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Abstract—Formerly known as the gap in the electromagnetic 

spectrum, the terahertz technology is being developed in several 

fields of science. A terahertz time domain spectroscopy system 

will be presented and used to obtain transmission spectra of 

organic samples. This work proposes the implementation of an 

algorithm able to extract effective optical parameters of the 

analyzed samples in terahertz and also their thickness, using only 

their transmittance as experimental data. Lactose samples were 

characterized using the proposed method. 
 

I. INTRODUCTION 
 

Terahertz technology has introduced a great variety of 

applications in the electromagnetic spectrum, from 0:1THz to 

10THz. Since high transmission rates [1] to deeply penetrating 

organic materials [2], terahertz waves have shown attractive 

characteristics, such as low ionization energy.  
As it is a non-destructive technique, terahertz time 

domain spectroscopy (TDS) is able to characterize organic 

materials once many of them exhibit resonances in this 

spectral range. Although the concept of the TDS is always 

based on the interpretation of the electric field variations 

according to time, different approaches to extract optical 

constants from these data have been proposed. Among 

them, the extraction technique consists on numerical 

calculation and optimization processes - when the income 

data is only the transmission spectra [3]–[6] - and analytical 

solutions can be obtained when both the transmission and 

the reflection experimental coefficients are known.  
Different optimization methods can be used in 

numerical calculation, including the formulation of 

objectives functions based on magnitude and phase 

information and, also, root finding procedures, but they 

all share common beginnings and objectives.  
The extraction of parameters begins with a transformation 

from the time domain to the frequency one, through Fast 

Fourier Transforms (FFT). Theoretical functions are built 

based on Fresnel transmission equations and then optimized 

to fit the experimental ones. Thus, the complex refractive index 

and the thickness of the sample can be retrieved.  
This paper proposes an algorithm whose initial data are only 

the transmission spectra obtained through TDS; This 

procedure is explained in section II and there is no necessity of 

phase and neither reflection information. The Fresnel trans-

mission equation is used to model a theoretical transmission 

 
 

 
function and, in addition, the Lorentz model is used to describe 

the unknown refractive index. The response of the algorithm is 

both the real and imaginary parts of the refractive index, in 

function of the frequency, as well as the thickness of the 

analyzed sample. The method is fully described in section III.  
In order to validate the proposed algorithm, samples 

with different concentrations of lactose were analyzed 

and properly characterized. The profile of the effective 

refractive indexes found are shown in section IV as well 

as the thickness of each sample. 
 

II. TERAHERTZ TIME DOMAIN SPECTROSCOPY 
 

The terahertz time domain spectroscopy utilized is the 

High Speed Asynchronous Sampling THz Transmission 

Spec-troscopy System (HASSP) [7]. Figure 1 depicts the 

system to be described. 
Unlike conventional systems, there are two Ti:sapphire 

femtosecond oscillators fed by a pump laser at 532nm, the 

slave and the master. The first one provides the optical pump 

pulses to drive the THz emitter, the latter provides optical 

probe pulses for sampling after the terahertz radiation is 

detected by the electro-optical crystal (ZnTe). The pulses are 

approximately 30fs at 810nm and the repetion rate is 1GHz. 

Also, it is worth emphasizing that the HASSP consists on an 

high speed asynchronous optical sampling to induce the delay 

between the THz and the optical pulses which reduces the 

acquisition time and suppresses noises in the detection.  
Once the 30fs pulses are formed, the signal must be 

trig-gered to define the initial measurements, it is 

generated by two-photon absorption in a photodiode. 

This step is done by beam splitters and a translational 

stage, thus the time delay between the pulse trains and 

the two-photon detector can be varied.  
The slave radiation is guided to the terahertz emitter 

which is a GaAs substrate coated with gold layers. At 

normal incidence, carriers are optically generated and, 

due to an external electrical field, accelerated thus a 

transient radiation in the terahertz domain is generated.  
Parabolic mirrors are utilized to guide and focus the tera-

hertz radiation - the samples to be characterized are placed 

in the focus. A ZnTe crystal collects the radiation after it 

has gone through the sample and detects the signal. Also, 

it induces a modulation in the probe beam (master) which 
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formulated in equation 4. Note that the thickness of the sample 

d is in an exponential term, as well as the wavenumber of the 

medium k. The subscripts a and b refer to the medium 0 or 1 

that means air or sample, respectively.  

tab(f) = 

2~nb(f) 

(2) n~a(f) + n~b(f) 

rab(f) = n~b(f)  n~a(f) (3) 
n~b(f) + n~a(f)   

 t
eff 

= t01(f)t10(f)e ik1(f)d  
(4)  1 + r01(f)r10(f)e 

2ik1(f)d 
   

 Finally, the modeled transmittance Tmodel is formulated in 

Fig. 1: Terahertz Time Domain Spectroscopy. 
5. It is, therefore, dependent on the frequency and on the 

Lorentz parameters. Those unknown quantities are gathered  

 in a vector  , 6, to be determined by the optimization method. 

is proportional to the terahertz electric field. A photoreceiver 
Tmodel(f) = teff (f)e

ik0d 
(5) detects both modulations and an electronic signal is taken to 

     

the computer. Therefore, a transmission spectrum in the time      

domain is acquired and can be used to characterize the sample. 
= f 1; f1; f2; :::;   1;   2; :::;   P ; 1; 2; :::; P g (6) 

III. ALGORITHM TO EXTRACT EFFECTIVE OPTICAL The code was written in Python and the L-BFGS-B method 

PARAMETERS was used to minimize the function M described in equation 
The characterization aimed in this work is to extract the 7 by finding optimal values for  .    

complex refractive index of a sample as well as its thickness This method was appropriate considering the number of 

from the temporal transmission spectrum. In order to do so, variables and its potential to add bound constraints on them. 

