They used optically gated photoconductive
antennas for the generation and detection of terahertz pulses. They replaced the slow scanning delay line used in
THz-TDS systems with a rapid 20 Hz scanning delay line and used a digital signal processor instead of the slow
lock in amplifier (LIA) to acquire and digitise the signal. The sample was then scanned in X and Y dimensions
to build up an image. This system is illustrated in Fig. 1 and achieved an acquisition rate of 12 pixels/s with
a signal to noise ratio greater than 100:1. This system was used to image leaves, bacon and semiconductor
circuits.18

Shortly afterwards a dramatic improvement in acquisition speed was made using two-dimensional electro-
optic detection of the terahertz pulse.19 In this technique the terahertz pulse acts as a transient bias on a
〈110〉 oriented ZnTe crystal, inducing a polarisation in the crystal. A probe laser pulse with a larger diameter
than the THz beam is then modulated by the polarisation-induced birefringence of the ZnTe crystal via the
Pockel’s effect. The two-dimensional THz field distribution is then converted to a 2D intensity modulation on
the optical probe beam after it passes through a crossed polariser (analyser). A digital charge coupled device
(CCD) camera is then used to record the optical image. This system is illustrated in Fig. 2.

3. THZ IMAGING WITH A CHIRPED PROBE PULSE

Terahertz measurement using a chirped probe pulse is an innovative technique used to measure the full terahertz
waveform simultaneously without the need for a scanning delay line. It is based on electro-optic (EO) sampling,20

which is widely used for terahertz detection because of its wide bandwidth and sensitivity. In normal THz-TDS
the femtosecond laser pulse is used to probe the terahertz field at a certain time delay; the relative delay between
the probe pulse and the terahertz pulse is then adjusted and the measurement repeated. In this way the full
temporal profile of the terahertz pulse is measured as shown in Fig. 1. This process can be greatly accelerated
by applying a linear chirp to the probe pulse. This is done using a diffraction grating as shown in Fig. 3. The
different wavelength components of the incident pulse traverse different path lengths due to the variation in
first order diffraction angle with wavelength, λ. The output from the grating is a pulse with an extended pulse
duration and a wavelength that varies linearly with time.

In EO detection this chirped probe pulse is modulated by the THz pulse. In normal time scanning EO
sampling a 100-fs optical pulse is modulated by a short temporal window of the THz pulse. The chirped probe
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Figure 1. Hardware schematic for scanned THz imag-
ing.17 The image is formed by scanning the mechanical
motion stages in x, y and time dimensions.

Figure 2. Hardware schematic for all-optical 2D THz imag-
ing.19 The image is formed by expanding the THz and probe
beams and using the Pockel’s effect and crossed polarisers to
convert the THz field to an intensity modulation which is
measured using the CCD.

pulse can be seen as a succession of short pulses each with a different wavelength. Each of these wavelength
components encodes a different portion of the THz pulse simultaneously.

A spectrometer then spatially separates the different wavelength components and thus reveals the temporal
THz pulse. The spatial signal output from the spectrometer is then measured using a CCD.

λ1

λ1 λ2

λ2

Figure 3. The geometry of a diffraction grating used to impart a linear chirp to a laser pulse. The optical path length
is greater for longer wavelengths (λ1 > λ2).

3.1. Hardware Setup

The technique of terahertz detection using a chirped probe beam derives from real time picosecond optical
oscilloscopes21, 22 is shown in Fig. 4.

