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Abstract. Some aspects of stand-off detection of alcohol in simulated car cabins are described.
The proposed method is the well-known “difference absorption” method applied to the differ-
ential absorption lidar system, modified by taking advantage of a third laser beam. The modi-
fication was motivated by the familiar physical phenomena such as dispersion and different
absorption coefficients in window panes for applied laser wavelengths. The mathematical
expressions for the method were derived and confirmed by experiments. The presented inves-
tigations indicate that the method can be successfully applied to stand-off detection of ethyl
alcohol in moving cars. © The Authors. Published by SPIE under a Creative Commons Attribution
3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution
of the original publication, including its DOI. [DOI: 10.1117/1.JRS.7.073529]
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1 Introduction

There are many papers dealing with stand-off detection of different chemical and biological
compounds with the use of a monochromatic laser beam at a wavelength fitting into the absorp-
tion spectra of these materials.'"® At the same time, many new developments in lasers that can be
used in this application have been achieved in recent years.””'> Thus many devices based on this
technology were presented in laboratories as well as applied to civil industry, environmental
protection, and military. The differential absorption lidars (DIAL) are the most often used sys-
tems to monitor the atmosphere and detect contaminants in the form of gas, aerosol, fume, or
dust. They make use of the well-known physical phenomenon of “difference absorption” using
two laser beams at different wavelengths. Among many advantages of these systems are the
ability to analyze the sample without the necessity to collect it, real-time investigation as well
as integration of electro-optical systems and full automation of the measurement. Moreover the
time needed to take measurements is equivalent to the speed of light; thus such lidars can be
successfully used to face alcohol abuse among drivers.

Ethyl alcohol is a chemical compound that is characterized by high volatility, reflection of
which is its high concentration on exhalation of people who have consumed it. Thus the car cabin
where the drunken people are located is expected to be filled with air having some concentration
of alcohol. In such situations, the simple DIAL system seems to work properly enough to detect
the concentration of alcohol in the cabin, but it is not so. In order to assure the reliable results of
measurements, the physical phenomena appearing in the side window panes of the car have to be
taken into account. In this connection, a new method of detection was proposed and described in
this article as well as in three patents and a study.'*"

2 Spectral Issues

To effectively detect chemicals in cars using the difference absorption method, it is essential to
know not only its transmission spectra but also the transmission spectra of accompanying
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substances as well as transmission spectra of the side window panes of cars. In this case the
accompanying substances that have to be taken into consideration are carbon dioxide (CO,)
and water vapor (H,O). In Fig. 1, the measured transmission spectra of vapor of ethanol (rectified
spirit), CO,, vapor of H,O, and window pane are presented. To measure the spectra, the first
three chemical compounds were placed inside a 12-cm-long glass pipe terminated by quartz
windows. The windowpane used for experiments was made of flot glass by Pilkington company
and is the most often used window pane in cars.

Ethyl alcohol is characterized by a quite wide absorption band around the 3.39 ym wave-
length, which is mainly caused by stretching vibrations of OH, CH, and CO bonds being
included in C,HsOH molecule.'® This situation is very useful for the choice of the wavelength
absorbed by the alcohol, but at the same time it implies the necessity of choosing the reference
wavelength, which lies relatively far from the previous one. The absorption band around 3 ym
wavelength is caused by water that occurs in rectified spirit.

Keeping in mind the measured transmission spectra and availability of lasers, it seems that
the He—Ne laser generating at 3.39 ym wavelength, strongly absorbed by the alcohol, is the best
option. For reference beam, a laser diode generation at 1.5 ym wavelength was chosen. Using
only two wavelengths is not enough to detect alcohol because of the window pane, which has
different transmission for these wavelengths as well as different thicknesses in different cars. If
the thickness was the same for all cars or the transmission was the same for both wavelengths,
there would not be any problem with the detection. However, the differences are quite big and
using the third wavelength, which will enable measurement of the thickness of the windowpane,
becomes necessary. The third wavelength should have a transmission different from that of
1.5 um wavelength and lie outside the absorption bands of alcohol, CO,, and H,O. Laser
diode generation at 1.3 ym wavelength seems to be a reasonable solution. The chosen wave-
lengths are indicated in Fig. 1 by straight vertical lines.

