3rd National Congress on Physical Sciences, 29 Sep. - 2 Oct. 2016, Sofia
Section: Radiophysics, Electronics and Quantum Electronics

Continuous Laser Beam Based Optical Detection of
Ingredients in Highly Scattering Media

L. Gurdev, T. Dreischuh, O. Vankov, E. Toncheva,
L. Avramov, D. Stoyanov

Institute of Electronics, Bulgarian Academy of Sciences,
Sofia 1784, Bulgaria

Abstract. Some preliminary experiments have been performed concern-
ing the possibility of single-sided optical detection of characteristic in-
homogeneities (ingredients, e.g., ill places in tissues) hidden in highly-
scattering homogeneous host media (e.g., healthy tissues) irradiated by
a collimated cw laser beam. The detection is based on comparative anal-
ysis of the backscattered-light intensity distributions over the entrance
/exit plane of the medium obtained in the presence and absence of ingre-
dients. The obtained experimental results show that inhomogeneities
whose contrast exceeds the measurement signal-to-noise ratio can be
distinguished at depths of the order of several transport mean free paths
of the photon in the scattering medium. The transversal (with respect
to the sensing beam) distinguishability distance turns out to be of the
same order. The results of the work are physically viewable and inter-
pretable, but a more rigorous substantiation of them is desirable based
on appropriate theoretical models.

PACS codes: 42.62.Be, 87.50.W, 87.14.Cc, 87.64.Cc

1 Introduction

The optical-beam-assisted detection and characterization of backward
reflecting or scattering objects hidden in highly scattering media is a
task of primary importance in the investigations of various turbid me-
dia such as, e.g., clouds of space dust, low-visibility (hazy or cloudy) at-
mosphere, different kinds of tissues, etc. The single-sided (remote and
contactless) optical sensing and diagnostics of such media is in fact a
type of optical tomography that can be realized using, e.g., interferomet-
ric low-coherence light irradiation methods [1], time-to-range resolved
pulsed-irradiation methods [2], or stationary continuous-wave (cw) laser
beam irradiation methods [3]. The latter type of methods have under-
gone relatively weaker development so far, but they may have some ad-
vantages consisting in avoiding the necessity of using high-repetition-
rate short-pulse laser transmitters and fast signal-recording electronics
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or sophisticated delicately-adjustable interferometric instruments [1,2].
A common question of basic significance for all the (single-sided) opti-
cal tomography approaches concerns the maximum-achievable depth of
clear-cut imaging in the scattering medium. On the basis of different the-
oretical estimates and experimental investigations it is expected that the
limiting depth is of the order of several (say 4 — 6) transport mean free
paths of the photon in the medium [4, 5]. So, the main purpose of the
investigations performed in this work is to estimate experimentally the
possibilities of detecting and evaluating the disposition and size of con-
trasting ingredients in highly-scattering media (e.g., ill places in tissues)
by means of a scattering-widened cw laser beam, as well as to outline the
depth of distinct imaging.

2 Experimental Setup, Method and Materials

The experimental setup employed in this work is similar to that described
in Ref. [6]. It is represented schematically in Figure 1 and is intended
for measuring the intensity distribution, over a “frontal” (entrance/exit)
plane, of the backscattered light from a highly-scattering medium irradi-
ated by a stationary cw laser beam. The beam is incident normally to the
frontal plane, and the measurements are performed when the medium
(say healthy tissue) contains or not characteristic inhomogeneities (in-
clusions, ill places). The difference between the images (intensity distri-
butions) with and without inhomogeneities should provide an image of
the inhomogeneities themselves. The central unit of the setup is a plex-
iglass parallelepiped-form container of sizes 12 x 12 x 22 cm that is filled
with tissue - mimicking liquid turbid media (phantoms). A laser diode
is employed as a source of a nearly collimated cw optical beam of about
20 mW power, 1.5 mm radius and wavelength A = 847nm. The beam is
incident normally on a frontal wall of the container (Figure 1). The axis of
the beam inside the container coincides with axis 0z whose initial point
0{0,0,0} is lying on the internal frontal wall. Two more axes, 0z (hor-
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Figure 1: Experimental setup.
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izontal) and Oy (vertical), lying on the same wall, form along with 0z a
right coordinate system represented in Figure 1.