The laser system used was a regeneratively amplified Ti:sapphire laser (Spectra Physics Hurricane) with
an average output power of 700 mW, a pulse duration of 130 fs and a repetition rate of 1 kHz. The centre
wavelength of the laser was 802 nm and the spectral bandwidth was 4 nm. The laser output was attenuated
and split into pump and probe beams with powers of 30 mW and 20 µW respectively. The terahertz emitter
was a GaAs photoconductive antenna. A bias of 1000 V was applied to the emitter electrodes which were
spaced 16 mm apart. The average emitter current was 100 µA. This system generated an average THz power
of approximately 5 nW (5 pJ per pulse). The THz beam was focused using parabolic mirrors to a spot size of
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1 mm at the sample. The transmitted THz pulse was collected using parabolic mirrors and focused onto the 4
mm thick 〈110〉 ZnTe EO detector crystal.
The optical probe pulse was linearly chirped using the grating pair. The grating pair was setup to allow

the grating separation to be varied which enabled us to investigate the effect of variable pulse width on the
measurements. Nominally the grating separation was 4 mm and the angle of incidence was 51◦, giving a chirped
probe pulse width of 21 ps.

The chirped optical probe pulse and the terahertz pulse co-propagate in the ZnTe crystal as the group
velocity of 800 nm light is approximately equal to the phase velocity of the THz field in ZnTe. During this time
the polarisation of the wavelength components of the optical pulse are modulated differently, depending on the
temporal profile of the THz pulse. Crossed polarisers are used to convert this polarisation modulation to an
amplitude modulation. The crossed polarisers ensure that the detected signal is approximately zero when no
THz signal is present to prevent saturation of the CCD detector. Note that the background is not exactly zero
due to laser scattering in ZnTe, but this background is subtracted during processing (see Eqn. 3).

The temporal THz pulse is recovered by detecting the spectrum of the modulated pulse using a spectrometer
grating (SPEX 500M) and a digital CCD camera (PI Pentamax) which has 384x576 pixels and 12 bit digitisation.
The CCD was air cooled to -30◦C. Using a CCD exposure time of 100 ms the signal to noise ratio (SNR) for
the system was approximately 180. The exposure time could be reduced down to 5 ms at the expense of SNR.
The sample was mounted on a X-Y translation stage and raster scanned to acquire an image.
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Emitter
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Figure 4: Simplified hardware schematic used for terahertz imaging with a chirped probe pulse.

3.2. Mathematical Model
Electro-optic detection with crossed polarisers imparts an amplitude modulation on the probe pulse. For
relatively small modulation depths this modulation is linear and the modulated signal, fm(t), is given by

fm(t) = fc(t) [1 + kE(t − τ)] , (1)

where fc(t) is the chirped probe pulse, k is the modulation constant, E(t) is the terahertz electric field and τ
is the relative time delay between the probe and THz pulse.

The spectrometer grating spatially disperses the different spectral components of the input signal. The signal
detected at the CCD corresponding to a given frequency, M(ω1), is given by the convolution of the spectral
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response function of the spectrometer grating, g(ω), with the square of the Fourier transform of the input signal,
fm(t).10

M(ω1) ∝
∫ ∞

−∞
g(ω1 − ω)

∣∣∣∣
∫ ∞

−∞
fm(t) exp(iωt)dt

∣∣∣∣
2

dω. (2)

The normalised differential intensity is then defined as

N(ω1) =
M(ω1)|THz on − M(ω1)|THz off

M(ω1)|THz off
. (3)

Under certain assumptions N(ω1) can be shown to be linearly proportional to the amplitude of the THz
pulse, with the variable ω1 proportional to the time, t. However in most practical situations the THz signal is
frequency band limited which corresponds to a broadening of the temporal pulse.

Figure 5 shows the THz signal measured using normal scanned electro-optic sampling and the chirped
sampling method with a chirped pulse width of 21 ps. It is obvious that the THz pulse measured using the
chirped probe pulse technique is significantly broadened. This broadening implies that the chirped measurement
technique has a reduced temporal resolution and a reduced frequency bandwidth compared with normal time
scanned THz detection.
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Figure 5. Comparison of THz pulses measured with scanned EO sampling and EO sampling with a chirped probe pulse.
The chirped pulse duration was 21 ps.

