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Featured Application: Fast (picoseconds scale) and sensitive (ppm-level) detection of impurities
in gasoline employing terahertz time-domain spectroscopy systems (THz-TDS) for petrochem-
ical production lines or quality assessment and control facilities.

Abstract: In this article, we present the possibility of using terahertz time-domain spectroscopy
to detect trace, ppm-level (%wt.) concentrations of admixtures in 95-octane lead-free gasoline in
straightforward time-of-flight (pulse-delay) measurements performed directly in the liquid. The
method was tested on samples containing 75-0.0125% of isopropanol and 0.3-0.0250% of water. The
detection limits for isopropanol and water content were determined to be 125 ppm and 250 ppm,
respectively, approaching the limits of much more complicated and time-consuming methods (like
spectroscopy of the vapor phase). The measured pulse delays were compared with theoretical
calculations using the modified Gladstone-Dale mixing rule for the solutions. The comparison
demonstrated good agreement for gasoline-alcohol mixtures and large discrepancies for gasoline-
water mixtures, suggesting that gasoline-water mixtures cannot be considered idealized binary
mixtures. Our results clearly show that the pulse time delay measurement by THz-TDS is a fast and
sensitive method of gasoline contamination detection and, as such, can be easily integrated with
industrial online real-time quality control applications.

Keywords: terahertz time-domain spectroscopy; terahertz industrial and nondestructive evaluation;
terahertz time-of-flight methods; ppm-level detection in liquid phase; petrochemicals; gasoline fuel
additives and contamination; refractive index measurements; gasoline; water; isopropanol

1. Introduction

Crude oil and its refined products, generally known as petrochemicals, are among
the most important sources of energy, fuel and raw materials; without crude oil and petro-
chemicals, modern life would not be possible. Petrochemicals consist predominantly of
solid, liquid and gaseous hydrocarbons which dissolve one another. The main components
of petrochemicals are alkanes, cycloalkanes, aromatic hydrocarbons and, to a small extent,
alkenes. The main contaminants are water, organic compounds containing oxygen, sulfur
or nitrogen, as well as some inorganic compounds. In the fuel industry, both aviation fuels
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and motor fuels are obtained by refining crude oils. Thus, even in the final fuel, there are
always some traces of different contaminants, including water [1].

Water is a particularly undesirable component of fuels, especially in the aviation
industry. Due to its polar structure, it is almost immiscible with the organic compounds
of which fuel is composed. In fuels, water is present in three forms: dissolved water, free
water (a separate liquid phase) and fuel-water emulsions [2,3].

Dissolved water is not dangerous for the proper working of the engines, and it is
regarded as a minor fuel constituent [3]. However, water is miscible in fuel only within
a small concentration range, and its exact saturation concentration depends on the fuel’s
composition. For example, in the case of hydrocarbon mixtures containing higher contents
of aromatics, more water can be dissolved. This occurs because water is more soluble in
benzene than in other hydrocarbons.

Above a certain concentration level and depending on external conditions (temper-
ature, pressure), water begins to separate from the solution, forming free water [1,4]. If
surfactants are present in a mixture, the water and fuel form an emulsion where droplets of
water less than 100 um in diameter are constantly dispersed in the fuel phase.

Both free water and emulsions are dangerous forms of water in fuels. There are many
factors that make water in fuel undesirable, of which the most important are corrosion,
lubrication loss and fuel flow obstruction.

Water can corrode fuel tanks, which creates a risk of contamination with solid par-
ticulates of rust or even fuel leakage. Water is less viscous than diesel and, therefore,
provides a smaller “cushion” of lubrication between the opposing surfaces of the moving
parts, leading to increased abrasive wear. Therefore, the presence of water deteriorates the
lubricating properties of a fuel. Water will freeze at sub-zero Celsius temperatures, and
the resulting ice crystals, like other solid particles, may clog fuel filters, cause mechanical
damages and/or impede fuel flow. Water in the fuel may also facilitate the growth of
microorganisms that can produce sludge and acids that contaminate the fuel and give rise
to corrosion of the tank and fuel systems.

The multiple problems caused by water in fuels (partially those enumerated above)
mean that new, cheap and quick methods to determine its exact content are constantly
being sought [2,5]. One of the most intensively explored methods is terahertz time-domain
spectroscopy (THz-TDS). THz-TDS is a rapidly developing spectroscopic technique often
used for determining the properties of a material by probing it with short pulses of THz
radiation [6]. THz-TDS is particularly attractive for analytical applications in a gas phase,
where frequencies of molecular twisting or stretching or intramolecular or intermolecular
hydrogen bonding often correspond to the THz range [7,8].

The possibility of detecting differences in molecular configuration and polarity of
hydrocarbons and other polar species, such as water or isopropanol, is strictly related to
the fact that nonpolar molecules are hardly visible in the THz spectral range in contrast
to large-dipole-moment molecules [9-11]. Therefore, based on the pulse shape and its
spectrum, the composition of a sample can be determined, and the parameters, such as
the refractive index or absorption coefficient as a function of THz radiation frequency, can
be calculated.

THz-TDS has also been used as a method of detecting water or other polar com-
pounds in petrochemicals. The published research focuses only on crude oils and diesel
fuels [12-14]. Generally, the obtained sensitivities oscillate around 1% [11,12]; however, the
authors of [13] reported on extremely low detection limits of 0.01%wt. for their measure-
ments. This result is rather difficult to verify because no absorption data for dehydrated
samples were given in the paper as a reference. An interesting correlation between THz
pulse delay and the amount of water contained in crude petroleum was reported in [14],
but in this case, the reported water content in samples was rather high, i.e., ranging from
1.8% to 90.6%.

In this article, we study the limits of sensitivity of THz-TDS detection of contamination
of gasoline. We study mixtures of gasoline with water and isopropanol and show that the
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lowest detection limits for isopropanol and water content that can be achieved by using
one of the best commercial THz-TDS systems are 125 ppm and 250 ppm, respectively.
These values approach those of much more complicated and time-consuming spectroscopic
methods (like spectroscopy of the evaporated gasoline gas phase). The measured pulse
delays are compared with theoretical calculations using the modified Gladstone-Dale
mixing rule for the solutions. The comparison demonstrates good agreement for gasoline-
alcohol mixtures and large discrepancies for gasoline-water mixtures, suggesting that
gasoline-water mixtures cannot be considered as idealized binary mixtures.

Our work clearly shows that the pulse time delay measurement by THz-TDS is a
sensitive and fast method of gasoline contamination detection and, as such, can be easily
integrated with industrial real-time quality control applications.

