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Abstract⎯The refractive indices n(ω) and absorption coefficients α(ω) of the jawbone and the human 
bone substitute Cerabone® were determined in vitro by the terahertz (THz) time-domain spectroscopy 
(TDS) in a wide frequency range from 0.2 to 2.5 THz. It is shown that the refractive index of the 
human jawbone changes between the values of 2.075 and 2.157, and of the Cerabone® between 2.4 
and 2.65. The absorption coefficient of the human jawbone increases depending on the frequency 
from 1.7 cm–1 to 178.5 cm–1, showing several resonance absorption lines at the values greater than 1.6 
THz. The absorption coefficient of Cerabone® increases from zero to 80 cm–1, and the resonance 
absorption occurs at 1.7 THz. The obtained results allow us to determine the proximity of the physical 
properties of the bone transplantation material Cerabone® with the natural bone matrix. 
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1.  INTRODUCTION 

The aim of recent advances in medical research is the solving of problems related to an increase in the 
age and the quality of human life. The developed technologies contribute to the creation of materials for 
artificial organs and tissues. Currently, for the treatment, repair and replacement of various parts of the 
human body including skin, muscle, blood vessels, nerves, and bone the various materials are used – 
metals, polymers, ceramics, but they all are far from the ideal. 

According to the action on human organism, the transplant materials are classified as: 1) toxic (when 
the surrounding tissues mortify at the contact) are the most metals; 2) bioinert (non-toxic but biologically 
inactive) is the ceramics based on Al2O3 and ZrO2; 3) bioactive (non-toxic, biologically active, 
inosculating with the bone tissue) are the composite materials such as a biopolymer/calcium phosphate 
ceramics based on the calcium phosphate, bioglasses. 

The known and widely used bioactive materials are the bioglass [1] and the materials based on the 
hydroxyapatite [2, 3]. The chemical formula of dense and porous hydroxyapatite ceramics is 
Ca10(PO4)6(OH)2 (Fig. 1а). The hydroxyapatite bioceramics assimilates fully by the living organism. A 
few years after implantation of hydroxyapatite, it should be completely dissolved and be replaced by new 
bone, that is, the prosthesis should be replaced by the newly formed bone tissue. This is the case of the 
ideal type of artificial implant, since the problems of biocompatibility and durability do not arise at all. 
However, the negative effect of the implant is that when it dissolves, a large amount of calcium (Ca) and 
phosphorus (P) ions passes in blood, lymph, and tissue fluids, and it is unknown how the Ca and P may 
affect the human body as a whole. 
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In 1982, the composite was created in the glass crystallization process, which contains β-apatite and 
wollastonite [4]. This glass-ceramics (СаО_SiO2) received the commercial name Cerabone AW. The 
Cerabone® (Germany) bone tissue substitute is made from the mineral phase of bovine bone [5], which 
has the maximum similarity to the human bone (Fig. 1b) (surface morphology, porosity and chemical 
composition). During the manufacturing process based on the high-temperature heating, all the organic 
components and proteins are removed to eliminate the potential immunological reaction. The main 
properties of the Cerabone® are the slow dissolution and rapid integration with the bone tissue, the long-
term dimensional stability of the implant, the absence of an inflammatory response, the optimal cell 
adhesion and blood absorption, safety and sterility, and ease of use. The development of bone tissue 
substitutes remains one of the urgent problems of modern medicine. For effective treatment, the artificial 
bone should correspond to the replaced part of the bone tissue as closely as possible by chemical and 
physical properties.  The level of current technology does not allow yet to create a material that is entirely 
consistent with the natural bone matrix, the natural hydroxyapatite. 

In the present work, the method of the THz time-domain spectroscopy (TDS) is applied to study the 
Cerabone® bone transplantation material and the human jawbone in order to determine the proximity of 
their physical properties in the frequency range 0.2–2.5 THz. 

