
Abstract. By using a free electron laser and a micro-
bolometer array, real-time images are recorded for the érst
time in the terahertz range at the rate of up to 90 frames per
second. In the case of diffusive illumination of objects by
coherent monochromatic radiation, the images consist of
speckles. The study of the statistical properties of speckle
patterns shows that they are quite accurately described by the
theory developed for speckles in the visible range. By
averaging a set of images with the help of a rotating
scatterer during the exposure time of a frame (20 ms) and by
summing statistically independent speckle patterns of many
frames, images of the acceptable quality are obtained. The
possibilities of terahertz speckle photography and speckle
interferometry are discussed.
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1. Introduction

Interest in the study of terahertz radiation is caused by
several reasons. A low photon energy, not exceeding a few
tens of millielectron volts, excludes the ionisation of a
medium. Due to a drastic decrease in Rayleigh scattering
with increasing wavelength (s � lÿ4), terahertz radiation
well propagates through turbid media and éne-dispersed
materials. The rotational transition frequencies of light
molecules, the oscillation frequencies of solid-state plasmas,
and the characteristic energies of hydrogen bonds and Van
der Walls intermolecular interaction forces lie in the
terahertz range. The energy of terahertz photons lies within
the energy gap of superconductors. The terahertz range is
of great interest for biology and medicine [1] because
vibrational frequencies of many biologically important

molecules and the activation energy of conformation
transitions fall within this range. Because many nonpolar
materials are transparent enough for terahertz radiation,
the use of this radiation opens up new possibilities for
security systems, medical diagnostics, the product quality
control, etc. [2 ë 4]. One of the most important problems in
these and other applications is the imaging of objects in the
terahertz range [5, 6].

There is no the general consensus about the boundaries
of the terahertz spectral range, and different authors
indicate frequency intervals of different widths within
0.1 ë 100 THz. If the operation principle of radiation sources
is chosen as a criterion, it is reasonable to set the boundaries
of the terahertz range equal to 0.5 and 20 THz, which
corresponds to wavelengths 600 and 15 mm. Below 0.5 THz,
radiation sources are `electronic' devices such as gyrotrons,
orthotrons, and backward-wave oscillators, while radiation
sources above 20 THz are thermal sources or lasers. Within
the spectral range indicated above, radiation can be gen-
erated both by electronic and photonic methods. The
breakthrough in the study of terahertz waves was initiated
by the invention of broadband femtosecond lasers and the
development of time-domain spectroscopy (TDS). Later,
monochromatic radiation sources appeared (difference-fre-
quency and parametric oscillators). The review of terahertz
radiation sources is presented, for example, in [5].

Until the recent time the power of terahertz radiation
sources was in the range from nanowatts to milliwatts [7],
and sensitive multichannel detectors were absent. Images
were obtained by a prolonged (sometimes, for tens of
minutes) scan of an object by a focused terahertz beam
[5, 6]. The development of a 50-mW quantum cascade laser
[8] and a microbolometer array detector [9] made it possible
to record real-time images at the rate of 20 frames per
second. The disadvantages of the quantum cascade laser are
the necessity of its cooling down to 117 K and the
impossibility of frequency tuning. The possibilities of
imaging in the terahertz range were considerably expanded
after the commission of a repetitively pulsed free electron
laser (FEL) in Novosibirsk [10] emitting an average output
power of up to 500 W at a pulse repetition rate of
11.2 MHz.

In [11], the highest image recording rate in the terahertz
range equal to 90 frames per second was obtained. A
radiation source was the FEL, and images were recorded
with a microbolometer array detector [12]. Because of a
large wavelength, even objects with roughness of 20 ë 40 mm
are smooth enough, and when they are illuminated by laser
radiation with a small divergence, only the elements of the
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object surface whose mirror reêection fell to the solid angle
of the optical system appeared in the image. Upon
illumination of objects by diffusely scattered radiation,
the images of objects consisting of speckles were obtained
for the érst time in the terahertz range.

