
Abstract. Terahertz absorption spectra and dispersion of
biologically important substances such as sugar, water,
hemoglobin, lipids and tissues are studied. The characteristic
absorption lines in the frequency range of a terahertz
spectrometer (0.1 ë 3.5 THz) are found. The refraction indices
and absorption coefécients of human tooth enamel and
dentine are measured. The method of terahertz phase
reêection spectroscopy is developed for strongly absorbing
substances. Simple and reliable methods of time-resolved
terahertz spectroscopy are developed.
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1. Introduction

The terahertz frequency range lying between the IR and
microwave ranges (1 THz! 1 ps! 300 mm! 33 cmÿ1 !
4:1 meV! 47:6K) is at present the last poorly studied
frequency range in the entire scale of electromagnetic waves
from radio-frequency to X-ray range. Efécient generators
and low-noise detectors for this frequency range became
available only in the last two decades, mainly due to the
development of ultrashort-pulse lasers. Terahertz radiation
is perspective for spectroscopic [1] and medicical applica-
tions [2 ë 5]. It is known that biological tissues have small
dispersion and large absorption in the terahertz range [6].
Many vibrational transitions in simple biomolecules are
located in this range. In addition, inhomogeneities smaller
than 0.1 mm producing strong scattering in the visible and
near-IR spectral regions do not cause considerable scatter-
ing in the terahertz range. The use of ultrashort pulses
allows one to study a broad frequency range in one
measurement with a high time resolution.

The aim of our work is to develop the methods for
studying biological tissues in the terahertz frequency range
providing the detection and visualisation of metabolic and
pathological processes in tissues. The determination of
absorption lines and transparency windows inherent in
tissues and molecules involved in metabolic processes is
necessary for the development of a terahertz spectrometer
with the maximal sensitivity and selectivity to changes
occurring in biomolecules. In addition, such information
on biological tissues will allow one to detect the presence
and changes in substances with the characteristic spectrum
of the complex refractive index. These studies are important
for the development of a terahertz tomograph with a high
sensitivity to changes in the concentration of metabolites,
which can provide accurate determination of the boundaries
of pathologic process based on information about the
complex refraction index of biological tissues obtained
with a high spatial resolution.

2. Measurement principles

We used several known methods for generating terahertz
pulses, in which short laser pulses are converted to the
terahertz range in a photoconductive antenna, a semi-
conductor or a nonlinear crystal. In the érst two cases,
radiation is generated due to the creation of the transient
electron ë hole photoconduction in a semiconductor irradi-
ated by light pulses [7] and due to a photocurrent pulse
caused by the action of the external or internal electric éeld.
In the latter case, a difference frequency is generated in a
nonlinear crystal [8] (optical rectiécation).

Terahertz pulses (THPs) are detected in a similar photo-
conductive antenna or by using the electrooptical effect in a
nonlinear crystal [8]. The THP éeld induces birefringence in
a crystal, the polarisation of a probe laser pulse changing
proportionally to the THP éeld amplitude at a given instant.
In the experiment, the difference of powers of orthogonal
polarisation components of the probe laser pulse or a
current induced in the antenna depending on the time delay
between terahertz and optical pulses is measured. The
detector sensitivity and the THP generator eféciency
were determined by phase matching parameters, the non-
linear susceptibility, the crystal length and the laser pulse
duration. When semiconductor devices were replaced by
nonlinear-optical devices, the frequency range of a spec-
trometer (0:5� 0:45 THz) shifted to the high-frequency
region (2� 1:5 ´Hz).

A time-domain terahertz spectrometer scheme used in
our study (Fig. 1) is described in detail in [9]. The THP
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detector and generator types were chosen depending on the
absorption in a sample and the frequency range of interest
[10]. For example, measurements in the range from 2.5 to
3.5 THz not easily accessible for time-domain spectroscopy
were performed by using 90-fs laser pulses at 790 nm.
Terahertz pulses were generated by a low-temperature
grown GaAs semiconductor surface; an electrooptical
detector was made of a 0.3-mm-thick h110i ZnTe crystal.
By using the Fourier transform of the temporal THP proéle,
we calculated the complex spectrum containing information
on the refractive index and absorption coefécient of the
medium [11].