2.  THz  TIME-DOMAIN  SPECTROSCOPY   

The THz waves (the frequency range from 0.1 THz to 10 THz) found the most widespread practical 
applications in the THz TDS [6, 7] and in the THz imaging [8, 9]. It is known that the time of the 
vibrational motion of biological molecules is of the order of picoseconds, therefore, the frequency of the 
oscillation is in the THz frequency range. The spectrum of biomolecules has a complex structure, since it 
consists of large number of interacting atoms and molecules. The intermolecular interactions are usually 
weaker than the intramolecular interactions, and only the THz TDS is sensitive to resolve their spectra in 
the THz range. The THz wave is non-destructive (since the photon energy of THz waves are several 
orders of magnitude less than the energy of quantum of the X-ray wave) and is non-contact in its nature, it 
can penetrate into the non-conductive materials and can provide additional spectroscopic data for the 
accurate diagnosis and analysis of the material. 

Fig. 1. (a) Detail of the crystal lattice of the bioactive material hydroxyapatite Ca10(PO4)6(OH)2 and (b) photo of 
Cerabone®. 

(a) 

(b) 
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We applied the method of the THz TDS to study the human jawbone and the substitute of bone, the 
Cerabone®. This method allows one to determine a complex spectrum of test material with use of the fast 
Fourier transform [10] by registration of temporal form pulse of THz electric field after its interaction 
with the sample. However, to determine the physical properties of sample, the absorption coefficient α(ω) 
and the refractive index n(ω) over the entire spectral range of frequencies, one needs to do two 
measurements, as it is difficult to determine the time of response of the detector accurately. The response 
of the detector is excluded from equations by performing the comparative measurements. The temporal 
forms of the reference pulse Е1(t) passing through the free space (air), and then of the pulse Е2(t) 
penetrating through the test material are measured (Fig. 2). 

According to the convolution theorem of two functions, the spectrum of the registered reference signal 

1( )E ω  can be represented as 

 1( )E ω  = 1
THzE (ω) S (ω)exp(–α1(ω)d/2)exp(–iωn1(ω)d/c), (1) 

where 1
THzE (ω) is the strength of the THz electric field entering the layer of air with the thickness d equal 

to the thickness of the sample, ( )S ω  the complex frequency characteristic of the detector, n1(ω) the real 
part of the refractive index of air and α1(ω) is the absorption coefficient of air (it is supposed that n1(ω) = 
1 and α1(ω) = 0). The frequency characteristic of detector is determined by the Fourier transform of the 
temporal response of detector. The second measurement is carried out directly with the sample. The result 
is 

 2
THz (ω)Е  = t12t21

1
THzE (ω)exp(–α2(ω)d/c)exp(–i 2ω (ω) / )n d c , (2) 

 2 ( )E ω  = 2
THzE (ω) S (ω), (3) 

where t12 and t21 are the Fresnel transmission coefficients, α2(ω) the damping coefficient 2– ( )
0( )dI I e α ω= . 

If the scattering and the reflection losses from the surfaces of the sample with the thickness d are 
negligibly small, then α2(ω) is the absorbtion coefficient. For the boundary of the air–sample, t12 = 

( )2 1 ,n +  where n  is the complex refraction index of the sample ( n  = n – ik = n – ic/2ωα(ω) and α(ω = 
2ωk/с) and for the boundary of the sample–air, t21 = ( )2 1n n +  . The ratio of 2 ( )E ω  to 1 ( )E ω  is the 
complex transfer coefficient of material 

 Т (ω) = 2
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exp(–α2(ω)d/c)exp(–iω[n2(ω) – 1]d/c) = (ω)Т еxp(–iФ(ω)), (4) 

where 

Fig. 2. THz pulse advancing through the sample of thickness d. 
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The coefficient ( )Т ω  determines the frequency-dependent amplitude and the phase change of THz 
radiation transmitted through the material. The phase shift which occurs due to the transmitted Fresnel 
coefficients is much smaller than the phase shift due to the propagation of the THz waves in the material, 
if only the thickness of the test substance is comparable or less than the THz wavelength. In this case, the 
real part of the refractive index of the substance in the whole spectral range can be obtained from the 
formula 

 n(ω) ≅  1 + 
ω

c

d
Ф(ω), (6) 

and the total absorption coefficient is determined by expressions 
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The relative absorption coefficient which is independent on the thickness of the sample is determined by 

 αrel(ω) = ln 2

1

(ω)
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I

I

⎛ ⎞
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. (9) 

The amplitude (ω, )Т n  = 2 1(ω) (ω)Е Е  and the phase Ф(ω) = Ф2(ω) – Ф1(ω) of the complex 

function of material transfer are determined experimentally from the ratio of the Fourier transform of the 
registered THz fields Е1(t), Е2(t) и Ф2(ω), Ф1(ω). 