Very important phenomena that should be taken into account are dusting and misting over
window panes. To face these problems, transmission spectra of clean window panes and those
covered with water vapor, road dust, and graphite dust were measured and presented in Fig. 2.

To calculate the transmission of the layers of dust and water vapor, the transmissions of the
covered window panes were divided by the transmission of the clean window pane at selected
wavelengths. The results of the calculations are presented in Table 1, where T'; is the transmis-
sion of the clean window pane, T, is the transmission of the window pane covered with water
vapor, T3 is the transmission of the window pane covered with road dust, T, is the transmission
of the window pane covered with graphite dust, T, is the transmission of water vapor, T4 is the
transmission of road dust, T4 is the transmission of graphite dust, and 4 is the wavelength.

Looking at the results of calculations it seems that the appearance of dust does not have any
influence on the results of measurement of the concentration of alcohol, because its transmission
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Fig. 1 Transmission spectra of chemicals that can appear on the way of the laser beams.
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Fig. 2 Transmission spectra of clean windowpane (1), windowpane covered with water vapor (2),
windowpane covered with road dust (3), windowpane covered with graphite dust (4).

Table 1 Transmissions of the layers of dust and water vapor.

A () Ty (%) T2 (%) Tw T3 (%) Tr T4 (%) Tga

1.3 81.3178 77.3306 0.951 43.99877 0.541 59.22023 0.728
15 84.01771 79.41549 0.945 45.46778 0.541 60.62766 0.722
3.39 26.97764 19.15639 0.710 14.44367 0.535 18.40899 0.682

at the investigated wavelengths is almost the same. Water vapor has lower transmission at
3.39 ym and then at 1.3 and 1.5 ym wavelengths, which is not desired; however, the difference
is so small that it should not interfere with the detection of alcohol.

3 Optical Parameters of Windowpane

The window pane used for the experiments was the same as in the previous investigations. The
transmission spectra of the window pane before and after thermal processing (tempering and
bending) with thickness of 3.15 mm were measured and are presented in Fig. 3.

In Table 2 the transmissions T(4) of the window panes at the investigated wavelengths A are
presented. As can be seen from the table, the tempering does not significantly change the trans-
mission of the window pane at any of the investigated wavelengths. Thus for the next experi-
ments, a window pane that was not tempered was used since it is easier to machine (cutting,
grinding, polishing).

Because the optical parameters of the flot glass used for the production of the window panes
are not available from the producer in the investigated spectral range, they had to be measured.
The parameters that are indispensable for accurate detection of alcohol are absorption coefficient
and refractive index.

In order to calculate the absorption coefficient of the window pane, the transmission spectra
of two samples of flot glass with thickness of d; = 1.5 mm and d, = 3 mm were measured. The
transmission spectra are presented in Fig. 4, while in Table 3 the transmissions T(4) at the inves-
tigated wavelengths A are shown.

Assuming that there is no scattering on the surface of the sample and inside it, the intensity of
the radiation going through it can be written as
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Fig. 3 Transmission spectra of windowpane before and after thermal processing.

Table 2 Transmissions of windowpanes at the investigated wavelengths.

Type of windowpane T (1.3 um) T (1.5 um) T (3.39 um)
Tempered 0.8092 0.8391 0.2229
Not tempered 0.8136 0.8407 0.2138
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Fig. 4 Transmission spectra of two samples of flot glass with thickness of 3 and 1.5 mm.
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Table 3 Transmissions T(1) at the investigated wavelengths 1.