In most of experiments we used time sampling contain-
ing 1024 points of 50-ps duration, with the signal acquisition
time of 300 ms at each point. This allowed us to perform
measurements with the signal-to-noise ratio (SNR) more
than 102 in the spectral range from 0.3 to 2.5 THz with a
spectral resolution of 10 GHz. Laser and terahertz pulses
had a repetition period of 12 ns, the THP energy probing a
biological tissue being � 10ÿ13 J. Such a low pulse energy
should not damage the tissue. Even in the case of a
resonance absorption, only a small fraction of pulse spectral
components is absorbed in a sample.

Methods for measuring the absorption coefécient and
refractive index. A speciéc feature of time-domain terahertz
spectroscopy is the possibility of direct measurements of the
electromagnetic éeld strength and direction, which gives
information on the amplitude and phase and allows the
calculation of the refractive index, absorption coefécient
and dispersion of the medium under study.

To calculate optical properties of a tissue it is necessary
to reconstruct optical parameters from the measured trans-
mission spectra T(o) [12]. From the experiment and
subsequent Fourier transform of the temporal proéles of
pulses we obtain the incident THP amplitude [Eref (o)] and
the amplitude [Esam (o)] of the transmitted éeld and then
calculate the transmission coefécient of a sample:

T�o� � Esam

Eref

� T0�o�FP�o�RL�o�, (1)

where

T0�o� � exp

�
ÿ i�nsam ÿ nair�

do
c

�
(2)

contains the basic information on the medium through

which THP has passed (the absorption coefécient and
refractive index of the sample);

RL�o� � 4nsamnair

�nsam � nair�2
� 1ÿ R 2�o� (3)

describes reêection losses from sample boundaries;

FP�o� �
�
1ÿ R 2�o� exp

�
ÿ i2nsam

do
c

��ÿ1
(4)

describes multiply reêected pulses in a parallel plate ë
Fabry ë Perot modes; n(o) � n 0(o)ÿ in 00(o) are complex
refractive indices for the corresponding medium; n 00(o) �
a(o)c=o is absorption taken into account in the imaginary
part of n; o � 2pf is the cyclical frequency; R(o) �
(nsam ÿ nair)=(nsam � nair) is the complex reêection coefé-
cient; c is the speed of light; nair � 1; and d is the sample
thickness. Note that we use the absorption coefécient for
the éeld, while in other methods the power absorption
coefécient, which is twice larger, is commonly used.

Equation (1) cannot be solved analytically, but for most
cases the approximate solution is valid. By assuming that
RL(o) � const, and FP(o) � 1, we obtain:

a�o� � ÿ ln jT�o�j
d

� ln�1ÿ R 2
av�

d
, (5)

where Rav � (nav ÿ 1)/(nav � 1) is the reêection coefécient,
for the real part of the refractive index of the sample,
averaged over the frequency range of measurements. The
averaged refractive index nav can be easily determined in the
time domain from the delay Dt of a pulse propagating
through the sample

nav � 1� Dt
c

d
. (6)

The frequency dependence of the refractive index has the
form:

n 0�o� � ÿ argfT�o�g c

od
� 1. (7)

In a rigorous case it is necessary to take into account
multiple reêections from the sample edges ë Fabry ë Perot
modes [9]; this is important in the case of a large refractive
index and thin samples ë in our case, in the spectral
measurements of tooth slices and pressed saccharide pellets.
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Figure 1. Scheme of a time-domain terahertz spectrometer.
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Model spectra. To analyse modiécations observed in
tissues, characteristic absorption lines of the substances
contained in tissues were described by a simple model.
The permittivity is described by the sum of Lorentz
oscillators [13]:

e�o� � e0 �
X
j

Sjo
2
jÿ

o 2
j ÿ o 2

�ÿ iGjo
, (8)

where oj, Gj, Sj are eigenfrequencies, dumping factors and
oscillator strengths, respectively; e0 is the low-frequency
permittivity; j is the number of a resonance in the selected
frequency range. Figure 2 presents the spectra of the real
and imaginary parts of the permittivity measured for
L-cystine polypeptide [1, 14] and the corresponding model
curves.

The permittivity e is related to the complex refractive
index as e � n 2, and the absorption coefécient and refractive
index can be measured experimentally by using (5) and (7)
and then constants can be selected for e in (8). The
applicability of the model for various substances was
veriéed by using spectral data obtained for e and n in
[14, 15].