The properties of speckles in the visible range have been
studied in detail, the methods for improving the image
quality have been developed, and measurement methods
based on the use of speckles have been elaborated [13 ë 16].
Effects related to the random orientation of coherent
radiation were recorded earlier with single-channel detectors
as intensity êuctuations in time upon scattering of a
terahertz beam in random media [17, 18]. The recording
of two-dimensional time-resolved speckle patterns opens up
the possibilities for expanding applications of speckle
photography, speckle interferometry and other speckle-
based methods to the terahertz region. Because the char-
acteristic wavelength in this case is two orders of magnitude
higher than that in the visible region, the range of
parameters for investigations can be considerably expanded
(for example, the value of the object displacement). The
transparency of many nonpolar and nonconducting materi-
als for terahertz radiation, which are completely opaque in
the visible range, opens up additional possibilities for
applications.

2. Experimental

A radiation source was a free electron laser [10] emitting
100-ps pulses with a pulse repetition rate of 5.6 MHz. The
laser was continuously tunable from 120 to 240 mm (2.5 ë
1.25 THz) with the relative linewidth of 0.3%ë 1%. All
experiments described below were performed at a wave-
length of 130 mm. The laser radiation was linearly polarised
and spatially coherent. The diameter of the nearly Gaussian
laser beam was 50 mm and the beam divergence was 3�
10ÿ3 rad.

Figure 1a shows the system for imaging in the terahertz
range. An object was illuminated either by a narrow laser
beam reêected from mirror M1 or radiation scattered by a
rough copper foil with inhomogeneities of size exceeding the
radiation wavelength. The image of the object was projected
with a polyethylene lens on a microbolometer array sensitive
in the terahertz range, which contained 160� 120 pixels on
an area of 8:21� 6:1 mm2. Because of the high sensitivity of
the array equal to 1:3� 10ÿ3 W cmÿ2 [11], the incident
radiation was attenuated by rotating a photolithographic
polariser mounted at the input [19].

Figure 2a demonstrates an image recorded with the
microbolometer array by exposing an object to diffuse
terahertz radiation. The object was a 50-O BNC T-con-
nector shown in Fig. 2b. One can see that the image of the
object consists of rather large speckles. The statistical
parameters of speckles were studied by using modiéed
setups shown in Figs 1b, c. In this case, a terahertz radiation
beam, whose diameter was controlled with the help of an iris
aperture, was incident on a copper scatterer. The scattered
radiation was recorded with the array either through a lens
(subjective speckles) or directly (objective speckles).

3. Parameters of a speckle pattern

If the roughness of a scatterer is larger than the radiation
wavelength, then, according to theory [13], a speckle

pattern is formed with the intensity probability density
described by the Gaussian distribution. It is known that
speckles, on the one hand, deteriorate the image quality,
and on the other, can be used for metrological purposes, in
particular, in speckle photography and speckle interferom-
etry. To use these methods with conédence, it is necessary
to make sure experimentally that the statistical properties of
speckles observed in our experiments have the same
properties as speckles observed in the visible range. For
this purpose, we performed three series of measurements.
First we `photographed objective and subjective speckles
with the microbolometer array by varying the diameter D
of an incident terahertz beam from 5 to 30 mm for constant
L, L1, and L2 (Fig. 1), and then ë objective speckle
patterns, by varying the distance L from a scatterer to the
array within 103 ë 110 mm for a constant diameter D of the
terahertz illuminating a scatterer. In this section, we present
the results of analysis of twenty-three images containing
0.44 millions of pixels. Three speckle patterns are shown in
Fig. 3.

As expected, the characteristic size bs of objective
speckles (Figs 3a, b) changed inversely proportional to
the terahertz beam diameter [20, p. 35]:
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Figure 1. Scheme of the setup for imaging in the terahertz range (a) and
its modiécations for studying subjective (recording through a lens) (b)
and objective (direct recording) (c) speckles: (P) photolithographic
polariser; (S) copper foil scatterer; (M1, M2) mirrors; (O) object; (L)
polyethylene lens ( f � 54 mm); (A) iris aperture; (MBA) microbolometer
array.
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Figure 2. Image of a 50-O BNC T-connector obtained with the help of a
microbolometer array upon irradiation by a terahertz beam (a) and usual
photography (b).
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bs � 1:5�lL=D�, (1)

where l is the radiation wavelength and L is the distance
from the scatterer to the recording plane. According to the
theory, the characteristic theoretical size of subjective
speckles

bs � 1:22�lL1=d �, (2)

(where L1 is the distance from the scatterer to the lens and d
is the lens diameter) was independent of the incident beam
diameter, and the speckle pattern remained almost invar-
iable with changing the beam diameter (Fig. 3c).