2. Materials and Methods
2.1. Samples and Samples Preparation

Two-component mixtures consisting of gasoline and deionized and distilled water
or isopropanol were prepared. The isopropanol (min. 99.7%, pure PA) was bought from
the Chempur company, while deionized water was obtained directly from the labora-
tory supply line. The gasoline, 95-octane lead-free petrol (Orlen Eurosuper 95 lead-free),
was purchased from a local petrol station. According to the specifications given by the
producer, the maximum oxygenate content in 95-octane lead-free gasoline, which is com-
prised of isopropanol and water, is smaller than 2.7% (m/m) [15]. This clearly shows that
there was a certain unknown amount of water and isopropanol in the samples during
the measurements. The time-of-flight method is only capable of detecting an excess of
water/isopropanol in relation to the base amount present in gasoline. However, we have
paid special attention to keep this base amount unchanged and distributed equally among
the samples with decreasing concentrations of admixtures: (i) pure gasoline was freshly
bought and stored at low temperature in a special safe storage container to minimize any
compositional changes and reduce the influence of external humidity on the water content
in gasoline; (ii) the time needed to handle the solutions (weighing, mixing, pouring, etc.)
was shortened to the minimum amount necessary and was comparable for each of the
samples; (iii) the samples were freshly prepared before each experimental run under a
fume hood with a constant flow of clean dry air, and they were measured within a maxi-
mum of 2 days after their preparation; (iv) each of the concentrations were obtained and
measured at least twice to verify the self-consistence of the obtained results; (v) during
the measurements, the cuvettes were tightly sealed with gasoline-resistive caps, so that
their composition did not change at the time of measurement; (vi) all samples were stirred
during the preparation for at least 30 min and again directly before the measurements to
confirm their homogeneity based on visual observation.

During all measurements, the sample containing pure gasoline served as the reference.
All solutions were prepared by diluting a solution of a higher concentration with freshly
added gasoline to exclude a gross error. The stock solution was weighted on a laboratory
scale and mixed with water/isopropanol in the right proportions to obtain a total mass
of 20 g. The samples with lower admixture concentrations were obtained by dilution of
the higher admixture concentrations. Such a procedure is well-established and commonly
applied in chemistry to dissolve solutes at the ppm level of their concentration [16-18].
We are, therefore, sure that the concentrations that were obtained corresponded to the
nominal concentrations.

The isopropanol-gasoline solutions were prepared over the concentration range of
isopropanol from 75%wt. to 0.0125%wt. (detailed concentration data can be found in
Sections 3.3 and 3.4). Due to the much lower solubility of water in gasoline, the samples
containing water were prepared in a smaller range of water concentrations from 0.3%wt. to
0.025%wt. The solubility of water in the gasoline type used for the sample preparation was
tested before the measurements. We found that it was possible to dissolve about 0.31%wt.
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of water in the gasoline. The upper concentration limit of water, 0.3% wt., was decided
based on this result.

During all measurements, the pure gasoline sample served as the reference. All
solutions were prepared by diluting a solution of a higher concentration with freshly added
gasoline. Each concentration was obtained at least twice and measured. All samples
were stirred directly before measurements and confirmed to be homogeneous based on
visual observation.

The admixture solutions were measured in cuvettes. Standard optical spectroscopy
absorbance quartz cuvettes were sufficient for most of the measurements; however, to
ensure a high enough amplitude of the signal over long optical paths, cuvettes made
of polymethylpentene (TPX), which are characterized by their very low absorption of
THz radiation, were used. The quartz cuvettes were the QS-type cuvettes produced by
Hellma Optik GmbH. We used cuvettes with optical paths of I = 1.00 mm, 2.00 mm and
5.00 mm. The maximum accuracy of I specified by the producer was as low as £0.003 mm.
The wall thickness in all cuvettes was the same: 1.25 mm each. The TPX cuvette was
manufactured by BATOP GmbH. It was made from TPX polymer (complex refractive
index 1.46 + 0.85 x 10~3) and provided a low-loss optical path in liquid of / = 10.00 mm.
The wall thickness of the TPX cuvette was 5.00 mm. We prepared separate caps for the
two types of cuvettes and used them during the measurements in order to prevent the
liquids from evaporating.

2.2. Experimental Setups
2.2.1. Terahertz Time-Domain Spectrometer

Times of flight (TOFs) of the THz pulses transmitted through gasoline samples were
measured by means of a stand-alone commercial THz-TDS spectrometer from Toptica
A.G. [19]. The two different quasi-optical beam delivery arrangements, 4f and 2f, were
used with the spectrometer, as depicted in Figure 1. The differences between them are
described in detail in the following Section 2.2.2.

A pair of THz transmitter (Tx) and receiver (Rx) photoconductive antennas operating
on the principle of an Auston switch were used in the spectrometer [20,21]. They employed
a state-of-the-art InAlAs/InGaAs multilayer structure technology [22,23]. The optopair
was excited and subsequently probed by the Erbium fiber laser of 1.56 pm wavelength.
The duration and repetition rate of the laser pulses were, respectively, 80 fs and 100 MHz.
On the transmitter side, the laser delivered an average power of 20 mW, generating 30 uW
average THz power. The duration of the individual THz pulses was approx. 2 ps.

The probe pulses of the laser were delayed with respect to the excitation pulses by
means of the two-stage delay line. The first one (not shown in Figure 1), the long-travel
delay line, introduced a constant time offset (up to 1 ns) of the pulses to compensate for the
optical path length. The second delay line (shown in Figure 1), the fast delay line, provided
time stamping for the precise sampling of the waveforms. Its readout was synchronized
with the signal from the Rx receiver during a continuous forward and backward scan of the
delay line mirror. In this way, the dead time of the system was reduced, allowing the THz
pulse sampling to be completed in a twice shorter time. Sampling rates of approximately
12 pulses/s by time windows of 100 ps were achievable, allowing for less than 1.5 min
acquisition times by applied averaging over 1,000 waveforms. Due to the high-precision
position sensor of this delay line, which provided 1.3 fs and stable timing resolution, the
system was characterized by the high accuracy of the time scale, resulting in a typical
dynamic range of 98 dB when multiple traces were averaged [24]. Such a high dynamic
range combined with the operational stability of the TDS spectrometer were crucial for
obtaining low, ppm-level admixture detection limits during the measurements. An example
of the time profiles and power spectra of the THz pulses registered with the spectrometer
in ambient air is shown in Figure 2.
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Figure 1. Schematic representation of the measurement setups: (a) 4f setup consisting of four 90° off-
axis parabolic mirrors, which were used to measure THz pulse TOFs through the gasoline admixtures
samples in quartz cuvettes of 1.00, 2.00, and 5.00 mm lengths in a focused beam configuration without
a time-reference pulse; (b) 2f setup consisting of two 90° off-axis parabolic mirrors used for the
measurements in a 10.00 mm-long TPX cuvette with a time-reference pulse. Note that the diameter of
the THz beam is somewhat larger than the size of the cuvette and passes freely through the inert gas,
serving as a reference for the measured TOF. The indicated focal lengths are not to scale.

2.2.2. Quasi-Optical THz Beam Delivery Setups

As depicted in Figure 1, the two types of quasi-optical beam delivery setups were used
to bring THz radiation to the gasoline samples and, next, onto the detector. In the 4f setup
(Figure 1a), the measuring cuvette was positioned in the Fourier plane of the optical system
at a midway distance between the transmitter and receiver. The relationship between the
Tx transmitter-emitted beam waist, w5, which is next collimated and focused down to
the focused beam waist size, wWy,ys, can be deduced from the Gaussian beam theory, which
is explained in detail in Appendix A.