Terahertz reêection spectroscopy. Transmission spectro-
scopy is not suitable for a number of objects because of their
large absorption (for example water containing tissues) or
because of large sizes (in vivo measurements). In this case,
reêection spectroscopy is more convenient. The complex
reêection coefécient

~Rp�o� �
n 2�o� cos�y� ÿ �n 2�o� ÿ sin 2�y��1=2
n 2�o� cos�y� � �n 2�o� ÿ sin 2�y��1=2 (9)

measured in these experiments is characterised by amplitude
R and phase j ( ~Rp � Reij), where the subscript p denotes
radiation polarisation in the plane of incidence, y is the
angle of beam incidence with respect to the normal. We
used here the Fresnel formula taking into account the
complex part of the refractive index. A comparison of the
model reêection coefécients for different angles of incidence
y showed that the most sensitive to the presence of
absorption lines is p-polarisation, especially, its phase
characteristic. We selected the angle of incidence y0 �
arctan (n 0)ÿ 58 corresponding to the high sensitivity of the
method to characteristic absorption lines. When y0 is close

to the Brewster angle yBr � arctan (n 0), resonance lines are
best pronounced in the reêection spectrum; however, at
y0 � yBr the amplitude R tends to zero, which complicates
the experiment. We measured and simulated the reêection
spectrum of L-cystine (Fig. 3). Note that the phase of the
reêection spectrum repeats in fact the shape of the imaging
part of the permittivity (Fig. 2).

Two questions arise that are principal for investigations
of biological tissues and concern the probing depth and
layered structure of media. The measurement method
proposed above gives only information on the interface
(the effective thickness at which the reêected signal is
formed is tens of microns). If layered media are studied,
for the layer thickness � 100 mm and more, pulses reêected
from different surfaces can be separated in time. Then, we
can apply expression (9) for each layer with its own
reêection coefécient and bulk parameters of the layer
between surfaces through which radiation propagates twice.
In the visible range this method is developed, for example,
for a three-layer skin model [16], which can be adapted to
the terahertz range.

Total internal reêection. To study soft tissues or aqueous
solutions, the total internal reêection (TIR) spectroscopy is
more convenient. In this case, it is possible to control the
penetration depth of the éeld in matter. We calculated and
manufactured a silicon Doe prism with the 1:5� 2 cm base
and the apex angle of 908. The refractive index of silicon in
the terahertz range is 3.42, while dispersion and absorption
are virtually absent. This prism placed in a collimated
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Figure 2. Spectra of the real (a) and imaginary (b) parts of the permittivity of L-cystine.
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terahertz beam does not change its direction. As the
reference signal we used reêection from the clean prism
base, the measurement signal was obtained when a sub-
stance under study was pressed against the prism base (or
liquid under study was poured on the base). We performed
TIR test experiments with water and aqueous solutions and
the hand wrist skin (in vivo).

The main advantage of the TIR method over reêection
spectroscopy is the simplicity of measuring the reference
spectrum (without substance); in addition, the reêection
coefécient amplitude is close to unity. The main diféculty of
the TIR method is to provide the optical contact in studies
of hard samples. The simulation of a three-layer system
(prism ë air ë substance) by using experimental parameters
showed that the presence of the air layer of only 10 mm in
thickness is already critical. In the case of liquid samples, the
optical contact is good and this problem is absent. Fresnel
formulas describing the reêection spectrum are also valid for
TIR if the refractive index of the prism is taken into account
and n is replaced by n=npr in (9). On passing from measure-
ments of the reêection spectrum of an open surface to a
scheme with a prism, the spectra of the phase and amplitude
of the reêection coefécient change qualitatively.

The scheme with a prism is more convenient for studying
soft tissues because pressing against the prism base provides
the êat smooth interface of a sample. We measured the
reêection spectrum of the wrist skin (32 years old white
man, palm near the thumb base) (Fig. 4).

Because the high sensitivity of the TIR method is
provided in surface tissue layers up to 10 mm, the skin
was probed only by the depth of the corneous layer in which
the water content is minimal (15%). This layer consists
mainly of proteins (70%) and lipids (15%) [17], and
therefore the reêection spectrum of skin considerably
differs from that of water.

By using the methods described above, we measured the
terahertz absorption and refraction spectra of some sac-
charides and other biologically important substances.

