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Abstract

We address the topic of selectively probing tumiedia, equivalent to biological tissue, with
ballistic photons. The samples considered exhilgiblly forward-directed scattering (anisotropy
factorg > 0.9). We propose the utilization of a non-lingaaiting-based angular filter to separate
the faint ballistic signal from optical noise. Thikéer is conformed of a monochromatic source in-
cident on a ruled grating, positioned at grazirifrattion, followed by a narrow slit. Minute de-
viations in propagation angle of scattered radmmtice amplified non-linearly. A rotation scheme
with 1 arc min resolution may provide angular arfiqations in the range of 15X-60X. In addi-
tion, similar values of transversal beam size rédaucenable efficient ~100X-1000X filtering of
optical noise. We utilize random walk Monte Carkdcalations to emulate the interactions be-
tween radiation and turbid media. The influencéheffilter is considered by employing ray trace
analysis and conical diffraction theory of ruleétgngs. For samples withh < 0.99, we demon-
strate that the filter enables isolation of baltigthotons. For very marked forward-scattergng
0.995, the configuration permits a significant 2i€duction of optical noise.

Key words: Angular filter, grazing diffraction, ruled gratiegconical diffraction, Monte Carlo
computations, ballistic transillumination, tissueaging, tissue characterization.

Introduction

During the last decades, a growing interest in the
application of novel optical techniques to solve-bi
medical problems has ensued. Currently, a paradigm
shift is taking place in the management of derdaies.
The tendency is to enhance the diagnosis of eanty n
cavitated lesions. The expected outcome of thigaini
tive is the proposal of innovative strategies foeven-
tion and arrest of dental decay [1].

Early dental lesions manifest as a demineralization
enamel tissue. In addition, sound enamel is rathespar-
ent to infrared radiation. In contrast, enamel \ghly le-
sions may attenuate radiation markedly [2]. Thaospur
group, we have proposed to use the decrease istiball
transmission for characterization and imaging ainegl-
like samples. In the technique, we employ an ieterhet-
ric setup in cross-correlation modality [3,4].

Recently, we have developed an auto-correlation in-
terferometer for studying biological samples inlgef
tion geometry [5,6]. Furthermore, we are interested
proposing a transmission, or transilluminationeifer-
ometric setup in auto-correlation modality. In Figwe
depict a schematic of such technique.

In our proposal, we are mainly interested in Hatlis
light. Quantitative and qualitative information &by in-
stance, dental decay may ensue from variationaliistic
transmittance. However, the intricate behaviorigtfitl in
turbid media, such as enamel, complicates consigeiae
use of ballistic photons. The latter are alway®agunied
and obscured by forward-scattered contributions.

In fact, transmission of light in a turbid medium i
governed by the radiative transport equation [7.-EQ}-
thermore, the attenuation characteristics of theliae
are required to describe the propagation of ramtiati
More specifically, the necessary parameters arebhe
sorption coefficienft, [mm'Y], the scattering coefficient
Hs [mm?], and the anisotropy factag. The first two
values describe the probability of absorption acat-s
tering per unit length. The third parameter detessi
the average direction of propagation after intéoact

Mathematically, g = J'_lls(e)cosed (co®). The phase

function §(B) accounts for the angular pattern of scatter-
ing in the medium, anf is the angle between incident
and scattered directions. Biological tissues comynon
exhibit phase functions with marked forward-directe
patterns [11,12].
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Collimation Opiic.S‘—r Sample

Fig. 1. Scheme of an auto-corrélation interferometer
in transillumination modality
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One of the challenges in the implementation of a
transillumination technique with ballistic photores
sides in the rapid attenuation of such radiatiompef
haps more complicated endeavor however, is the
separation of ballistic photons from those thatéav
undergone scattering. The latter assertion is &rrth
validated by recognizing that the anisotropy fagtor
usually greater than 0.9 for biological tissues|[13
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As an illustrative example, in Fig. 2 we show the
mingled presence of ballistic and scattered photmns
the anisotropy varies. The diameter of the beafRis
mm, a consistent value with the size of dentabgss
Sample thickness is 10 mm; = 0 [mm?Y], ps = 0.591
[mm™], andg = {0.93, 0.99, 0.995}. Each number on
the upper left corner of Fig. 2 corresponds to a
greater value of.
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Fig. 2. Commingled presence of ballistic and scattered radiation after transillumination;
(1)g=0.93,(2) g=0.99, and (3) g= 0.995