4. SYSTEM IDENTIFICATION

System identification refers to the problem of estimating a system that best describes the measured data. The
measured data is assumed to consist of two sets, y(k) being the output of the unknown system when excited
by the input signal x(k). The signals considered here, f(k), k ∈ 0..N − 1, are real-valued, finite, discrete-time
functions defined on the set of real numbers, R. We consider the system S whose output depends on the input
signal and on a noise signal ν(k)

y = S(x, ν). (4)

The identification problem is to determine an estimator

ŷ = Ŝ(y,x), (5)

which minimises some measure of the error signal

e(k) = y(k)− ŷ(k). (6)
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A common method of solving this problem is to assume that the predictor may be factored using a known
transformation F̂ and a finite-dimensional parameter θ

Ŝ(y,x) = Ŝ(y,x, θ), (7)

which is then referred to as parametric system identification. Three common models used in this context are
the finite impulse response (FIR) model,

y(k) = −
P∑

i=0

cix(k − i) + ν(k), (8)

the autoregressive (AR) model,

y(k) = −
Q∑

j=0

ajy(k − j) + ν(k), (9)

and the ARX model which is a general class combining the two previous examples:

y(k) = −
Q∑

j=0

ajy(k − j)−
P∑

i=0

cix(k − i) + ν(k), (10)

where P and Q are the model orders. These models are easily understood as linear filters where the aj and ci

represent the tap weights.23

A large number of methods have been proposed to estimate the linear model coefficients.24 In Section 5
we use an iterative least squares approach to identify appropriate model coefficients as a method of feature
extraction in order to classify the sample under test. For a given model, of order N , the model coefficients
are used as the input to a simple classifier. We show that different tissue samples can be classified using this
technique and evaluate the accuracy of the derived models. For this purpose, the THz pulse detected with no
sample in place is considered to be the input, x(k), and the THz pulse detected after transmission through the
sample is taken as the system output, y(k).

4.1. Classification

The ultimate goal in all terahertz systems is to extract information about the sample under test. This informa-
tion may be the frequency dependent index of refraction for a semiconductor wafer or the resonant absorption
frequencies for gas sensing. For biological imaging applications we desire to detect and differentiate between
different samples based on the terahertz response. We are interested in investigating our ability to perform such
classification given an obtained image.

In this paper we use simple linear discriminant analysis. This well known and simple classification scheme
defines a discrimination function g(x),25

g(x) = w0 +
d∑

i=1

wixi, (11)

which is a linear combination of the input components x. The weights wi are chosen using various different
schemes based on the training data. In our case we use the Mahalanobis distance26 as the discriminant function.
This is one of a class of minimum distance classifiers. It assumes that the data for each class are normally
distributed, thus the samples drawn from each class will form a cluster in N dimensions, with a centre given by
the mean vector, µ, and shape dependent on the covariance matrix, Σ. We form estimates of these parameters
using the training vectors,

µ = E[x], (12)
Σ = E[(x− µ)(x− µ)T ]. (13)
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The Mahalanobis distance calculates the distance of a given point from the mean value for a given class nor-
malised by the variance of the training vectors in that direction. For a given class, k, the distance is defined
as,

dk(x) = (x− µk)TΣ−1(x− µk)T . (14)

Classification is then performed by selecting the class for which the Mahalanobis distance is minimised. This
classifier is optimal for normally distributed classes with equal covariance matrices and equal a priori proba-
bilities. We are not claiming that the THz data conforms to these statistical assumptions, merely that this
classifier represents a useful starting point.

This classification scheme was chosen because it is simple to implement and it provides reasonable results
for a variety of statistical properties. More complicated classification algorithms abound and the appropriate
choice for this application is an open research area. Simple neural network classifiers were also tested and found
to yield similar results to those reported in Section 5.

5. RESULTS

5.1. Imaging

A number of samples consisting of different biological tissues were imaged using the system described in Section
3. An emphasis was placed on biological tissue because biomedical imaging is an important potential application
of this technology.