In short, away from its source, the THz beam appears to diverge from the central
point of the Tx transmitter, with the half-divergence angle, 8445, being proportional to the
wavelength of the radiation, A, and inversely proportional to wy,s. For the Tx transmitter,
Werans can be approximated by the radius of the photoconductive antenna lens, which
defines the final output aperture of the emitted THz pulse. A simple proportionality relation
links Wirans and wpeys With the focal lengths of the collimating and focusing mirrors in the
4f-type beam delivery setup. The formal derivation of this relation, which is expressed by
Equation (A8), is given in Appendix A.
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Figure 2. Performance of the THz-TDS system during measurements. Pulses were transmitted
through ambient air without any sample. A 1.00 mm-long empty quartz cuvette was used, as well
as the same cuvette filled with pure gasoline and isopropanol. (a) Time-profiles of the pulses with
an artificially added horizontal offset of approx. 2.5 ps. (b) Power spectra of the pulses; a vertical
offset ~10 dB was added to visualize spectral features without overlapping. The noise floor level
is representative for all spectra; however, it corresponds to the “true” noise line of the spectrum
registered in ambient air. The reduction of the dynamic range and bandwidth is caused by the
absorptive properties of substances.

Actually, wpeys is independent of the wavelength or frequency of the radiation. This
is a favorable situation from the point of view of TDS measurements, assuring compa-
rable sizes of the irradiation spots focused on the sample. A tradeoff, in this case, is the
frequency-dependent Rayleigh length, Zr, which defines the distance along which the
beam propagating through the cuvette can be considered parallel to the optical axis.

When Zp, is substantially shorter than the cuvette length, the paraxial beam approx-
imation is no longer valid. The propagation paths of the spectral components of THz
become not equal, becoming an additional source of errors contributing to measuring the
TOF of the pulse. To minimize these errors, thin samples or short cuvettes with | < Zg
should preferably be together with the 4f systems. However, shorter cuvettes mean shorter
optical paths and faster TOFs through a cuvette and, in consequence, lower precision of
the pulse time-of-flight determination. The Rayleigh lengths can be estimated by means of
Equation (A9) from Appendix A. In the 4f setup from Figure 2a, large-aperture parabolic
mirrors with 50.8 mm (2-inches) diameters and focal lengths f5,s = 76.2 mm (3-inches)
and ffocus = 50.8 mm were used. Since the emitted beam waist wyzs can be approximated
by the radius of the Tx transmitter lens, which in our case was wgqans = 2.5 mm, we can
estimate 3 mm < Zg < 175 mm. These boundary values are representative of the spectral
bandwidth of the THz pulse (Figure 2b).

The longest Zg = 175 mm is related to the highest frequency component of the THz
pulse, ~6.0 THz, and the shortest wavelength, A ~ 0.05 mm. It is nearly fivefold longer than
the I = 5.00 mm, the longest quartz cuvette which was used in our measurements. However,
for the lowest frequency, ~0.1 THz, corresponding to the longest wavelength, A ~ 3.00 mm,
Zg is only a fraction of I and Zg/I~0.6. This pushes the paraxial beam approximation to the
limit. One cannot a priori neglect additional errors related to the unequal optical paths
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of the spectral components of the pulse. For the two shorter quartz cuvettes (I = 1.00 and
2.00 mm), the Rayleigh lengths are at least 1.5x longer than /. Therefore, one should not
expect the measured TOFs to be significantly biased by non-paraxial beam propagation.

The second of the optical setups, the 2f quasi-optical setup (Figure 1b), exploited a
different approach to the issue of unequal optical paths. Here, the cuvette with gasoline sam-
ples was exposed to a collimated THz beam, occupying a midpoint between the two off-axis
parabolic mirrors. The cuvette was situated at the Fourier plane, shifted by one focal length
distance from the coupling mirror (first mirror on the left-hand side in Figure 1b). Smaller
diameter mirrors, 25.4 mm (1-inch), with equal focal lengths, fi4ns = 50.8 mm, were used in
the 2f configuration.

The Rayleigh lengths of the spectral components of the THz pulse were estimated
using the method described in the second part of Appendix A. They differ at most by
only ~1 mm for the whole bandwidth of the pulse, i.e., form 0.1-6.0 THz. More precisely,
Zg =400 mm for the frequency of 0.1 THz and Zg = 399 mm for the frequency of 6.0 THz.
This is not surprising since, from a geometrical optics point of view, the 2f system forms a
bunch of ideally parallel rays between the two mirrors.

The 2f quasi-optical setup is best suited for sensitive TOF measurements when the
optical path in the cuvette is long. Small changes in the refractive index can be detected in
this way, which, in turn, assures extremely low detection limits for the TDS time-of-flight
method. The main limitations of this configuration are unequal beam diameters of the
spectral components of the pulse; this means that only samples that are uniform over a
large area can be investigated using the 2f setups. Gasoline solutions fulfill this requirement
to a large extent, providing the saturation pressure of volatile fuel components inside a
closed cuvette has been attained. This explains why the 2f optical arrangement could be
used together with the longest quartz cuvette as well as the TPX cuvette providing an
optical path of I = 10.00 mm.

As schematically indicated in Figure 2b, the size of the THz beam was intentionally
larger than the transversal size of the cuvette. In this way, the part of the beam that passed
freely through the air provided the “zero delay” time reference for pulses transmitted
through gasoline samples. Any inaccuracy of the delay line position readout or temporal
drift of a laser pulse could be corrected in this way. The THz waveforms were brought to
the common starting point after their registration and before data analysis so that unbiased
time of flights resulting exclusively from the compositional change of a mixture change
could be measured.

Figure 3a depicts a digital camera photograph of the 2f setup. The inset of it shows
the measurement cuvette photographed against an opened diaphragm of a diameter
corresponding to the diameter of the THz beam. Below the photograph (Figure 3b), the
waveforms of the pulses measured with the TDS spectrometer without (upper graph) and
with (lower graph) the cuvette are shown. Note that by placing the cuvette, the amplitude of
the reference pulse drops down while the peak amplitude position in time stays the same.

2.3. THz-TDS Time-of-Flight Method

As shown in Figure 2, a THz pulse propagating in a medium is a superposition of
plane harmonic waves with frequencies defined by its spectrum. Mathematically, the
spectrum of the pulse together with the phase of each spectral component can be calculated
by means of the Fourier transform [25].
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Figure 3. The reference pulse measurement principle using the 2f quasi-optical setup: (a) digital
camera photograph of the setup with the red arrow indicating the part of the beam where the
THz pulse passes freely between the emitter and detector and the blue arrow indicating the beam
transmitted through the cuvette; (b) TDS waveforms measured without (upper graph) and with
(lower graph) the measuring cuvette. Above the pulses, the colorful arrows designate the freely
passing and cuvette-transmitted parts of the beam, respectively. The pulses undergoing multiple
reflections are indicated by dashed blue lines. The color code is consistent between the upper and
lower graphs.