The liquid turbid media (phantoms) of interest in this work are dilutions
in distilled water of different concentrations of Intralipid 20% (Frese-
nius Kabi AB, Sweden). Intralipid is a fat emulsion, made up of soybean
oil, egg yolk phospholipids, glycerin, and water. These emulsions are
widely used in optical experiments to simulate the scattering properties
of biological tissues [7, 8]. The main reason for that is the low absorp-
tion coefficient at visible and near-infrared wavelengths and the possi-
bility to adjust the scattering coefficient by changing the concentration
of the solutions. The Intralipid concentration is considered as the vol-
ume fraction of soybean oil and egg lecithin forming the scattering sub-
micron capsules in the dilution [8]. This volume fraction is 22.74% in
stock Intralipid-20%.

The inhomogeities used in the experiments are made of the same ma-
terial as the basic host medium. Certainly, they have a different turbid-
ity, that is, a different concentration of scatterers. The inhomogeneity-
mimicking media are introduced into the host medium via test tubes of
glass of different diameters perpendicular to the plane {0zz}. The tubes
can be translated in depth and laterally, that is, parallelly to axes 0z
and Oz, respectively. The quantity measured in the experiments is the
backscattered light power distribution J(p) (o = {«,y}) over the exter-
nal frontal (entry/exit) wall z = 0 of the container (with and without in-
homogeneities) by using a scanning optical fiber of 0.1 mm core diameter
with an additional accessory to narrow the field of view. The half angle of
acceptance of the receiver in this case is estimated to be ~ 0.01rad. The
receiver aperture radius is about 0.45 mm. The fiber is oriented parallel
to the beam axis and is connected with an optical radiometer Rk-5100
(Laser Precision Corp., USA) in external locking regime, with a RqP-546
silicon probe, 14 bits analog-to-digital converter (ADC) and a computer
for appropriate data processing. The noise equivalent power (NEP) of
the radiometer is 2 x 10712 W. Its averaging (low-pass filtering) time
constant is chosen to be 1 s. The transversal distribution of the detected
power J(p) is measured in fact by scanning the fiber along a horizontal
line parallel to axis 0z and at some distance (y = y. = const) from it. The
fiber scanning is implemented by using a linear translation stage with an
integrated stepper motor and controller LTS 300/M (Thorlabs, Inc., USA)
ensuring a minimum sampling step of 4 um.

The distribution J(p) represents in fact the intensity distribution of the
backscattered light because the receiver aperture radius £ and angle
of acceptance ~ are much smaller respectively than the transversal and
angular variation scales of the backscattered light radiance over plane
z = 0. At known distributions J(z,y.) = Ji(z, y.) of the medium with in-
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homogeneities, and J(z,y.) = Ja2(z, y.) of the host medium alone, their
difference Jy(z,y.) = Ji(z,y.) — J2(x,y.) should provide an image of
the inhomogeneities of interest. Thus, the final quantity to be deter-
mined and physically analized is the ingredient (inhomogeneity) signal
Ja(z,yc). The measurement errors of J; 2(z,y.) may be conditioned by
different factors. The experiments are conducted in a dark laboratory at
practically entirely removed influence of stray light. NEP of the radiome-
ter is negligible as compared to the least measured power values of inter-
est. Then, the signal fluctuations should mainly be a consequence of the
signal-conditioned shot noise [9], the digitizing noise, the laser power
fluctuations, and the scintillations due to the random walk of the par-
ticles within the scattering volume. In the experiments, a low-pass fil-
tering with 1 s time constant is conducted along with 400 measurements
per point. In this way, the relative root-mean-square (rms) signal fluctu-
ations are reduced to levels of about 1%.

Since J; is the difference between J; and .Js, the error in its determi-
nation is, e.g., twice larger than the error in the determination of .J; or
Jo. So, an inhomogeneity would be recognizable in general, if J; exceeds
essentially the summary level of fluctuations of J; and J,. Besides, the
inhomogeneity should be disposed at a depth and lateral distance (from
the beam axis) not exceeding several transport mean free paths of the
photon in the scattering medium in order to avoid an image degradation
due to multiple scattering [4, 5, 10].

3 Experimental Results and Discussion

The Intalipid concentrations C), of the host media employed in the ex-
periments are 0.2%, 0.4% or 0.6%. The corresponding values of the
reduced-scattering coefficients p,s of these media at A = 847nm are
about 0.23mm ™1, 0.46 mm~!, and 0.84 mm~" [10]. The related values of
the transport mean free paths of the photon MFP;, = u..! are respec-
tively about 4.4 mm, 2.2mm and 1.2 mm. Note for comparison that the
mean value of p., of tissues at wavelengths of the same order is accepted
to be ~ 1mm™1! [11,12]. According to some estimates obtained in [10],
at longer sensing wavelengths within the near-infrared (NIR) spectral
range, MFP;, is longer, the detected backscattered light power is higher,
and the multiple scattering influence is weaker. This means that a deeper
clear-cut imaging is achievable in this case, at a lower level of the noise
and the multiple scattering background.