A dried butterfly and leaf were imaged to demonstrate the performance of the system. Figure 6 shows an
optical image of the sample. The sample was scanned using the chirped THz system with a scanning step size
of 500 µm and a total range of 7 cm x 7 cm. At each point the terahertz response was measured on the CCD
using an exposure time of 100 ms. Thus the entire image was acquired in 32 minutes. To demonstrate the
richness of the data obtained using this technique a number of images are presented in Fig. 7. In Fig. 7(a) the
peak amplitude of the THz pulse at each pixel was mapped to the grey scale intensity, for Fig. 7(b) each of
the THz pulses were Fourier transformed to reveal the frequency domain information and the intensity of the
spectra at a frequency of 0.2 THz was used as the grey scale intensity. Figure 7(c) shows the phase information
in the terahertz pulses by measuring the delay of the THz pulse at each pixel and then mapping this delay to
the image intensity. Each of these three techniques yields different information about the sample under test
and the optimal technique will depend on the desired application. These three images can be combined, for
example, by mapping each to a different colour (red, green or blue) intensity to produce a pseudo-colour image
which may have biomedical diagnostic value, and an example is shown in Fig. 7(d).

A number of animal tissue samples were imaged. Figure 8 shows an optical image of a beef sample. The
sample was cut from a beef loin T-bone steak, parallel to the normal steak cut with a thickness of 1.5mm. The
sample was pressed and then dried in an oven for 12 hours at 35◦C. For THz imaging the sample was held in
a sample holder consisting of two 600 µm thick, high density polyethylene sheets. Polyethylene has negligible
absorption in the THz band of interest and only marginal Fresnel loss due to its low refractive index. Figure 9
shows a chirped image of the beef produced using the peak amplitude of the THz pulse at each pixel. Samples
of chicken tissue and chicken bone were obtained and imaged in a similar manner.

5.2. Linear Modelling

Figures 10 and 11 show the characteristic THz responses of the beef and chicken samples considered in both
the time and frequency domain. The frequency limitation imposed by the chirped technique is evident. Using
normal time scanned THz detection the THz bandwidth extends to 1.2 THz for the sample holder response.

Linear filter models of the sort discussed in Section 4 were employed for two reasons, firstly to attempt
to infer information about the physical properties of the samples and secondly because the coefficients for an
accurate model provide an efficient feature extraction method for the classification problem considered in Section
5.3.

An ensemble of 50 random responses for the chicken and beef samples were chosen. The model coefficients
for various order AR and FIR models were then computed for each response. For each model the average
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Figure 6. An optical image of the pressed butterfly sam-
ple used for chirped THz imaging.

(a) (b)

(c) (d)

Figure 7. Images of the pressed butterfly obtained us-
ing the chirped THz imaging technique. The data was
obtained by scanning the sample in X (7 cm) and Y (7
cm) dimensions with a resolution of 500 µm and mea-
suring the THz response at each point. Image (a) was
produced using the peak amplitude of the THz pulse at
each pixel, image (b) was produced using by taking the
Fourier transform of the THz response and using the am-
plitude at 0.2 THz for each pixel. Image (c) was produced
by measuring the phase of the THz signal at each pixel.
Image (d) was produced by combining (a), (b), and (c).

Figure 8. An optical image of the beef tissue sample
used for chirped THz imaging. The sample was prepared
as described in the text.
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Figure 9. Image of a piece of beef obtained using the
chirped THz imaging technique. The data was obtained
by scanning the sample in X (2.5 cm) and Y (3 cm) di-
mensions with a resolution of 500 µm and measuring the
THz response at each point. The image was produced
using the peak amplitude of the THz pulse at each pixel.
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Figure 10. The terahertz responses after transmission
through the beef and chicken samples and the sample
holder response. These responses were measured using
the chirped measurement method with a CCD exposure
of 100 ms.
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Figure 11. The amplitude of the Fourier transform of
the responses shown in Fig. 10. The frequency spectrum
is limited to below 0.3 THz as discussed in Section 3.2.

coefficients were calculated and these used to calculate the percentage of the average actual response predicted
by the model. These results are summarised in Table 1. Figure 12 shows an example of 2nd order FIR and AR
filter models with the actual chicken response. It can be seen that the model quite accurately represents the
response of the sample.
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Figure 12. Model output for 2nd order FIR and AR
filters and the actual response of the chicken sample. The
models are quite accurate accounting for 43% and 32%
of the actual response respectively.