Absorption and refraction in liquids. The most important
substance contained in living systems is liquid water, its
average content in biological tissues achieving 75% [18].
Liquid water strongly absorbs radiation in the terahertz
range. A 200-mm-thick water layer attenuates the radiation
éeld at a frequency of 1 THz by an order of magnitude,
while a 1-mm-thick water in layer is almost opaque in the
terahertz range. The permittivity of water is known [19] and
can be described by the two-component Debye model with
the Lorentz term [4]:

e�o� � e1 �
es ÿ e1

1� iotD
� e1 ÿ e1
1� iot2

� A

o 2
0 ÿ o 2 � iog

, (10)

where tD � 9:36 ps and t2 � 0:3 ps are the response times
of the érst and second Debye terms; e1 � 2:5 is the high-
frequency permittivity; es � 80:2 and e1 � 5:3 are contribu-
tions to the low-frequency permittivity from the érst and
second Debye terms; A � 38(THz=2p)2, o0 � 5:6 THz=2p,
and g � 5:9 THz are the amplitude, frequency and line-
width of the Lorentz term, respectively. The reêection
spectrum of liquid water calculated by (9) and (10) and the
measured spectrum are presented in Fig. 5a. Note that the
TIR method expands the spectral range of measurements
from 1 THz [2] to 2.5 THz.

Many substances are contained in tissues in aqueous
solutions. In principle they can be detected by the method of
time-domain terahertz spectroscopy. The addition of solv-
able substances into water noticeably changes the TIR
spectrum, which was demonstrated for the spectrum of
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saturated arabinose solution (at 21 8C, the arabinose : water
mass ratio 1 : 1) measured by using a scheme with a prism
(Fig. 5b).

For comparison, the absorption spectra of dry arabinose
(a 200-mm-thick pellet of diameter 5 mm pressed from
powder at a pressure of 1 ton) and of its aqueous solution
are presented in Fig. 6. The phonon absorption lines
disappear in the solution and molecular vibrational lines
strongly broaden and cannot be resolved. In our case, the
reêection spectrum of arabinose at the high concentration
differs from that of pure water (in the range from 0.5 to
1 THz).

The absorption spectra of other liquids [chicken fat at
21 8C and vegetable oils (sunêower and olive)] presented in
Fig. 7 are almost the same in this spectral range. Note that
fats have good transparency, weak dispersion and a pecu-
liarity in the range from to 2 to 2.5 THz. This means that
time-domain terahertz spectroscopy can be used to measure
the thickness of fat layers (by the delay of THPs reêected
from the érst and second boundaries of layers).

Absorption in saccharides. The absorption spectra of
several saccharides are presented in Fig. 8. Each saccharide
has its own characteristic absorption lines. Note that
terahertz spectroscopy is sensitive to the presence of bound
water in molecules (glucose monohydrate and glucose have
different absorption spectra).

Different saccharides exhibit both similar absorption
lines (in the ranges 1.6 ë 1.9 THz and 2.6 ë 2.8 THz) and
characteristic lines (Figs 8 and 6a). In the general case, the
number of lines and nonresonance background absorption
increase with increasing frequency. The lowest-frequency
line can be treated as the characteristic line because its
frequency depends on saccharide. It is equal to 0.54, 1.44,
1.48, 1.72, 1.82, and 1.83 THz for lactose, glucose mono-
hydrate, arabinose, fructose, glucose, and saccharose,
respectively. This means that it is possible to determine
the relative content of different components in their mixture
if their absorption spectra are known. One can see that the
absorption spectrum of the glucose ë L-cystine mixture
(Fig. 9a) contains information on both components,
although it is not the exact sum of the absorption spectra
of individual components.

We made an attempt to detect the presence of glucose in
hemoglobin (in a dried sample, Fig. 9b). However, absorp-
tion in hemoglobin was strong in the entire spectral range
and had no speciéc spectral features [10], which did not
allow us to detect the presence of glucose (12% by mass) by
its characteristic absorption lines.

Tissues. The study of biological tissues (Fig. 10) has
shown that they have high and comparable absorption but
their refractive indices are considerably different. The latter
allows us to measure pulses reêected from different layers of
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the tissue if the signal-to-noise ratio in a time-domain
terahertz spectrometer is signiécantly increased.

The absorption and refraction spectra of biological
tissues have a similar shape. This is partly explained by
the presence of water in them (the absorption spectrum of
water has the same shape [4, 10, 20], but the absorption
coefécient of water is several times higher). The absorption

spectra of biological molecules have a similar shape (linear
or quadratic increase in absorption and a decrease in the
refractive index with frequency). The absence of character-
istic lines in the spectra of `dry' tissues can be explained by
the overlap of many spectral lines in the high-frequency
range. However, this question requires more detailed
investigation.