Two test tubes are used in the experiments, one of 10 mm diameter, and
another, of 3 mm diameter. The Intralipid concentrations C; of the con-
trasting dilution in the test tubes are chosen so that to obtain inhomo-
geneity contrast from 20% to 200% at different host-media turbidities.
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Clear-cut images of such inhomogeneities are obtainable from depths of
the order of several MFP;, at a relatively low noise level. So one may
achieve a clear observation of the image peculiarities. As mentioned
above, lower contrast inhomogeneities would be detectable when us-
ing longer-wavelength sensing radiation. Increasing the sensing beam
power would also increase the measurement signal-to-noise ratio (SNR)
and the image detectability and contrast.

The measurements of the backscattered-light intensity distribution are
performed with only one or two test tubes disposed in the container with
the host medium. In the case of a single tube, it is disposed during the
measurements at different depths, and at different lateral positions at a
given depth. The intensity distributions are measured first with empty
tubes and then with the same tubes filled with the contrasting dilution.
The inhomogeneity image is obtained by subtracting the former distri-
bution from the latter one (see also the preceding Section 2).

Below in this Section, we shall consider and discuss various images ob-
tained under different experimental conditions. A set of such images ob-
tained at Cj, = 0.2% with the wider tube filled with C, = 0.6% dilution
is represented in Figure 2. The inhomogeneity contrast in this case is
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Figure 2: Images of the wider inhomogeneity for different dispositions
in the host medium.



L. Gurdev, T. Dreischuh, O. Vankov, E. Toncheva, L. Avramov, D. Stoyanov

(Cr, — Cy)/Ch = 200%. The images have been obtained by disposing the
tube at depths zy of 10mm and 15 mm with respect to the frontal wall of
the container. At such depths, the tube is placed first in front of the laser
beam and then shifted right successively with a step of 5 mm. The optical
receiver is oriented parallel to the laser beam axis (normally to the tube),
and is scanned parallelly to axis Oz, at a distance of 8 mm from it. It is
seen in Figure 2 that the most bright are the images when the tube is set
in front of the laser beam. Besides, they are on the average symmetric
with respect to the line 0z, and their half-maximum width is compara-
ble with the width of the inhomogeneity. With increasing the depth the
peaks of the images decrease, and they are informative up to a depth of
around 20 — 25 mm. At larger depths the image is absorbed by noise. The
shift of the tube right from the beam axis leads to an increasing distor-
tion of the images due to their asymmetric disposition with respect to the
laser beam. In this case, the left wing of the image is raised up because
of a raised detection of multiple-scattered photons in the presence of
the inhomogeneity. On the contrary, the reduced number of (scattered)
photons right from the inhomogeneity leads to a fall off of the right wing
even below zero. Also, the peak of the image is shifted left from the lat-
eral position x of the inhomogeneity because of the stronger scattering
from the left side of it. Note that the measurements performed show as
well that when an inhomogeneity is positioned left from the laser beam,
the distortion of its image is on the average mirror - symmetrical to that
of the corresponding right position of it. Also, the images of inhomo-
geneities disposed at distances xy of 5 mm and 10 mm from the laser beam
are informative to depths zp of 15 — 20 mm. At lateral distances of 15 mm
and 20 mm, the images are informative at maximum depths of immersion
about 10 — 15 mm.

In Figure 3 we have represented some images of the wider inhomogene-
ity disposed at a depth of 10 mm in front of the laser beam. The values
of C}, and C,; are respectively 0.2% and 0.3% (50% contrast, Figure 3a),
and 0.6%, and 0.82% (37% contrast, Figure 3b). It is seen in the Figure
that these relatively low-contrast inhomogeneities (one of them in a host
medium with tissue-like turbidity) are clearly detectable at depths of at
least 10 — 15 mm.