Model Order Prediction Accuracy (%)
AR 2 30.0
AR 3 32.3
AR 4 35.5
AR 5 39.1
AR 6 42.9
FIR 2 43.4
FIR 3 51.0
FIR 4 53.1
FIR 5 56.5
FIR 6 59.4
ARX 2,2 44.8
ARX 3,3 59.8
ARX 4,4 64.6

Table 1: Prediction accuracy for different models.

5.3. Classification

The problem we considered was that of taking a random THz response and classifying it into one of three
different classes: chicken, beef or empty sample holder. Training vectors were chosen at random from among
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the available responses.

Several different feature extraction methods were tested. It was found that the model coefficients for the
FIR model proved to be very reliable features. The simple linear discriminant classifier described in Section 4.1
was trained using 50 pixel responses for each of the three classes. 300 random test responses were chosen and
the classifier was used to assign them each to one of the classes. It was found that using the 2nd order FIR
coefficients as features resulted in successful classification of 297/300 while using the 2nd order AR coefficients
gave an accuracy of 289/300. An intuitively obvious feature extraction method involves simply using the
amplitude of the THz pulse and the time at which the maximum amplitude occurred as features. These
features give an indication of both the absorption and the phase induced by the sample under test. Using this
feature extraction method only 283 of the 300 test vectors were accurately classified. The confusion matrices
for these three classifiers are given below where the element, [i, j], shows the relative proportion of samples
belonging to class i that were recognised as class j. The classes were free air(1), beef(2) and chicken(3) pixels.

XFIR =


 1 0 0
0 0.98 0.02
0 0.01 0.99


 XAR =


 1 0 0
0 0.92 0.08
0 0.03 0.97


 Xamp/phase =


 0.99 0.01 0

0 0.89 0.11
0 0.05 0.95


 . (15)

Figures 13 and 14 demonstrate the benefits of the FIR model based approach by plotting the distribution
of the extracted features for a random set of beef and chicken pixels. The separation of the classes using the
FIR model feature extraction method is visibly superior to the intuitive method described above.
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Figure 13. Scatter plot showing the discriminating
power of the 2nd order FIR model coefficients. The
optimal FIR model coefficients are found for 100 ran-
dom samples and plotted. The two classes show a sig-
nificant difference in their coefficients.
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Figure 14. Scatter plot showing the distribution of the
peak amplitude and the timing of the peak of the THz
pulses for beef and chicken samples. There is an obvious
difference between the two tissue types but the separation
of classes is not as strong as that shown in Fig. 13.

The following example further illustrates the ability of the chirped probe pulse THz imaging technique to
distinguish between biological tissues. It also highlights the ability of the algorithms described in this paper
to assist in information extraction. A slice of chicken leg was cut so as to include a section of the bone. The
sample was approximately 1.5 mm thick. The sample was then prepared and imaged as described in section
5.1. An optical image of the sample is shown in Fig. 15. The terahertz data was analysed and it was found
that the chicken and bone had a comparable absorption for THz signals and were not clearly distinguishable
using standard intensity images. This is illustrated in Fig. 16(b) which shows the amplitude image of the
chicken sample. To attempt to differentiate between the bone and tissue pixels in the image we used the simple
Mahalanobis distance classifier and used 5th order FIR coefficients as input features. We trained the classifier
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based on 50 reference pixels for each class (bone, tissue and empty holder). The reference pixels were chosen
based on the geometry of the sample. The classifier was then used to classify all 10000 pixels of the image into
one of the three classes. This classification was then used to colour code the image shown in Fig. 16(a). The
bone area (grey) can be seen to accurately correspond to the bone in the optical image.