Thickness of the sample T (1.3 um) T (1.5 um) T (3.39 um)

1.50 0.87514 0.88497 0.46484

3.00 0.82892 0.85193 0.22747
I=1,(1=r)e ™1 —r)+ Lre ™ re™ (1 —r)+..., (1)

where [ is the intensity of the incident radiation,
I = Iy(1 = r)e™d, 2)

r is the reflection coefficient, « is the absorption coefficient, and d is the thickness of the sample.
In the investigated situation,

e & r, 3)
and the transmission of the sample can be described as
1

T=—=(1-r)e"d )
Iy

Introducing the following notation for radiation at a specified wavelength 4,

F(A)=F,,
Eq. (4) can be written as
T(d,2) = Toe™4, )
where
To=[1-r(A)P (6)

For the samples with thickness of d; = 1.5 mm and d, = 3 mm,

Ty = Tose™, @)

Tz = Tose™". (®)
After dividing Eq. (7) by Eq. (8),

T
B _ il
Ty,

Thus
1 T,
— L In(242), 9
=i n(72) 2

Taking into account the transmissions from Table 3, the absorption coefficients for the inves-
tigated wavelengths are

Ki3 = 0.0384 mm_l, K15 = 0.0266 mm_l, K339 = 0.479 mm_l. (10)
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Squaring both sides of Eq. (8),

(Ta12)* = (Toy)*e™>. (11)
Dividing Eq. (11) by Eq. (7),
2
M =Ty, (12)
Tp,

Thus for three investigated wavelengths,

Tors = 0.92394, T 5 =0.91929, Tys30 = 0.94991. (13)

The refractive index of the window pane was determined by the use of the experimental setup
shown in Fig. 5. During the experiment the laser beams were passing through the wedge made of
flot glass with the vertex angle of ® = 9°40’ and the angular deviation § was measured by a
detector. The experiment was repeated for three investigated wavelengths.

The measured angular deviations were equal to

51‘3 == 502/, 6].5 = 4058/, 63.39 == 4037,.

Using the expression

i )
n, = w (14)
sin @
the refractive indexes can be calculated to be equal to
ny3 = 151, nys = 150, n339 = 1.47. (15)

The calculated absorption coefficients, refractive indexes, and transmissions T(4) are pre-
sented in Table 4.

< 1 >
Laser 0
1 s :
= ‘ o
Wedge Detector
Chopper ,

Oscilloscope

Fig. 5 Experimental setup for determining the refractive index of the windowpane.

Table 4 Calculated absorption coefficients, refractive indexes, and transmissions Tg(4).

A (um) 13 15 3.39
x;, (mm) 0.0384 0.0266 0.4785
n, 1.51 1.50 1.47
To: 0.9239 0.9193 0.9499
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4 Derivation of the Modified Difference Absorption Method

The commercially available lasers are characterized by relatively high power instability.
Moreover, the strong absorption of the 3.39 um wavelength by a window pane implies the neces-
sity to use detectors with very high sensitivity, which, in the case of lack of window pane, causes
saturation of the detectors. These obstacles can be solved by the application of comparative
method using two detectors for measuring the optical power before and behind the glass
pipe simulating a car and additionally using the reference glass pipe with known optical param-
eters. The method is schematically presented in Fig. 6.

In the absence of any glass pipe, the laser beam is divided by the beam splitter into beam 7
incident on detector 1 and beam /), incident on detector 2. Because of the instability of the laser,
its power can change in time by the index k. Thus, after inserting the investigated glass pipe in
the laser beam, the intensity can be described as

I — Ik.

As a result of this, the transmission of the glass pipe can be expressed as

I,

= . 1
k102 ( 6)

Ty

Assuming that there is no change of polarization and power distribution in the laser beam, the
k index can be described as

I
k=-1.
Iy
Inserting this expression into Eq. (16),

Lly Iyl
Ty=20="22 (17)
10211 10211

Introducing notations

1 1,
Loy ooy (18)
I o
Eq. (17) can be written as
i
Ty =—. (19)
lo

Inserting the reference glass pipe with known transmission 7', in the laser beam and meas-
uring the intensities /,,, and /;,, and at the same time introducing the expression i,, = I,,,/1,,,
the equation for the transmission 7', can be written as

Reference glass pipe

Investigated glass pipe

S V| R -

Detector 2

Fig. 6 Diagram of comparative method.
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Thus,

F———
ka

After inserting this into Eq. (19), the transmission of the investigated glass pipe is