The time of flight of the pulse throughout a cuvette can be conveniently defined by
a group velocity represented by the speed of the center of the mass of a wave packet. In
the first and simplest approximation of negligible absorption and dispersion, the group
velocity of a wave packet or pulse can be approximated by the phase velocity of its middle
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frequency [26]. A simple linear equation relates the TOF of the THz pulse in air, ¢,;,, with
the refractive index, n,;,, and the length of the cuvette, I

l
Laiy = Enair (1)

Here, ¢ denotes the speed of light in vacuum. Analogically, the TOF of the pulse, f,
sent through a cuvette filled with a substance of the refractive index, n, can be calculated as:

t = En, (2)

so that the difference between both times, t — t,;, = At:

At = é(n -1, (©)]
provides the means to determine the refractive index of the substance. Note that in
Equation (3), the approximation of n,;, = 1 was used. The accuracy of the determination
of n depends on the accuracy of the measured At. A simple calculation shows that for
the cuvette length I = 10.00 mm, corresponding to the longest of the cuvettes that were
used, A(n — 1) ~ 1072 if At ~ 101 s. This remarkable result proves that, in principle, very
low concentrations of admixtures introducing ~10~° changes in the refractive index can
be detected by a straightforward THz-TDS TOF measurement. A prerequisite for such
measurement is a stable position and shape of a THz pulse generated by a TDS spectrometer.
In Section 3.1, we show that such accuracy was achieved with our measurement setup.

For the purpose of admixture detection in gasoline, it is more convenient to reference
the time difference, At, to the TOF of the pulse through a cuvette filled with pure gasoline.
This situation is schematically depicted in Figure 4b. According to Equation (3) the first
of the TOFs, t,p, is related to the refractive index of a mixture, np. The second TOF,
the reference time-of-flight, t,¢, is related with the refractive index of gasoline and the
difference between the times of flight, At, is calculated as:

I l l
AtZtnD—i‘nG:E(I’ZD—l)—E(I’lG—l)ZE(HD—WG). (4)

The equation above can be used to plot the measured At as a function of admixture
concentration, providing that the model of the refractive index of the solution, np, is
known. The refractive index of pure gasoline, 1, can be determined, e.g., by performing
the reference TOF measurement in the empty cuvette and then using Equation (3).

2.4. Theoretical Model of the Refractive Index of Gasoline Admixture Solutions

Since the composition of a mixture typically includes constituents belonging to dif-
ferent classes of compounds, a model suitable to adequately describe its refractive index
must take into account a specific type of molecular interactions and specific mixing rules
between the constituents. For example, it is known that a molar volume, V, of an idealized
binary solution should follow the linear relation involving molar fractions of both elements,
¢1,2, their molar masses, m; 5, and molar densities, p1 2, [27]:

my 2
V = 74) + —4) . 5
1 1 02 2 ()
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Figure 4. Graphical representation of the At parameter determination: (a) for samples containing
pure solvent and pure admixture when the reference pulse delay is measured with respect to an
empty cuvette described by Equation (3); (b) for samples containing increasing concentration of
admixture in solution as described by Equation (11).

Numerous other mixing rules can be found in the literature [28,29]. For example, the
Lorentz-Lorenz mixing rule, given by Equation (7), is known to be particularly suitable for
the description of binary solutions of organic solvents [27,30,31].

The refractive index of 95-octane gasoline pseudo-binary mixtures with isopropanol has
recently been studied in [32,33]. Four different mixing rules, described by four equations,
namely, the Eykman (Equation (6)), Lorentz-Lorenz (Equation (7)), Newton (Equation (8))
and Gladstone-Dale (Equation (9)):

2 2 2
ny —1 n%5, — 1 n%s, —1
2D = (Pl 2D1 + 4)2 2D2 s (6)
np +0.4 np, +04 np, +0.4
2 2 2
np—1 np, —1 npy —1
= + , 7
n2 +2 ¢1<n%1+2 92 n%,+2 @
nh—1= g1 (ndy —1) + g (nhy 1), ®)
np —1=¢1(np1 — 1) + ¢2(np2 — 1). )

Were tested in the quoted above publications in the temperature range from 293.15 K to
313.5 K. In Equations (6)—(9), the symbols np; and np; stand for the refractive index of
isopropanol-gasoline mixture components ¢; and ¢,, respectively. Using these equa-
tions, the refractive index of isopropanol-gasoline mixtures was found to increase lin-
early from np; to npy, with np, belonging to the constituent of the larger absolute value
of n [33]. The best correspondence was found for the Eykman and Lorentz-Lorenz
model; however, the differences between the measured and calculated np using the
Gladstone-Dale equation (Equation (9)) were also reasonably small with the absolute
values Anp = |np ey — (P11p1 — P2np2) | not larger than ~0.0016. They applied to the
situation when the gasoline and isopropanol concentrations were approximately equal
(¢1,2 = 0.5). With smaller solvent or admixture concentrations, the differences were even
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smaller, approaching Anp = 0. The mixing rules were tested for the visible light of the
wavelength A = 589.3 nm (sodium D line).

In order to verify if the Gladstone-Dale mixing rule can be useful for modeling the
measured pulse delays in the THz spectral range, we have employed Equation (9) using
the mass fractions of isopropanol and gasoline, ¢; and ¢,, respectively. With this new
representation, the refractive index of the solution, #p, is described by the relation:

np = ¢1np1 + Panpo. (10)

Equation (10) defines the refractive index of a mixture as the weighted sum of the
refractive indices of solvent and admixture with the weights ¢, », given as the mass fractions
(%wt.) with respect to the total mass of the solution. By combining Equations (4) and (10),
At can be calculated as:

l
At =ty —ty, = E(nDl —np2)¢P1. (11)

The parameters np; and np, denote the refractive index of pure isopropanol and
gasoline, respectively. Additionally, the relationship ¢ + ¢, = 1 was used to derive the
final form of Equation (11). Details of the derivation can be found in Appendix B.

The Gladstone-Dale mixing rule predicts a linear relationship between Af and the
admixture concentration ¢;.

3. Results
3.1. Time Stability Performance of the THz-TDS Setup

The stability performance of the THz-TDS spectrometer was verified with the beam
delivery part and photoconductive antennas tightly closed in a plexiglass container, from
which ambient air was removed by purging the container with purified clean dry air (CDA).
The TOFs of the pulses were measured in a collimated beam geometry, i.e., with the 2f
quasi-optical setup. At first, the waveforms of the THz pulses were measured in CDA.
Then, the container air was mixed with a small amount of humid ambient air, and the
registration of the waveforms was repeated. In both cases, the THz pulses were propagated
along the same optical paths with and without the quartz cuvette.

The differences between the waveforms registered in both types of air are shown in
Figure 5. The figure compares the average waveforms obtained by subsequent acquisition
and averaging of 1,000 THz pulses. The dry and moist air time profiles are almost identical,
and the differences between them can only be observed on a sub-ps time scale.