The computational complexity of the algorithms are a vital concern as systems head towards real-time data
acquisition. The total time taken to classify the 10000 responses in the image was less than 11 seconds on a
Pentium IV PC with 256 MBytes of RAM. This is an over an order of magnitude less than the acquisition time
for the same image and could be improved further by optimising the software implementation.

Figure 15. A standard optical image of a sam-
ple of dried chicken tissue. The bone is clearly
visible in the lower right of the image.

(a) (b)

Figure 16. Terahertz images of the chicken tissue shown in Fig.
15. (a) shows a pseudo-colour image generated by classifying each
pixel of the image based on a number of training pixels which were
chosen using knowledge of the original sample geometry. (b) shows
a THz image generated by mapping the maximum amplitude of the
THz pulse at each pixel to the grey scale intensity.

6. CONCLUSION

Terahertz imaging using a chirped probe pulse represents a recent addition to the available THz imaging
techniques and promises to allow terahertz imaging and spectroscopy to extend to new applications in the
monitoring of ultrafast phenomena due to its capacity for single shot measurements.

We have presented the first ever images of biological tissue measured using this technique, and have demon-
strated the richness of the information content of the obtained data. Simple feature extraction and classification
algorithms were presented that allow for the automated analysis of these images and may one day facilitate
computerised diagnosis of medical conditions based on the measured THz response. Beef and chicken samples
were classified using a Mahalanobis distance classifier. The required computational complexity of the classifier
was reduced using linear filter models to extract features from the measured responses. Different filter models
were compared and very simple 2nd order FIR filters were found to perform surprisingly well indicating that
this model may be an accurate approximation of the underlying physical system. Further investigation of a
physical model for the interaction of THz radiation with tissue is an important open question and it is likely to
yield vastly improved feature extraction and classification algorithms.

The chirped imaging technique allows the full THz response of a single pixel to be measured simultaneously.
This has advantages over all other THz imaging techniques in that if the sample moves during a scan the signa-
ture responses of the pixels are not corrupted, only the pixel to pixel intensity may change. Thus identification
schemes such as those described in this paper will still succeed in classifying each pixel. In addition, if only
the THz spectra at a single point is required this can be measured extremely quickly in under 20 ms. Thus
allowing real time THz spectroscopy. However the chirped imaging technique does suffer from a number of
disadvantages. The measured response is not linearly dependent on the terahertz pulse as indicated in Section
3.2 and the signal to noise ratio is significantly higher than time-scanning techniques due to the absence of the
lock-in amplifier. A number of solutions to the noise problem have been suggested including a lock-in CCD.27

This remains an important focus of future research.

Proc. SPIE Vol. 4591182

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/30/2012 Terms of Use: http://spiedl.org/terms



ACKNOWLEDGMENTS

We appreciate communications with Dr. Chen (RPI) and Samuel Mickan (Adelaide University).

This work was supported by the Australian Research Council, the U.S. National Science Foundation and
the U.S. Army Research Office.

Bradley Ferguson would like to thank the Australian-American Fulbright Commission.

REFERENCES
1. D. Grischkowsky, S. Keiding, M. van Exter, and C. Fattinger, “Far-infrared time-domain spectroscopy with
terahertz beams of dielectrics and semiconductors,” Journal of the Optical Society of America B: Optical
Physics 7(10), pp. 2006–2015, 1990.

2. R. H. Jacobsen, D. M. Mittleman, and M. C. Nuss, “Chemical recognition of gases and gas mixtures with
terahertz waves,” Optics Letters 21(24), pp. 2011–2013, 1996.

3. D. Arnone, C. Ciesla, and M. Pepper, “Terahertz imaging comes into view,” Physics World (4), pp. 35–40,
2000.

4. D. M. Mittleman, M. Gupta, R. Neelamani, R. G. Baraniuk, J. V. Rudd, and M. Koch, “Recent advances
in terahertz imaging,” Applied Physics B: Lasers and Optics 68(6), pp. 1085–1094, 1999.