Data below and above the main diagonal, in Fig. 2,
correspond to that of ballistic and scattered ph®ito
Each row-column intersection is a scatter plothef &s-
sociated variables in the diagonakndy correspond to
transversal coordinates in millimetefd. stands for op-
tical path-length difference in microng. is weight or
significance, ana represents the number of scattering
events. Variablew ande are dimensionless.

The distinct scenarios in Fig. 2 serve to mimic the
behavior of dental decay in enamel. A decreaséeén t
value of the anisotropy factor could imply that the
tissue is experiencing entropy. High values of the
anisotropy factor have been reported to be characte
istic of sound enamef = 0.96. Meanwhile, deminer-
alized enamel exhibits a less structured compasitio
which in turn reflects as a variation in the scatg
pattern [14].

In Fig. 2, the theoretical transversal distribusion
(xvsy) of scattered and ballistic photons, after transil
lumination, yield important insight. Information etat-
tered photons is found in the first row and secoold
umn intersection. Ballistic data is located in seeond
row and first column. Clearly, ballistic and scegi
photons coexist, which raises a caveat for the ampl
mentation of the auto-correlation interferometeraj.

1. A method is required to distinguish ballistiorir
forward-scattered photons.

In addition, from the figure we may identify the ma
jor competing process in the transillumination jgroc
dure. For this purpose, we analyze the weight tober
of events plot for scattered photons. Such infoionaits
found in the fourth row and fifth column intersecti
For simplicity, we examine the data of scenario. (1)
From the plot, we establish that scattered photuatis
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few events (i.e. snake photons) are the main cangpet
process. The latter assertion is valid, becauske pheo-
tons maintain a propagation direction similar tattof
ballistic radiation. Furthermore, the weight of Bscat-
tered radiation is significant, as opposed to thht
highly diffuse photons.

Divergence of optical noise is fairly gradual. Floe
plots of Fig. 2, the observation plane is locate@ tnm
away from the sample. Despite such distant posiiion
highly forward-directed samples, scattered contidns
overwhelm the signal of interest. In addition, snako-
tons do not suffer an important phase delay. Tlalissb
tic techniques which employ coherence gating [34],
ultra-fast imaging [15-18], encounter challengesievh
dealing with such radiation. To further validatéesths-
sertion, we acknowledge that the information in Rigs
restricted to a path-length difference of 10@. None-
theless, the influence of optical noise is ordénniagni-
tude greater than the signal of interest.

The central purpose of this work is to present the
theoretical foundation of a novel filter for selieely
probing turbid media with ballistic photons. This i
addressed in the second section. In the auto-etioel
arrangement of Fig. 1, the filter would be useado-
ple exclusively ballistic light into the interferaater.
We investigate the application range of the filbsr
evaluating samples with increasing anisotropy fiacto
Different configurations of the filter are considdr in
order to counteract optical noise. For this purpase
the third part of this work, we employ random walk
Monte Carlo calculations, ray trace analysis, amwi-C
cal diffraction theory of ruled gratings. Finalliy the
last section, we conclude and present plausibleréut
research directions.



2009

Kommbrotepnast orruka, Tom 33,Ne2

Theory

In the introduction, we have emphasized that ballis
tic photons are commingled with forward-scattered
ones. In addition, we have highlighted the intriea@s-
sociated with the separation of signal from noideese
difficulties arise because snake photons traveleadie
ballistic component.

A characteristic feature of snake photons is tlznga
in propagation direction that ensues after scatjetn the
limiting case of single scattering, the radiatindisputably
modifies its propagation direction. Hence, a fitigrdevice
that is sensitive to such angular variations cbeldptimal
to isolate the faint signal of interest. In additia desirable
feature of any system is simplicity of implemermatatiTak-
ing these considerations into account, we suggeside of

Reference plane

Sumple

a ruled diffraction grating, in conjunction withrerrow
slit, as filtering device. The peculiarity of ouoposal re-
sides in the regime of operation of the diffractelement.
The grating is positioned such that one of the fiiffrac-
tion ordersm= +1, occurs at a grazing angle, as shown in
Fig. 3.