The intensity distribution in small speckles well corre-
sponded to the theoretical distribution

I�y� � 1� cos

�
2p
�

Dy
3lz

��
. (3)

Here, y is the coordinate measured from a speckle centre,
and D and z correspond to D and L (for objective speckles)
and d and L1 (for subjective speckles). The experimental
intensity distribution measured for one of the speckles is
shown by dots in Fig. 4a (the solid curve is the ét of the
experimental data by a function of the type `unity +
cosine'). The image of large speckles was distorted by a
rather regular small-scale interference, but the total size of
spots also well corresponded to the theoretical size. The
origin of the small-scale interference is not clear so far. The
analysis of all images showed (Fig. 4b) that the dependence
of the size of spots (full width at half-maximum) on the
aperture D is close to theoretical values (1) and (2).

Because the characteristic size of inhomogeneities of the
scatterer greatly exceeded the radiation wavelength, we
could expect that a developed speckle pattern will be
observed under our conditions. A speciéc feature of such
a speckle pattern is the Gaussian intensity distribution in it.
The intensity distribution histograms for all 23 frames
constructed after the displacement of zero by the value
of the background illumination and noise were close to the
typical histogram shown in Fig. 5 (subjective speckle pattern
for L1 � 106 mm and d � 40 mm). Indeed, the main part of
experimental data corresponds to the Gaussian distribution

c
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Figure 3. Spectra recorded with a microbolometer array for 20 ms by
irradiating a scatterer by terahertz beams of different diameters D:
objective speckles for D � 13 (a) and 30 mm (b), and subjective speckles
for D � 10 mm (c).
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Figure 4. Intensity distribution over an objective speckle section for D �
22 mm (a) and characteristic sizes of subjective (*) and objective (b)
speckles as functions of the diameter of a terahertz beam on a scatterer
(*).
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(the solid line in Fig. 5). According to theory [13, p. 18], in
the case of the developed speckle pattern, the exponentially
decaying dependence should start at the zero intensity. In
our case, however, the instant intensity distribution density
decreases at low intensities. This can be explained by several
reasons. First, the microbolometer array, having the max-
imum sensitivity in the region 10 ë 14 mm, recorded
extraneous background emission, which was inhomogene-
ous over the éeld. The plot was constructed by subtracting
érst from the radiation intensity the value providing the
beginning of the probability density histogram at the zero
intensity. Obviously, this produces distortions in the inten-
sity distribution in the region of low intensities. Second, the
detector noise can lead to the same effect (see Fig. 2 in [21]).
Third, due to internal reêection from the input window of
the array, the array recorded in each frame the super-
position of at least two beams. Because the delay of one
beam with respect to another t12 � nl=c � 55 ps (nl is the
optical thickness of the germanium window of the array) is
close to the laser pulse duration, we can assume that the
superposition of two speckle patterns occurs (the summa-
tion of their intensities). The superposition of two speckle
patterns, if the linear correlation coefécient between them is
not unity, also reduces the intensity distribution density to
zero at the coordinate origin [13, p. 24]. Note, however, that
the deviation from a Gaussian in our case can be considered
small because the criterion characterising the closeness of a
function to a Gaussian, namely, the contrast of the speckle
pattern

C � sI
hI i �

ÿhI 2i ÿ hI i2�1=2
hI i (4)

proved to be 1:04� 0:03 for all frames (the theoretical value
is C � 1). Thus, érst-order statistical characteristics dem-
onstrate that speckles in the terahertz range have usual
properties, and the speckle pattern in our case can be
considered well developed.

Consider now second-order statistical characteristics.
We can calculate the cross-correlation Pearson coefécient

ckl �
hIkIl i ÿ hI kihIl ihDÿ

Ik ÿ hIk i
�2EDÿ

Il ÿ hIl i
�2Ei1=2 (5)

from our experiments for any pair of frames k and l chosen
from the two sets of speckles patterns. As the recording
plane is moved away from a scatterer, the correlation
between objective speckles is preserved, according to theory
[14, p. 30], as long as the displacement dz of the recording
plane satisées the condition dz < 8lL 2=D 2. Cross-correla-
tion coefécients for eight pairs of frames recorded with the
microbolometer array for the diameter of the illuminated
region of the scatterer D � 30 mm are presented in Fig. 6a.
Each point corresponds to the cross-correlation coefécient
for a frame recorded at a distance indicated on the ordinate
and a frame recorded at a distance of 103 mm. One can see
that the cross-correlation coefécient becomes equal to 0.5
when the recording plane is displaced by 5 mm, whereas
8lL 2=D 2 � 13 mm, which satisées the condition presented
above.