The fitted peak amplitudes of the pulses are shown by the graphs from the lower row
of the figure. They have small fit errors of 1 and 2 fs, respectively, for the reference and
the cuvette transmitted pulse. One can be sure that the time-shift between the pulses was
not caused by numerical artifact but resulted from moisture in the plexiglass box. Such a
conclusion is confirmed by a flawless systematical trend of the measured data points before
and after the maximum of the pulse, as indicated by the insets of Figure 5c,d.

Apparently, the shift of the reference pulse in time corresponds inevitably to a similar
shift of the quartz cuvette transmitted pulse. Note that in both cases, the measured time-of-
flight difference was the same: ~1 fs. Somewhat larger fit errors for the cuvette transmitted
pulses are likely caused by dispersion introduced by the input and output cuvette walls
made of quartz glass. This confirms that the strategy of using an unobscured part of the
beam as the reference is generally correct and that pulse instabilities caused by the TDS
spectrometer can be compensated with up to an fs precision.

To test the time stability performance of the TDS spectrometer, we have continuously
observed the peak amplitude position of the THz pulse over a ~2.5 h time (Figure 6). The
system was running freely, and the waveforms of the pulses were registered in more or less
equal time intervals of ~12 min. Over the whole period, the pulse shifted by maximally 31 fs
towards shorter times and stabilized the position approx. 50 min after the spectrometer was
turned on. Then, small-scale fluctuations with less than 1 fs deviation were observed over
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Figure 5. Time performance of the THz-TDS system: (a) time profiles of the reference pulses registered

in CDA and moist air; (b) time profiles of the pulses transmitted through 5.00 mm long quartz cuvette.

The color code of the arrows indicated above the pulses is the same as in Figure 3. (c,d) Close-up

view of the peak amplitude regions showing actually measured points and their numerical fits with

model peak functions. The insets of the figures present, on a smaller scale, the data marked by blue

circles. The numbers below the curves indicate the fitted positions of the peak amplitudes together

with the fit errors. Note that the time positions of the pulses can be determined with 1 or 2 fs accuracy,

respectively, for the reference and cuvette transmitted pulses.

A special procedure was applied to correct underperformances of the TDS system
related to pulse position instabilities. The registered waveforms were always brought
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to the common “zero time delay” point before data analysis in the procedure, which is
schematically depicted in Figure 6a,b. For each of the waveforms, the peak amplitude
position of the reference pulse was determined by a numerical fit. Its numerical value
was next subtracted from the time data, setting the reference “zero time” point for all
the waveforms in the measurement series (Figure 6b). Since we have checked that the
reference and cuvette transmitted pulses always shift simultaneously, we can consider that
any pulse delays measured with the cuvettes filled with gasoline samples are likely caused
by admixture concentration change and not the drift of the pulse itself.
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Figure 6. Time correction procedure of the THz pulse: (a) Actually measured waveforms of the
reference pulse before correction; (b) The same waveforms brought to the common “zero delay” time
after correction. The applied correction is also valid for the pulses propagating through gasoline
samples during the measurements. The color code of the arrows above the pulses is used consistently
with previous figures; (c) The measured evolution of the peak amplitude of the THz reference pulse
during approx. 2.5 h-long series of the measurements. The positions of the peaks with fit errors were
determined by numerical fit with a predefined function. The inset of the graph shows small-scale
oscillations of the pulse position in detail.

While the absolute peak amplitude positions of the reference pulses could be de-
termined in CDA with an accuracy of 1-2 fs, the instabilities of the THz pulse position
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measured with gasoline samples (or ambient air) were higher, ~10-100 fs. They were
strongly dependent on admixture type, length of the cuvette and absorbance properties
resulting from the admixture concentration in the solution. These instabilities were rea-
sonably smaller than typically measured pulse TOFs and were most likely caused by
inhomogeneity and density fluctuations of the liquids.

3.2. Determination of the Refractive Indices of Pure Isopropanol and Pure Gasoline

In order to quantitatively validate the THz-TDS TOF method, we completed a series
of test measurements with pure gasoline and pure isopropanol used as the samples. The
TOFs of pulses transmitted through all three quartz cuvettes of the lengths I = 1.00, 2.00
and 5.00 mm were measured. The pulse positions differences, At, were next calculated with

respect to the positions of the pulses transmitted through empty cuvettes (reference pulses),
as indicated in Figure 7.

Table 1. The TOFs and refractive indices of pure isopropanol and gasoline measured by THz-TDS.

Cuvette Length TOFquartz cuvette = 0 1 (ps) TOFjiquiqa = & (ps) At £ 5 (ps) THz Ref. Indexn £+ 6§
Isopropanol
I=1.00 mm 2613.09 + 0.05 2614.78 + 0.05 1.69 £ 0.10 1.507 £ 0.030
I=2.00 mm 2612.93 + 0.05 2616.30 &+ 0.07 3.37£0.12 1.506 £ 0.020
I=5.00 mm 2612.99 + 0.05 2621.45 +0.10 8.46 + 0.15 1.5076 £ 0.0090
5o = <1.50687 =+ 0.00081> 2
Gasoline
I=1.00 mm 2613.07 + 0.05 2614.51 + 0.06 1.44 +0.11 1.432 + 0.033
I=2.00 mm 2612.94 + 0.05 2615.80 + 0.08 2.86 £0.13 1.429 £ 0.020
I=5.00 mm 2612.98 + 0.05 2620.17 + 0.09 719 +£0.14 1.4314 £ 0.0084

Tigas = <1.4308 + 0.0016>
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Figure 7. Determination of the refractive index of pure isopropanol and 95-octane gasoline in:
(a) quartz cuvette of length I = 1.00 mm; (b) similar cuvette with length / = 2.00 mm; (c) and a similar

cuvette with length [ = 5.00 mm. The real measured maxima positions of the pulses are indicated in
Table 1.

2617

The measurements were conducted in ambient air with the 4f system optical beam
geometry, and no time correction of the peak amplitude positions was applied before data
analysis. This was largely justified since no substantial pulse drift was expected in a single
minute duration data acquisition time.
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The registered waveforms of the THz pulses are shown in Figure 7. Each of the
graphs represents measurements belonging to different cuvette lengths. The empty cu-
vette (reference)-, gasoline- and isopropanol-transmitted pulses are indicated by different
colors of the lines. Additionally, the dashed line was used for individual marking of the
reference pulses.

The amplitudes of the pulses decrease with the increasing cuvette lengths. Since
gasoline has a weak absorption coefficient, resulting mostly from transient dipole moments
induced by collisions [34], this decrease is much faster for isopropanol, which is a strongly
polar molecule with a permanent dipole moment and a large THz radiation absorption
coefficient [35,36]. A similar conclusion also applies to the measured pulse delays, which
are longer for isopropanol than for gasoline. This observation is explained by the larger
absolute value of the refractive index of isopropanol as compared to gasoline. Note also
that for both isopropanol and gasoline, the pulse delays increase with the increasing length
of the cuvette, as expected from Equation (3).