Ty =T (20)

w

Assuming that the reference glass pipe is terminated by glass windows with thickness of d
and is empty, its transmission can be described as

T = (Tp)*e™. 2D

On the other hand, the transmission of the investigated glass pipe filled with alcohol vapor
with transmission of T, terminated by the same windows as in the case of the reference glass
pipe, covered with some material with transmission of 7', can be expressed as

Ty = (To)*T,Tpe™, (22)
where [ is the distance inside the window that the laser beam has to pass through.
After inserting Egs. (21) and (22) into Eq. (20),

T,T, = iieZKU—d). (23)

For a wavelength 4, Eq. (23) can be written as

T,A)T, = i e2all(d)=d], (24)

Ly

If the normal to the window pane with thickness of d is not parallel to the laser beam, the
distance that the laser light has to pass through inside the window can be described as

0) = ——% (25)

where a is the angle of incidence of the laser beam onto the window pane.
Taking into account the calculated refractive indexes from Table 4, the relative difference of /
for extreme wavelengths (1.3 and 3.39 ym) at @ = 20 deg can be expressed as

d _ _ d

sin2 0° sin2 20°

1(13) - 1(339) \/1_1.512 \/1_ 1472
5= = 0.0015. 26
13 d (26)

| —sin®20°
1512

In this case, it can be assumed that for a < 20 deg

1(1.3) = I(1.5) ~ 1(3.39) = L. (27)
Thus Eq. (24) can take the form of
T (4).T, = 2 e, (28)
where A =1 —d.
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Assuming that the difference between [/ and d is very small (at @ = 20 deg, 2x339A = 0.08),

it can be written that
A 1 4 2K, A.

In this case, Eq. (28) for the investigated wavelengths takes the form of

i
T, Ty =2 (14 2k3304),
1y3.39

i
T, =2 (1+ 2K 5A),

lyls

i
Tp = L3 (1 +2K1'3A).

Ly1.3

After solving the above equations,

1 1— w13 iLs

A= twis 113
Kis bw13iis

2K].3 - 2 —
K13 w1503

is
(K1.5 - Kl.3) iwis
T,= Xis Iyl J
K13 Kis bwialis _

K13 w1503

7 — X157 K339 1339 w13 K13 7 K339 1339 Iwls
Kis =Ki3 Iy330 113 Kis —K13 Iw33o i15

Inserting the notation

Egs (33), (34), and (35) can be expressed as

A — 1 ayz —dads
=—— " 7
2Kk15a15 —K13013

T — K15 — K13
p—a13y s ——— >
Kis5d1s5 —Ki13a13

K15 —K339 4339 K13 — K339 d339
Kis —Ki3 d13  Kis —Ki3 dis

T, =

Inserting the calculated absorption coefficients into the above equations,

1 a3 —as

A=
20.02664a, 5 — 0.0384a, 5

0.0118
0.0384(11'3 - 0.0266(11.5 ’

T,=azas

T, = 38297 3% _ 3729783
a3 ars

(29)

(30)

(€29

(32)

(33)

(34)

(35)

(36)

(37)

(38)

39)

(40)

(41)

(42)

Journal of Applied Remote Sensing 073529-9 Vol. 7, 2013



Kubicki, Mtyhczak, and Kopczynhski: Application of modified difference absorption method. . .

5 Experiment

The investigations of the detection of alcohol in the glass pipe simulating a car cabin were carried
out in the setup presented in Fig. 7. Four lasers generating at 3.39, 1.5, 1.3, and 0.6 ym wave-
lengths were used. Their beams were combined into one single beam by glass plates with appro-
priate thin-layer coatings. The laser generating wavelength at 0.6 ym was used as a pointer to
make the adjustment of the system easier. All lasers worked in continuous regime, so the chopper
for modulation was used. Small displacement of different laser beams at the surface of the chop-
per enabled separation of the beams in time domain so as to have been detectable by only two
detectors. Two glass pipes with lengths of 140 cm and diameter of 5 cm terminated by the flot
glass with thickness of 3.15 mm were used. One of them was the reference glass pipe with clean
windows that were perpendicular to the laser beam. The second one was the investigated glass
pipe filled with different concentrations of alcohol vapor with windows at angles of 15 deg to the
laser beam, covered with graphite dust.