The subjective speckle pattern at the invariable diameter
of a lens should not depend on the diameter of the
illuminated region of a scatterer [13, 14]. To verify the
correctness of this statement, we calculated the cross-
correlation coefécient (Fig. 6b) for a sequence of frames
recorded at the éxed positions of the lens and micro-
bolometer array, but different diameters of a terahertz
radiation spot on a scatterer. One can see that, as the
spot diameter is increased by six times, the correlation
coefécient remains close to unity with good accuracy. A
systematic decrease in ckl by 20% with increasing diameter
is most likely explained by the decrease in the terahertz
beam intensity at the periphery (the beam half-width is
� 40 mm) and a weak inhomogeneity of the beam. Thus,
both the érst- and second-order statistical characteristics in
the terahertz frequency range correspond to theoretical
expectations.

4. Image quality improvement

As follows from expressions (1) and (2), images obtained
upon diffusion illumination of objects by coherent terahertz
radiation consist of large speckles, which are two hundreds
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Figure 5. Distribution of the instant intensity density over the array
pixels in a speckle pattern recorded upon successive reêections of a
terahertz beam from a scatterer S and mirror M2 in the setup shown in
Fig. 1a.
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frame pairs corresponding to the displacement of the speckle recording
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the diameter of the illuminated region of the scatterer (Fig. 1b) (b).
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times larger than usual speckles observed in the visible
range. For this reason, the images of objects are formed by
a small number of speckles, and the image quality is very
poor. This is demonstrated, for example, by the image of a
metal key recorded with a microbolometer array (Fig. 7,
frame 73). It is very difécult to identify an object in this
frame. Obviously, to obtain a better image, it is necessary to
use special methods, which are well known for the visible
range. They are described in detail in [22] and many other
papers.

One of the methods of speckle metrology is the super-
position of speckle patterns obtained by displacing mutually
the illuminating beam and object. Figure 7 presents images
obtained by the superpositions of three, nine, and twenty-
three frames taken by rotating the scatterer successively by
an angle providing the loss of correlation between the
patterns. One can see that the last image is already distinct
enough. The disadvantages of this method are a consid-
erable decrease in the image recording rate and the
deterioration of spatial resolution when the number of
frames is not large enough. A considerably more efécient
is the method based on a very rapid rotation of a scatterer,
which provides the averaging of speckle patterns during the
exposure of one frame. This method gives real-time images
with the rate of up to 90 frames per second (see Fig. 4 in
[11]) with the spatial resolution close to the wave limit.

5. Conclusions

Speckle patterns of images obtained by exposing objects to
monochromatic coherent terahertz radiation are well
described by the classical theory developed by Goodman.
By using high-power radiation sources and highly sensitive
multichannel image detectors with a high recording rate, it
is possible to obtain high-quality real-time images by
superimposing a great number of speckle patterns in one
way or another, which considerably expands the possibil-
ities of application of terahertz imaging devices in security
systems and biomedical, industrial and other éelds.

Being, on the one hand, the reason for the deterioration
of the image quality, speckles, on the other hand, can be
used for speckle metrology [23, p. 103], often simplifying
considerably the measurement technique. Our paper opens
up the possibility of expanding speckle photography and
speckle interferometry to the terahertz frequency range. A
greater wavelength of terahertz radiation allows the meas-
urement of displacements and deformations that are two
orders of magnitudes larger than those measured in the
visible range. Because terahertz radiation is transmitted by
many materials, which are opaque for visible radiation
(paper, cardboard, some plastics and tissues, and many
other nonpolar materials), it is possible to develop new
methods for recording hidden objects. The results of experi-
ments demonstrating the possibilities of terahertz speckle
photography and speckle interferometry will be published
elsewhere.
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