5. S. Hadjiloucas, L. S. Haratzas, and J. W. Bowen, “Measurements of leaf water content using terahertz
radiation,” IEEE Transactions on Microwave Theory and Techniques 47(2), pp. 142–149, 1999.

6. M. Knott, “See-through teeth,” New Scientist 162(2192), p. 22, 1999.
7. R. M. Woodward, B. Cole, V. P. Walace, D. D. Arnone, R. Pye, E. H. Linfield, M. Pepper, and A. G.
Davies, “Terahertz pulse imaging of in-vitro basal cell carcinoma samples,” in Conference on Lasers and
Electro-Optics 2001, pp. 329–330, SPIE, 2001.

8. Z. Jiang and X.-C. Zhang, “Electro-optic measurement of THz field pulses with a chirped optical beam,”
Applied Physics Letters 72(16), pp. 1945–1947, 1998.

9. Z. Jiang and X.-C. Zhang, “Single-shot spatiotemporal terahertz field imaging,” Optics Letters 23(14),
pp. 1114–1116, 1998.

10. F. G. Sun, Z. Jiang, and X. C. Zhang, “Analysis of terahertz pulse measurement with a chirped probe
beam,” Applied Physics Letters 73(16), pp. 2233–2235, 1998.

11. J. A. Riordan, P. Y. Han, Z. Jiang, P. Campbell, Z. G. Lu, and X. C. Zhang, “THz beam sensors,” in OSA
TOPS Radiative Processes and Dephasing in Semiconductors, D. S. Citrin, ed., 18, pp. 108–116, 1998.

12. B. Ferguson and D. Abbott, “Signal processing for T-ray bio-sensor systems,” in Smart Electronics and
MEMS II, 4236, pp. 157–169, SPIE, (Melbourne, Australia), 2001.

13. B. Ferguson and D. Abbott, “Wavelet de-noising of optical terahertz pulse imaging data,” Journal of
Fluctuation and Noise Letters 1(2), pp. L65–L69, 2001.

14. L. Duvillaret, F. Garet, and J.-L. Coutaz, “Highly precise determination of optical constants and sample
thickness in terahertz time-domain spectroscopy,” Applied Optics 38(2), pp. 409–415, 1999.

15. T. D. Dorney, R. G. Baraniuk, and D. M. Mittleman, “Material parameter estimation with terahertz time-
domain spectroscopy,” Journal of the Optical Society of America A: (Optics & Vision) 18(7), pp. 1562–
1571, 2001.

16. D. M. Mittleman, R. H. Jacobsen, R. Neelamani, R. G. Baraniuk, and M. C. Nuss, “Gas sensing using
terahertz time-domain spectroscopy,” Applied Physics B: Lasers and Optics 67(3), pp. 379–390, 1998.

17. B. B. Hu and M. C. Nuss, “Imaging with terahertz waves,” Optics Letters 20(16), pp. 1716–1718, 1995.
18. D. M. Mittleman, R. H. Jacobson, and M. C. Nuss, “T-ray imaging,” IEEE Journal of Selected Topics in

Quantum Electronics 2(3), pp. 679–692, 1996.
19. Q. Wu, T. D. Hewitt, and X.-C. Zhang, “Two-dimensional electro-optic imaging of terahertz beams,”

Applied Physics Letters 69(8), pp. 1026–1028, 1996.
20. Q. Wu and X.-C. Zhang, “Free-space electro-optic sampling of terahertz beams,” Applied Physics Letters

67(24), pp. 3523–3525, 1995.

Proc. SPIE Vol. 4591 183

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/30/2012 Terms of Use: http://spiedl.org/terms



21. A. Galvanauskas, J. A. Tellefsen, A. Krotkus, M. Öberg, and B. Broberg, “Real-time picosecond electro-
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