Two PbSe detectors were used and the signals were registered by an oscilloscope. In Fig. 8
the picture of the screen of the oscilloscope is presented. The experimental results and calcu-
lations are shown in Table 5.

Inserting the calculated a; in Eq. (42), the transmission of the alcohol can be expressed as

Tu = 1.4784(13_39. (4’3)

To prepare the required concentration of the alcohol vapor inside the investigated glass pipe,
the appropriate volume of saturated vapor of alcohol was injected into it with the use of a syringe.
On the basis of physical tables, the pressure of saturated alcohol vapor was assumed to be 60 hPa
at the temperature of 20°C. Thus the concentration of the alcohol vapor in mole fraction can be
described as

60 hPa

~T032npa 20 e

Changing the units into particle per million (ppm), the concentration can be expressed as

C = 0.059 X 105 = 59,000 ppm

Laser diode

1.5um
He-Ne laser Chopper
3.39um o
| 0 ~ ~ \ N
Beam of
diode laser 0.6um Detector 1 |
Laser diode
1.3um
Oscilloscope )
Glass pipe
|
Detector 2

Fig. 7 Experimental setup for detection of alcohol in glass pipe.
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Fig. 8 Picture of the screen of the oscilloscope.
Table 5 Experimental results and calculations.
Awm) T (2) (V) Dy (2) (V) iwa L@ mV)  Ip(4) (mV) i a
1.3 1.3926 4.6149 3.3139 1.4134 3.3181 2.3476 0.7084
1.5 1.3451 4.8012 3.5694 1.3637 3.4526 2.5318 0.7093
3.39 1.4948 3.2763 2.1918 1.4536 2.1549 1.4825 0.6764

Multiplying C by the ratio of the volume of the injected alcohol vapor and the volume of the
glass pipe (2749 cm?), the concentration of the alcohol vapor in the investigated glass pipe was
determined. The results of the investigations for different concentrations of alcohol vapor are
shown in Table 6. In Fig. 9 the transmission of alcohol vapor as a function of concentration is

presented.

In the presented experiment the accuracy of measurement of the signals from the detectors
appears to be very crucial in order to assure reliable results. Applying the uncertainty theory and

Table 6 Results of investigations of detection of alcohol vapor at different concentrations.

V, (cm?) C (ppm) Iy 339 (MV) 72,3.39 (mV) i3.39 a3 39 Ta
0 0 1.4536 2.1549 1.4825 0.6764 1

10 211 1.4231 1.8778 1.3195 0.6020 0.89
20 422 1.4028 1.6431 1.1713 0.5344 0.79
30 633 1.4357 1.5111 1.0525 0.4802 0.71
40 844 1.4412 1.4101 0.9784 0.4464 0.66
50 1055 1.4508 1.2474 0.8598 0.3923 0.58
60 1266 1.4621 0.9970 0.6819 0.3111 0.46
70 1477 1.4413 0.8548 0.5931 0.2706 0.40
80 1688 1.4217 0.7799 0.5486 0.2503 0.37
90 1899 1.4315 0.7217 0.5041 0.2300 0.34
100 2110 1.4371 0.6819 0.4745 0.2165 0.32
Journal of Applied Remote Sensing 073529-11 Vol. 7, 2013
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Fig. 9 Transmission of alcohol vapor as a function of concentration.

assuming that a man having a concentration of alcohol of 0.2%¢ in his blood breathes out
0.1 mg/decm? of it, which corresponds with the alcohol concentration of 50 ppm,'”"'® the accu-
racy of the detection of relative value of the laser radiation should be at least Ai <3 x 1074,

6 Conclusion

The results of the experiments prove that the proposed modified difference absorption method of
detection of alcohol is reliable. Even if there is an angular tilting of the car windows with respect
to the laser beam and car windows are dirty, the proposed solution can work properly. Thus the
development of a trustworthy device seems to be feasible.
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