The results of numerical fits of peak amplitude positions of all pulses were summarized
in Table 1. Starting from the second column, this table indicates the fitted times of flight
measured with the empty cuvettes and cuvettes with isopropanol or gasoline. The third
column, At, indicates the calculated differences of the times of flight. The refractive indices,
n, from the last column of the table were calculated by means of the

Equation (3). The error of n takes into account only the error of At, assuming that the
other parameters from Equation (3) were known with the absolute accuracy (their errors
were assumed to be zero).

The average refractive indices of isopropanol and gasoline, indicated in the table in
the brackets, represent the average values calculated, taking into account all three cuvette
lengths. Their numerical values were compared with the values reported in the literature
by other authors [11,37-39]. The outcome of the comparison is summarized in Table 2.
Generally, we can state a good agreement between these data, as the measured refractive
indices n;5, = <1.50687 + 0.00081> and n1¢,5 = <1.4308 4 0.0016> place themselves within
boundaries reported in the publications. This confirms that the THz-TDS time-of-flight
method can provide accurate and valuable data regarding the refractive index of liquids.

Table 2. Comparison between the measured and reference refractive indices of pure isopropanol and
pure gasoline. The source of the references is indicated below the table.

Substance TOF n Reference n
Isopropanol ;s = 1.50687 £ 0.00081 n=150"1
Gasoline Ngas = 1.4308 + 0.0016 n=1415—1.4412%*

1 Huang et al. [37], average 0.2-1.4 THz. 2 Arik et al. [11], average 0.1-1.1 THz. 3 Jin et al. [38], unspecified octane
number, average 0.2-2 THz. 4 Al-Douseri et al. [39], @1 THz, 93-octane gasoline.

Based on this conclusion, we have experimentally verified the appropriateness of
our approach in the measurements of isopropanol solutions with systematically varied
isopropanol concentrations.

3.3. Investigations of THz Pulse Time of Flights in Gasoline Solutions with Isopropanol

Figure 8 shows the uncorrected, raw data waveforms of THz pulses obtained after
propagation in gasoline mixtures containing isopropanol alcohol. The registrations were
taken in quartz cuvettes of all three lengths. The cuvettes were located in the Fourier plane
of the 4f quasi-optical beam delivery setup. The pulses indicated by the red arrow served
as a “zero-delay” time reference for the later applied pulse position correction procedure
(Section 3.1). They had to be acquired in separate registrations directly before time-of-flight
measurements because the size of the focused THz beam in the 4f system is incomparable
with the transverse dimensions of the cuvette. Despite different methods of registration,
the reference waveforms were used in the time correction procedure that was the same for
the 4f and 2f systems.
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The waveforms indicated by green, red and blue lines correspond to I = 1.00, 2.00
and 5.00 mm cuvettes, respectively. The actual isopropanol concentrations related to each
of the series are summarized in Table 3. It is necessary to understand that the chosen
range of isopropanol concentration in gasoline had to be carefully adjusted to the lengths
of the cuvettes because transmission of THz radiation could be very limited over long
propagation paths in the cuvettes.
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Figure 8. Waveforms of the THz pulses registered with [ = 1.00, 2.00 and 5.00 mm quartz cuvettes and
gasoline isopropanol admixture samples. The curves represent raw, uncorrected data as measured
with the THz-TDS spectrometer and 4f quasi-optical beam delivery system. The leftmost peaks
belonging to the THz pulses passing through the air without quartz cuvettes were used to compensate
for drifts and fluctuations of the pulses transmitted through gasoline samples. The color code of the
arrows above the waveforms is consistent with previous figures.

The blue arrows in the figure indicate the THz pulses after their interaction with
gasoline samples and the dashed blue arrows-the pulses multiplied by the cuvettes after
internal reflections.

The measured TOFs were compared with predictions of Equation (11). The results of
the comparison are depicted in Figure 9. In the first graph (Figure 9a), the measured TOF
differences, At, were plotted against the mass fractions of isopropanol, ¢, from Table 1.
The “zero-delay” time difference, At = 0, corresponds to the positions of pure gasoline
pulses belonging to each of the series from Figure 8.

A common characteristic that is apparent in Figure 9a is that, independent of cuvette
lengths, the measured At increases approximately linearly with the isopropanol concen-
tration. Moreover, for the fixed absolute value ¢, At is proportional to the length of the
cuvette, /, and is manifested by increasing slopes of the measured points. Additionally, the
time separation between them along the ordinate is visibly better when the optical lengths
are longer, meaning that longer cuvettes are much better suited for sensitive measurements
of trace concentrations of admixture in the solution.

Even if the broadest span of the investigated mass fractions of isopropanol was from 0
to 750,000 ppm, i.e., 0 to 75%wt., such a large range of concentrations could only be covered
in the shortest 1.00 mm cuvette because in other cases, the limited transmission of THz
radiation precluded the registrations of the pulse waveforms with sufficient accuracy.
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Table 3. Concentrations and mass fractions of isopropanol in gasoline mixtures.
Isopropanol Concentration Isopropanol Mass
Cuvette Length prop (%wt.) Fraftiofl , ¢1 (ppm)

0.00 0
0.05 500
0.20 2000
0.50 5000
1.00 10,000
2.00 20,000

/=100 mm 5.00 50,000
6.25 62,500
12.5 125,000
25.00 250,000
50.00 500,000
75.00 750,000
0.00 0
0.05 500
0.20 2000
0.50 5000
1.00 10,000

/=200 mm 2.00 20,000
6.25 62,500
12.50 125,000
25.00 250,000
50.00 500,000
0.00 0
0.05 500
0.20 2000

1=5.00 mm ! 0.50 5000
1.00 10,000
2.00 20,000
5.00 50,000

! Data of the 1st series only.

The calculated theoretical dependence of Af on the mass fraction ¢; is shown in
Figure 9b. It corresponds to the relation predicted by Equation (11). It is, therefore, not
surprising that an overlap between the measured and theoretical data shown in Figure 9¢c
is reasonably good.

The solid lines on this and the preceding figure (Figure 9b) resemble ab initio calcula-
tions with average values of the refractive indices from Table 2. While the correspondence
seems better for / = 1.00 and 2.00 mm cuvettes, there seems to be a systematic difference
towards longer measured At (as compared to the calculations) for the I = 5.00 mm cuvette.
Since all of the points on this figure represent the time-corrected data, which to a large ex-
tent are free from the spectrometer pulse drift, we interpret this visible discrepancy in terms
of unequal optical path lengths and longer propagation times of the low-frequency spectral
components of THz pulse. As explained in Section 2.2.2, the Rayleigh lengths of the low-
frequency components of the pulse can be considerably shorter than the 5.00 mm optical
path of the cuvette, resulting in longer propagation distances and times of flight throughout
the cuvette as compared to para-axially propagating high-frequency components.