3.  EXPERIMENTAL  STUDY  OF  CERABONE®  AND  HUMAN  JAWBONE   
BY  THz TDS 

To measure the optical properties Cerabone® and the human jawbone, the THz TDS method was 
applied. The experimental setup of the THz spectrometer is shown in Fig. 3. The fiber femtosecond laser 
(Fx-100, IMRA) with the pulse duration 113 fs, central wavelength 800 nm, pulse repetition rate 75 MHz, 
and the power 120 mW was used to pump and detect the THz pulses [11]. 

With the use of the polarizing beam splitter (PBS), the radiation of the fiber femtosecond laser was 
divided into two beams, the pumping and probe beams. After the delay line, the pump beam is focused on 
the GaAs photoconductive antenna (PCA), which was used as a source of subpicosecond pulses of THz 
radiation. Using the PM1 and PM2 parabolic mirrors, the THz radiation was collected and focused on the 
test material. The THz radiation was transmitted through the test material and directed into the ZnTe 
crystal by parabolic mirrors PM3 and PM4. The subpicosecond THz pulse and optical femtosecond pulse 
were combined by the thin plate of Si inside the ZnTe crystal. 

The coherent detection of the temporal form of the electric field of THz pulses was carried out with the 
help of electro-dynamic cell, which consists of an electro-optic crystal ZnTe with (110) orientation and 
the thickness 1 mm, of the λ/4 plate and of the Wollaston prism as a polarizer, which separated the s- and 
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p-polarizations. The probe beam has controlled the detector, whose response was proportional to the 
amplitude and the sign of the electric field of the THz pulse. 

The detection of the THz pulse occurs, if the THz radiation and the probe beam coincide in time and 
space during the propagation inside the electro-optic ZnTe crystal. Due to the linear Pockels effect, the 
field of THz subpicosecond pulse gives rise to the optical femtosecond pulse phase modulation during the 
propagation in the ZnTe crystal. The induced phase modulation of the probe optical pulse is analyzed by 
the λ/4 plate and the Wollaston prism which splits it into two beams with the mutually perpendicular 
polarizations. The phase modulation of the probe pulse is converted into the intensity modulation of two 
mutually orthogonal polarized probe pulses, which then are directed to two photodiodes. 

The intensities of the s- and p-components which are proportional to the instantaneous value of the 
THz field have been detected by the difference scheme in the lock-in amplifier, allowing to measure the 
ratio ΔI/I, where ∆I = Is – Ip is the difference between the optical probe intensities measured by 
photodetectors, and I = Is + Ip. 

The temporal form of the THz pulse was determined by the change in the time delay between pump 
and probe beams using the optical delay line. During the measurements, the air temperature was 21°C, the 
humidity < 1.5%, the dynamic range was more than 1000, and the signal/noise ratio at the peak position 
was about 400. The temporal forms for the THz pulses transmitted through the air and human jawbone 
with the thickness 0.44 mm and the cross-section 2 × 1 mm2, and the corresponding THz spectra of field 
obtained after the fast Fourier transform are shown in Fig. 4a–c. To control the reproducibility of the 
experiment, the results of the three measurements are shown on the figure. The phase-frequency 
dependences  Φ1(ω) and Φ2 (ω) are shown in Fig. 4d, and the refractive indices and absorption 
coefficients at Fig. 4e, f. The absorption coefficient increases with the rise of frequency from 1.7 cm–1 to 
the value of 178.5 cm–1, demonstrating the resonance absorption at 1.76 THz. 

Fig. 3. Experimental setup of the THz spectrometer, where L is the femtosecond laser Fx-100, IMRA; A1–A6 the 
diafragms; M1–M6 the mirrors deflecting the optical beam; DL optical delay line; PM1–PM4 the parabolic mirrors; 
HWP the half-wave (λ/2) plate; PBS the polarizing beam splitter; L1–L3 the focusing lenses; PCA the GaAs 
photoconductive antenna; DC the data acquisition software; P the polarizer; Si the silicon wafer which unites the THz and 
optical beams; ZnTe the crystall; QWP the quarter-wave (λ/4) plate; WP the Wollaston prism; S the test material; D the 
detecting diodes; LA the lock-in amplifier; PC the personal computer. 
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The temporal forms of the field of the THz pulses transmitted through the Cerabone® bone substitute 
with the thickness d = 1.02 mm, and the corresponding spectra after the fast Fourier transform are shown 
in Fig. 5a, b. The frequency dependence of the absorption coefficient, refractive index and phase are 
shown in Fig. 5c–e. The Cerabone® absorption coefficient is less than the natural bone and increases from 