The experiments with the narrower test tube lead in general to analogous
results to those obtained with the wider tube (Figure 4). Some differ-
ences consist in that, first, the signal is weaker and the noise is relativery
stronger. Second, the shot noise and multiple-scattered photons pene-
trating the receiver disguise the true size of an inhomogeneity when dis-
posed deeper. Third, the peaks of the images are still sharper than those
in the preceding case. As mentioned above, the use of more intensive,
longer-wavelength sensing radiation is expected to reduce the effect of
the noise and the multiple scattering.
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Figure 3: Images of the wider inhomogeneity disposed in front of the

laser beam at a depth of 10 mm, in host media of 0.2% (a) and 0.6% (b)

Intralipid concentration corresponding to contrast of 50% and 37%.
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Figure 4: Images of the thinner inhomogeneity of concentration C; =
0.6% for different dispositions in a host medium witn C}, = 0.2%.

Experiments have been performed as well with both the tubes placed
in the container, both right or left from the laser beam or one of them
left and the another right from the laser beam. In the former case (Fig-
ures 5a), the images of both the inhomogeneities are more distinguish-
able when the thinner tube is nearer the laser beam because of a weaker



L. Gurdev, T. Dreischuh, O. Vankov, E. Toncheva, L. Avramov, D. Stoyanov

253(a) . 303(b)

5 201 /\ 325 ¢ o

< . o e , oo

= e =501 / Ay,

g 159 o i = n s

& N 5 157 1 .

% 107 LASR! G : ~\

i N i . =10 ;s k

2 54 2y : s 2 o B!

5 LS X 2t ¥ S ] :

ALY 54 $ .

50 sl N eV \

ST BT
20 0 0 10 20 20 10 0 10 20

X coordinate [mm] X coordinate [mm]

Figure 5: Images of pairs of inhomogeneities of C; = 0.8% in a host
medium of C;, = 0.2%. (a) The thinner tube is disposed at a depth of
8 mm and a lateral distance of 4 mm while the wider one is disposed at
a depth of 11 mm and a lateral distance of 21.7 mm, both right from the
laser beam. (b) The thinner tube is disposed left from the laser beam
at a depth of 8 mm and a lateral distance of 7 mm while the wider one

is disposed rigth from the laser beam at a depth of 11 mm and a lateral
distance of 10.7 mm.

influence of the multiple-scattered photons. In the latter case (Fig-
ures 5b), the disguising effect of the noise and backscattered photons
is stronger, but the images are still distinguishable. As a whole, at equal
depths and lateral distances, the peaks of the images of the wider inho-
mogeneity are higher than those of the thinner one because of stronger
backscattered signal. Also, because of stronger attenuation of the light
fluxes the peak heights decrease with the increase of the depth and lat-
eral distance of the detected inhomogeneities.

The above-discussed behaviour of the detected images can be roughly
described in general by some approximate theory like that employed in
Ref. [6]. A more detailed description of some additional peculiarities of
this behaviour, such as the image distortions, is possible on the basis of a
more rigorous and complicated theoretical apporoach. In experimental

plan, the images could be improved by using more intensive and longer-
wavelength NIR sensing radiation.

4 Conclusions

The experimental results obtained in the work show that inhomo-
geneities whose contrast exceeds the measurement signal-to-noise ra-
tio can indeed be distinguished at depths of the order of several (4-6)
transport mean free paths of the photon in the scattering medium. The
transversal (with respect to the sensing laser beam axis) distinguishabil-
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ity distance turns out to be of the same order. In this case, one may esti-
mate the inhomogeneity positions and sizes, but some distortions of the
images take plase due to different factors. One of them is certainly the
measurement shot noise. Besides, the images of the inclusions disposed
aside from the beam axis become asymmetric due probably to asymmet-
ric single and multiple scattering from (through) them with respect to
the receiver. The multiple scattering should also be the reason of widen-
ing the images that is especially noticeable in the cases of using narrow
test tubes. The relative effect of the shot noise can be lowered by in-
creasing the sensing beam power. This in turn would increase the ability
of detecting lower-contrast inhomogeneities of interest for the biomed-
ical practice. The multiple scattering influence can be damped for in-
stance by using polarization-sensitive detection of the optical signals.
At last, the transport mean free path of the photon in a highly scatter-
ing medium can be enlarged by using longer-wavelength sensing radi-
ation. This would allow one to lower the multiple scattering and noise
influence and to achieve a deeper clear-cut sensing in media of higher
turbidity near that of tissues. An idealized approximate theoretical de-
scription of the experiments conducted here and the corresponding ex-
pected results provide of course an idealized picture. A more adequate (if
achievable) but too complicated theory would be perhaps impracticable.
In any case, the results obtained in the work are physically viewable and
interpretable, and further thorough experiments and theoretical efforts
should make more precise the conclusions deduced here.
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