As mentioned above, for all cuvette lengths, the ab initio calculations used the same
average values of the refractive indices of isopropanol <n;5,> and gasoline <ng;s>. More
precisely, the same constant value of An difference, An = n;g, — Ngas, Was used according to
the functional dependence resulting from the mathematical form of Equation (11). Since
these average values do not necessarily represent an optimum, we have additionally fitted
the lines to the experimentally measured At and calculated the optimal An from the slopes
of the fits. The fitted functions are shown on the Figure 9c as dash-dotted lines and the
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fitted An determined in this way are: An = 0.0576 for [ = 1.00 mm, An = 0.0660 for [ =2 mm
and An = 0.1130 (1st run) and An =2 0.1452 (2nd run) for [ = 5.00 mm.
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Figure 9. The measured THz pulse delays in gasoline containing isopropanol as a function of
isopropanol concentration. (a) The results obtained with quartz cuvettes of lengths [ = 1.00, 2.00
and 5.00 mm; (b) theoretical delays calculated based on the Gladstone-Dale mixing rule given by
Equation (11); (c) comparison between the measurements and calculations: the solid lines are the
same as these of panel (b) and represent ab initio calculations, while the dash-dotted lines are the
results of the best numerical fit; (d) magnification of data from panel (c) in the concentration range
from 0 to 22,500 ppm.
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3.4. Limits of Detection of Water and Isopropanol Admixtures in Gasoline Solutions

The sensitivity of admixture detection was further enhanced when the quartz glass
cuvettes were replaced by the TPX cuvette offering the longest optical paths of I = 10.00 mm.
We have verified in a separate measurement that despite its thicker 5 mm walls, as compared
to the 1.25 mm walls of the quartz cuvettes (Section 2.1), the TPX cuvette was characterized
by a much lower transmission loss of ~1-5 dB over the whole pulse bandwidth. The
corresponding transmission loss of quartz cuvettes was ~14-45 dB. The 2f quasi-optical
beam delivery setup was chosen because, only in this case, the Rayleigh lengths of all
spectral components of the THz pulse could be sufficiently longer than the propagation
lengths in the cuvette. The new set of gasoline samples containing only small concentrations
of admixtures was prepared. The corresponding mass fractions of isopropanol and water
were 0-2000 ppm and 0-3000 ppm, respectively. The results obtained in this experimental
configuration are shown in Figure 10.

In agreement with previous observations, the measured pulse delays exhibited a
linear dependence on both isopropanol and water mass fractions, ¢;. This is confirmed by
numerical line fitting to the measured data points represented in Figure 10 by dash-dotted
lines. The main difference was the agreement with the model of the refractive index of
the mixture.
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Figure 10. The THz pulse delays measured as the function of admixture concentrations by their mass
fractions ¢ below 3000 ppm. (a) For isopropanol: ¢; = 0, 125, 250, 500, 1000, 2000 ppm; (b) for water
samples ¢1 = 0, 250, 500, 1000, 2000, 3000 ppm. The solid lines represent theoretical dependence
according to the Gladstone-Dale mixing rule given by Equation (11), and the dash-dotted lines
represent the numerical fits. Note a good agreement between the theory and measurements in the
case of isopropanol-gasoline admixtures and the discrepancy in the case of water-gasoline mixtures.

While a fairly good correspondence can be observed for isopropanol-gasoline samples,
for which the measured pulse delays points are situated along the continuous red line,
representing theoretical calculations, the agreement for water-containing samples cannot
be confirmed. All measured points lay below the theoretical line and have substantially
shorter TOFs than predicted by the calculations. Moreover, we have observed a reverse
trend of decreasing pulse delays with an increasing water mass fraction above the 3000 ppm
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mass fraction of water. All this suggests that a simple, quasi-binary mixture model of the
refractive index is not applicable in this case.

It is well known that water is not miscible with gasoline. These two fractions will tend
to separate depending on their relative concentrations in a mixture and environmental
conditions [4,40,41]. Water forms complexes with gasoline containing liquid phase water
and gasoline-water emulsions. Both fractions tend to separate, and the heavier water
fraction sediments at the bottom of the cuvette by the presence of pure gasoline. This
is why gasoline becomes a dominant fraction in the remaining volume of the liquid.
Eventually, this trend causes the THz pulse to reverse because the incident radiation
is exposed to a lower refractive index of gasoline. It is important to note that similar
conclusions were drawn for other petrochemicals like diesel or crude oils emulsions as
reported in [13,14,42-45].

The fact that for water-gasoline mixtures, the delays of the THz pulses cannot be
accurately predicted by ab initio calculations is of minor importance from the practical
point of view of water detection. The empirically measured linear relation between At
and ¢; can still be used, providing an initial calibration with gasoline samples containing
known concentrations of water is made before THz-TDS TOF measurements. We can,
therefore, make use of this linearity and define the limits of detection of isopropanol and
water admixtures in gasoline as the smallest measured mass fraction belonging to the linear
trend of the measured data points. Based on this definition and looking at the graphs from
Figure 10a,b, the detection limits of isopropanol and water were, respectively, 125 ppm and
250 ppm. This satisfactory result obtained in a liquid phase approaches the detection limits
of spectroscopic THz detection in a gas phase [46,47].

4. Conclusions

We have shown that a conceptually simple THz-TDS time-of-flight method relying
on a straightforward THz pulse delay measurement can be successfully used to detect
very small, on an order of parts-per-million of mass fraction, concentrations of water
(HO) or isopropanol (C3HgO) in quasi-binary gasoline solutions. The most important
prerequisite for such sensitive detection is the stable time performance of a spectrometer
and the femtosecond precision of the THz pulse time delay measurement.

The method is calibration-free, and ab initio calculations of the pulse delays resulting
from its interaction with gasoline mixtures were possible, provided that a satisfactory model
of the refractive index of a solution is known. We have found that this requirement is much
better fulfilled for isopropanol-gasoline mixtures than for water-gasoline mixtures and
attributed this fact to the good solubility of isopropanol in gasoline due to its alkyl group.

A modified model of the Gladstone-Dale mixing rule was used to represent the
refractive index of gasoline mixtures. According to this model, the linear relation between
the THz pulse propagation time and admixture mass fraction in a solution was found. This
linear relation was qualitatively confirmed in the measurements. However, the quantitative
agreement was found to be sufficiently satisfactory only in the case of isopropanol samples.

Based on the empirically measured linear relations between the pulse time of flight
through the mixture and the mass fraction of water or isopropanol, we have determined
the detection limits of these substances to be 250 ppm and 125 ppm, respectively. These
determined limits of sensitivity values are approaching those obtained with the use of
much more complicated and time-consuming spectroscopic methods (like spectroscopy of
the evaporated gasoline gas phase).

Therefore, our work clearly shows that the pulse time delay measurement by THz-TDS
is a sensitive and fast method of gasoline contamination detection and, as such, can be
easily integrated with industrial online real-time quality control applications.
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Appendix A

This appendix gives formal derivations of the formulas that were used in Section 2.2.2.
to estimate the Rayleigh lengths, Zg, of the THz beams delivered to the samples by means
of the 4f and 2f quasi-optical beam delivery setups.