3. Spectra of different tooth sites

Tooth tissues were studied by the method of time-domain
terahertz spectroscopy in papers [4, 19]. At present more
detailed information on these tissues is needed, including
the monitoring of different types of dentine and obtaining
more detailed spectral characteristics. Although the water
content in dentine and enamel is small, it affects their
optical properties, which was also demonstrated by other
methods [21, 22]. The results of measurements presented
here are important for the development of terahertz tooth
tomography [19], in particular, for diagnostics of some
diseases related to variations in the water content in tooth
tissues, for drug diffusion and tooth liquor in vivo
monitoring. The monitoring of pathological changes in
tooth tissues requires the knowledge of the main optical
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characteristics of various tooth tissues in the terahertz
frequency range. We measured locally (the diameter of the
measured site was � 1 mm) the transmission spectra of
different tooth sites (Fig. 11), including dentine areas with
different concentration and orientation of dentine tubules
[22, 23].

The study revealed a considerable difference between
the refraction indices of dentine and enamel. The absorption
spectra of different samples without pathology coincided in
fact with each other. The other areas of local measurements
gave similar results and are not presented in Fig. 12.

The refractive index averaged over measured frequencies
is virtually the same (n � 2:4) for all dentine sites and is
considerably large for enamel (n � 3:2). The refractive index
dispersion [9] only weakly varies in different tooth sites. The
absorption spectrum can be approximated by the quadratic
dependence a( f ) � A� B1 f� B2 f

2 (at least in the fre-
quency range from 0.2 to 2.5 THz), where the coefécient
at f 2 plays the main role (Fig. 12a). The averaged coefé-
cients A, B1, B2 are 13, ÿ21, and 36, respectively ( f
measured in THz and a in cmÿ1). The refractive index
can be assumed constant for most of the applications
(Fig. 12b).

In spatial-resolution studies of different tooth regions
(dentine, enamel, and intermediate area between them), the
spatial resolution was increased by using a pinhole of
diameter D � 1 mm placed on the sample surface on which

radiation was focused. However, a broadband (l � 1000ÿ
100 mm) THP can be focused only down to a spot of
diameter 0.5 ë 3 mm. For D � 1 mm, the THP intensity is
reduced insigniécantly, which retains the SNR � 103 neces-
sary for reliable spectral measurements.

Considerable losses take place in the low-frequency part
of the spectrum, where the wavelength is comparable with
the aperture size. When D becomes smaller then l, the signal
amplitude decreases proportionally to D 4. Thus, to obtain
the desirable spatial resolution of 100 mm, it is necessary to
increase the SNR by an order of magnitude, which is still
difécult to achieve in practice. The tissue image contrast in
time-domain terahertz spectroscopy cannot be increased
simply by using shorter wavelengths (higher terahertz
frequencies) for two reasons. First, absorption in biological
tissues considerably increases with frequency (Fig. 12) and,
second, the eféciency of generation and detection of THPs
considerably decreases at frequencies higher than 2 ë 3 THz
[8]. The reasonable optimal value of D providing the
required spatial resolution and spectrum quality was
500 mm in our case in the frequency range from 0.3 to
2.5 THz.

4. Conclusions

The terahertz absorption spectra of some biological
substances and tissues have been studied by using a
terahertz spectrometer and methods developed for process-
ing of measurements. Small organic molecules have
characteristic absorption lines in the terahertz frequency
range. Large molecules and tissues have considerable
absorption, which almost linearly increases with frequency.
The absorption coefécient and refractive index of liquid
water determine the applicability of THPs (below 0.5 THz)
for studying biological objects. Strongly absorbing sub-
stances can be studied by reêection spectroscopy. The
terahertz spectra of a number of saccharides (glucose,
fructose, saccharose, lactose, arabionse) and their solutions
and mixtures have been measured in a new, broader
frequency range from 0.3 to 3.5 THz. The absorption and
refraction spectra of various tooth sites have been measured
for the érst time.

10 mm

1

2

4

5

6

Figure 11. Tooth slice images with indicated sites for spectral measure-
ments.
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Figure 12. Absorption and refraction spectra of different tooth sites. The érst and second numbers correspond to the sample number and site of
measurements, respectively, in Fig. 11.
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