Fig. 4. Temporal waveforms of the THz pulses passing through (a) air and (b) the bone tissue of human mandible; (c) 
spectra of electric field after the fast Fourier transform; (d) the phase-frequency characteristic; (e) the adsorption 
coefficient and (f) the refractive index. 
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zero to 80 cm–1. Measurements show that the refractive index of the bone tissue of human jawbone in the 
frequency band 0.2–2 THz varies between the values of 2.075 and 2.157, and the substitute for bone 
tissue Cerabone® has values between 2.4 and 2.65. The absorption coefficients for two samples increase 
rapidly with the frequency increase by a nonlinear law (by two orders of magnitude) but the refractive 
indices are increasing slightly. 

Fig. 5. Temporal waveform of the electric field of the THz pulse which has passed through (a) the Cerabone®, (b) its 
spectrum after the fast Fourier transform, (c) the absorption coefficient, (d) the refractive index and (e) the phase-
frequency characteristic. 
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4.  DISCUSSION 

The optical properties of materials are studied in the wavelength range from 1 mm to 2.6 μm (0.3–
115 THz) and the dielectric properties from 20 mm to 1 mm (15–300 GHz). Therefore, the obtained data 
are related in general to the optical properties of samples, and in the band from 200 GHz to 300 GHz they 
are related to the dielectric properties. By now, the small quantity of studies of human bone tissues has 
been carried out using the THz radiation. The optical properties of human jawbone and the Cerabone® are 
measured for the first time; the publications of the refractive index and absorption coefficients of the 
materials in the area of 0.2–2.5 THz are unknown to authors. Therefore, we made a comparison of 
obtained data with the optical properties of different human bone tissues. 

In [12], the tooth enamel with dentin and of the skull bones layers of the two people in the frequency 
band 0.5–2.5 THz with the signal/noise ratio equal to 10.000 are investigated. Our obtained value of the 
refractive index for the Cerabone® is close to the refractive index of the tooth dentin (2.57 ± 0.05) and the 
skull (2.49 ± 0.07), but the refractive index of the human jawbone is distinguished from these values. 
However, the absorption coefficient of the tooth dentin (70 ± 7 cm–1), enamel (62 ± 7 cm–1), skull (61 ± 3 
cm–1) and human jawbone are almost identical in the region of 0.5–1.5 THz. It is interesting to note that 
the Cerabone® absorption coefficient in the same frequency band is almost three times smaller than the 
absorption coefficient of specified materials; and at the frequency of 1.5 THz it is equal to  
30 cm–1 (see Fig. 5c). The spectroscopic studies of dried femoral bone [13] in the range 0.3–1.9 THz have 
shown that the refractive index varies from 1.92 to 1.97. Up to 8% of these values coincide with the 
values obtained by us for the human jawbone. The absorption coefficient of the femur in the frequency 
range 0.3–2.75 THz is changing from 10 to 420 cm–1 and also coincides with the values for the bone 
tissue of the human jawbone in the 0.2–2 THz range. Such a strong absorption in [13] is explained by the 
presence of inorganic substances in the sample, for example, of Ca, the basic bone tissue mineral. 

5.  CONCLUSION 

By the method of the THz TDS in a wide frequency range from 0.2 to 2.5 THz in vitro, the refractive 
indexes and absorption coefficients of the human jawbone tissue and the bone tissue substitute Cerabone® 
are determined. As the results of studies, it was found that the refractive index of the human jawbone 
changes between the values of 2.075 and 2.157, and for the Cerabone® is between 2.4 and 2.65. The 
absorption coefficient of the human jawbone increases with the frequency from 1.7 cm–1 to a value of 
178.5 cm–1, showing the several resonance absorption lines at the value greater than 1.6 THz (Fig. 4e) and 
for the Cerabone® it increases up to 80 cm–1 and shows the resonant absorption at 1.7 THz (Fig. 5c). 
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