FFTs were performed to change the temporal to the frequency Once the initial guesses are given, the L-BFGS-B analyses the 
domain, then a theoretical model was developed and through norm of the gradient to minimize the function.  

numerical calculation it was optimized to fit the experimental Once the dielectric function is entirely described, an effec- 

data. tive refractive index is known for such frequency range.  
The Lorentz model was used to describe the refractive index M

 
=

k
T

data   
T

modelok 
2  

(7) of the sample and used in the Fresnel transmission equation.   

After fitting the model to the experimental spectrum, the IV. EXPERIMENTAL VALIDATION WITH LACTOSE SAMPLES 

In order to validate the proposed algorithm, three samples response of the algorithm is the effective refractive index, both 

real and imaginary parts, and the thickness. of PTFE that contained different concentrations (20%, 30% 
To formulate the theoretical model, it is assumed plane and 40%) of lactose were characterized.    

waves and normal incidence, also, the samples are non mag- Initially, the components were in powder and pressed to- 

netic. The waves go through air, called the medium 0, through gether to form samples with 1cm of diameter and 5mm of 

the sample, medium 1, and then again follows through air. The thickness. They were placed in the focus of the terahertz ra- 

refractive index of air is considered constant and equals to 1. diation and their temporal transmission spectra were imported 
In the Lorentz model, the medium is composed of atoms to the algorithm.    

that act as dipole oscillators and the temporal dispersion is The theoretical transmittance models were formulated and 

given by the dielectric function in equation 1. Note that it is through the optimization method, the Lorentz parameters were 

dependent on the frequency f and the P resonant modes, also, found. Figures 2a, 2b and 2c show the comparison between 

the dielectric constant at high frequencies,  1, the damping the theoretical model and the experimental data for 20%,30% 

and 40% of lactose, respectively. Note that there is a strong coefficient,  p, the variation in the permittivity according to the 

resonant mode,    p, are unknown parameters. The resonant resonance at 1:37THz and a less pronounced one at 2:54THz 

frequencies fp can be estimated from the experimental data. The profiles of the effective refractive index of each sample 
 can be seen in figures 3a and 3b. The imaginary part is 

P   
pfp

2     interpreted as an absorption coefficient. These results agree 
r(f) = 1 + 

     

(1) 
        

with the ones found in literature [5].  f2 
 f2 

 i pf  
=1  p 

 

 

2 
 

Table I shows the thickness found for each sample. As the Xp     

The refractive index of the sample, n~1, is the square root nominal value of the sample was 5mm, the results found are 

of the dielectric function thus it carries the dependence on the satisfactory considering the fabrication process. 

Lorentz parameters. It is, then, used in the Fresnel equations,  

given by 2 and 3, and in the effective transmittance, 
t
eff 

, 
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TABLE I: Thickness of the lactose samples. 
 

Concentration of lactose (%) Thickness (mm) 
20 4.8 
30 5.5 

40 4.6 

 
 
 
 
 
 
 
 
 
 
 

 
(a) 20% of lactose. 

 
 
 
 
 
 
 
 
 
 

 
(b) 30% of lactose. 

 
 
 
 
 
 
 
 
 
 

 
(a) Real part of the effective refractive index. 

 
 
 
 
 
 
 
 
 
 

 
(b) Imaginary part of the effective refractive index. 

 
Fig. 3: Profiles of the effective refractive index for 

different concentrations of lactose. 
 

 

imental data. Finally, the effective refractive index, both 

real and imaginary parts, and the thickness of each 

sample were retrieved. The results presented here 

agree with the ones found in the literature.  
The proposed method is quite satisfactory although 

im-provements can still be made. It is possible to 

expand the initial hypothesis to non-magnetic materials 

with the use of additional simulations of reflectance. 

With this, it is possible to explore and characterize a 

wide range of material, for example metamaterials.  

(c) 40% of lactose. ACKNOWLEDGMENT 
 
Fig. 2: Absorbance spectra of lactose. 
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V. CONCLUSION 
 

An algorithm based on the Lorentz model and the Fresnel 

coefficients was proposed to extract effective optical parame-

ters and the thickness of organic samples. The great 

advantage of such method is that only the transmittance is 

necessary as income data - usually additional parameters 

such as phase and reflectance are needed for this extraction.  
The time domain spectroscopy utilized in this work 

consists on an asynchronous sampling which ensures a 

higher accuracy for the temporal transmission measures. 

This system was used to obtain transmittance spectra for 

samples with 20%, 30% and 40% of lactose. Once these 

data were acquired, they were used in the algorithm that, 

initially, changed the time domain to the frequency one.  
Theoretical models were formulated and fitted to the exper- 
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