In the Gaussian beam approximation, a beam waist, w, of a diverging one-dimensional
beam with the intensity profile described by the Gaussian function is given by the formula [48]:

w(z) = w1+ (ZZR>2 (A1)

The beam waist parameter describes the so-called Gaussian beam radius for which
the intensity of the beam decreased to 1/¢? of its axial or peak value. The origin of the
coordinate system related to Equation (Al), z = 0, is chosen at the point where the beam
waist parameter is the smallest, corresponding to wy. The distance z = Zg, which is
symmetrical on both positive and negative sides around z = 0, defines another important
parameter-the Rayleigh range, within which the beam waist does not increase above wyv/2.
The Zr parameter is also known as the Rayleigh length. It is related to the beam waist, wy,
and the wavelength of the radiation, A, by the following formula:

(A2)

Inside the Rayleigh range, the beam is considered to be approximately collimated,
and the propagating wave is approximated by the plane wave approximation. The half-
divergence angle of the beam outside the Rayleigh length, 0, is given by:

0= o (A3)

The above equation is valid for slowly diverging beams and uses the approximation
tan(0) =~ 6.

Far beyond the Rayleigh range, a divergent Gaussian beam appears to have its origin
atz = 0. It propagates in the form of a radial wave. Since its source can be approximated by
a point, the full divergence angle, 20, can also be calculated by means of the geometrical
optics as a diameter, d, illuminated on a mirror divided by the mirror’s focal length, f:

20 ~ (A4)

I
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Therefore, a beam waist of a divergent THz wave and its diameter on a surface of
a mirror shifted by a distance of the focal length from the THz emitter are related by
the formula:

2 f

wp(A) =~ - (A5)

A THz pulse emitted by a photoconductive antenna of a THz-TDS system is a su-

perposition of a wide range of wavelengths. According to Equation (A5), a diameter of

each of these wavelength components at the input of an off-axis collimating mirror in a 4f
quasi-optical system (Figure 1a) can be calculated as:

~ 4A f trans

4A) ~ 2Wirans T’ (46)
With fi4ns denoting the focal length of the mirror and 2wy, indicating the output
aperture of Tx-transmitter, which is typically approximated by a diameter of a Si lens
attached to the antenna to reduce the divergence of the beam. Note that the collimated THz
beam propagates in the form of concentric cylinders, with the longer wavelengths being
outside the shorter wavelengths. Such a beam is next focused by the second of the off-axis
mirrors, and the wavelength-dependent beam waist in the focal spot can be calculated

again by means of Equation (A5):

2\f
Wocus ()‘> ~ ﬂ{;cus :

(A7)

Here, f,cus corresponds to the focal length of the focusing mirror and wp,c,s corresponds
to the focused beam waist. By inserting Equation (A6) into Equation (A7), wgyes can be
expressed in terms of the transmitted beam waist as:

f
Wocus ~ ﬁwtmns- (A8)

A remarkable conclusion resulting from Equation (A8) is that despite substantially
different divergences of the emitted THz pulse spectral components, the beam waists at the
Fourier plane after focusing are the same. This distinctive attribute of a 4f optical setup
is not valid, e.g., for the 2f system. The wavelength-independent beam pattern is again
transformed to the wavelength-independent waist at the THz detector.

Given Equation (AS8), it is possible to find the formula describing the Rayleigh
lengths near the focus by substituting wy with wp,,s in Equation (A2) to finally obtain the
following equation:

T f focus 2
R~ X (ftmns wtmns) ‘ (A9)

The estimation of Rayleigh lengths for the 2f quasi-optical system (Figure 1b) can be
made in a similar way. From the Gaussian beam theory it is known that a radiation source
of a constant output aperture, 2w, situated at a focal plane in front of a focusing mirror
or lens of the focal length, fa,s, will form a wavelength-dependent profile of concentric
collimated beams after the mirror. Within this profile, long-wavelength components lay
concentrically outside the short-wavelength components. In this case, the wavelength-
dependent beam waists at the coupling mirror can be calculated by means of Equation (A1)
by putting wo = Wyrans and z = frrans.

The calculation of Zg, which is present in this equation, again requires that wy = Wrans.
Knowing the beam waists, the wavelength-dependent Rayleigh lengths can be calculated
according to Equation (A2). Note, however, that since the beam waists of the wavelength
components at the coupling mirror are unequal in this case, the beam pattern in the Fourier
plane consists of concentric circles with the radii of the longer wavelengths laying outside
the radii of the shorter wavelengths. This means that the samples must be homogeneous
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over large areas in order to be investigated with the 2f quasi-optical beam delivery sys-
tems. The estimations of Rayleigh lengths given in Section 2.2.2. were made using the
methodology described above.

It is important to understand that, contrary to optical measurements, the THz-TDS
measurements require careful designing of beam delivery setups and their parameters,
including all optical elements and cuvette lengths. The paraxial Gaussian beam approxima-
tion, which in a strict mathematical formulation requires that wy >> A, may not be fulfilled
due to the sub-millimeter and millimeter wavelength components of the pulse. Still, it is a
common practice to use Gaussian beam approximation in THz-TDS spectroscopy [49,50].

Appendix B

This appendix gives a formal derivation of Equation (11) from Section 2.4, which
relates the THz pulse delay in admixture gasoline solution with respect to the pulse delay
after propagation in pure gasoline based on the Gladstone-Dale mixing rule.

The equation describing the difference of THz pulse TOFs in isopropanol-gasoline solu-
tion and pure gasoline, At, the Gladstone-Dale mixing rule equation for the refractive index,
np, of the isopropanol gasoline solution, and the relationship between the mass fractions of
isopropanol, ¢1, and gasoline, ¢, are given, respectively, by Equations (A10)-(A12) [32,33]:

At =ty —tyy, = é(I’ZD — 1) — é(”DZ — 1) = é(l/lD — TlDQ), (A10)
np —1=¢i1(np1 —1) + ¢2(npr — 1), (A11)
P1+¢2 =1 (A12)

Here, | denotes the length of the cuvette, c denotes the speed of light in vacuum, np;
represents the refractive index of pure isopropanol, and np; indicates the refractive index
of pure gasoline. Equation (A11) can be rewritten in the form:

np —1 = ¢1npy + ¢anpy — (1 + ¢2), (A13)

which together with Equation (A12) yields:
np = g1np1 + Panpy. (A14)

The above equation was quoted in the main text as Equation (10). By inserting
Equation (A14) into Equation (A10), one obtains:

At = %(HD—nl)z) = é(gblnm —l—(Panz—nDz) = ... (A15)
= %(4’1”[}1 + oy — %ﬂm) = %(4’17’1D1 + 74’24}1—%@2)-
The fraction of the expression in the brackets can be expanded and, after the substitu-
tion of ¢, determined based on the Equation (A12), takes the form:

popr =1 _ A=) =1 _ ¢ =191 —¢1 _

# # M

such that finally Equation (A15) can be rewritten to obtain the final formula for At:

—1, (Al6)

l - I I
At = C<4>1nD1 + 4)24);)1%71132> = ~(¢1np1 = ¢1np2) = —(np1 —np2)dr. - (A17)
The difference of the THz pulse TOFs in gasoline with isopropanol and pure gasoline
is proportional to the difference of the refractive indices of the dissolved substance and
pure gasoline, the isopropanol concentration and the ratio of the cuvette length divided by
the speed of light. Equation (A17) has the same form as Equation (11) from the main text.
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