In Fig. 3, the position of the diffractive elemésitde-
termined bya. The direction of the optical axis is identical
to the propagation direction of ballistic photomscorre-
sponds to the separation between the referenceicate
system and the sample. In the media, the traveuséchl
distance is random. The distance between samplgrard
ing is z. In addition,z, represents the separation between
the grating and the aperture. The plane of therlsttaken
as the observation plane.

Aperture plane —_

m={

Ruled
grating

s
=4

=il

Fig. 3. Intheangular filter, a ruled grating is positioned at grazing diffraction
and a narrow aperture is used to block scattered light

In order to describe the behavior of the angular fi
ter, we resort to the theory of conical diffractimfruled
gratings [19,20]. This approach is necessary becaus
photons emerging from the sample exhibit random
propagation directions. Thus, the radiation impnggdbn
the diffractive element may not be perpendiculathi
grooves. Propagation vectoks of incident and dif-
fracted beams are related as shown next.

ki, =k (1)
ks, =k, +2nGm (2)
ka, =\[K|* —ka.? ka2 (3)

Here, kis andkd,s refer to the, component of incident
and diffracted propagation vectors. Fpand(, similar
notations applyG denotes groove frequency, and the
media before and after diffraction is air.

From Egs. (1) — (3), we may identify important fea-
tures of the regime of operation. First, deviatidns
propagation direction are amplified non-linearly the
configuration. Second, certain photons will not gae
gate. The former feature is more easily ascertafoed

in-plane diffraction; i.ekis = 0. For such case, Eq. (2)
may be rewritten in a familiar form.

sin = sina + GmA (4)

Here, incidence and diffracted angles arand 3,
respectively. Meanwhilgy is wavelength. In contrast to
common applications of diffraction gratings, foetan-
gular filter, the radiation is monochromatic. Howev
slight variations in incidence anglex occur. These de-
viations are a consequence of the random interstd
radiation with the turbid medium. For ballistic nsl-
lumination, we are especially interested in suppres
such contributions. The diffractive element progidm
efficient and simple approach for this purpose.i&ar
tions in incidence angle are amplified, as showkdn
(5), by the grating. In Eg. (5), we omit the sigihthe
amplification term, which is in parentheses.

_(cosa
A= ( COS[JAa (5)

From Eq. (5), we ascertain that angular deviatians
the beam are augmented non-linearly. This is ealbgci
evident for near grazing diffractiorf — 172 [rad]. In
the vicinity of such condition, certain photons Vil
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to propagate. This feature is a direct consequehtee
filter configuration.

In order to establish the degree of amplificatidn o
the system, we compute the expression in Eq. (®. W
place particular emphasis on describing the behafio
the system in increments of 1 arc min. This analisi
important because, in the experiment, we emplmta: r
tion scheme with such resolution [21].

In Fig. 4, we conside® = 1200 [lines/mm]m = +1,
andA = 632.8 [nm]. We depict a series of values with
1 arc min spacing. The first of such points ocaftran
incidence angle of 13.8° (in the convention of RBign
is negative). We omit incidence angles below this
threshold, because angular amplifications lie cltwse
gether. Noteworthy is the rather steep incremerarin
gular amplification. A rotating scheme with 1 arecnm
resolution allows a set of seven steps, with irgirgp
angular amplification. Nonetheless, more sophistita
schemes may be used to explore the highly nonflinea
regime. Recently, this approach has served to inepro
spaceborne angular sensors [22,23].
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=
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Fig. 4. Theoretical response of the system as the condition of
grazing diffraction is approached. Starting at 15X, points are

separated 1 arc min

14 11 12

In terms of ballistic transillumination, higher alinp
fication values are positive for discrimination poses.
This assertion is further validated by observing. B.
In such figure, we notice a reduction in the tramsal
size of the diffracted beam. A direct inspectiontiod
geometry reveals that incident and diffracted beares
related by the factor in parentheses of Eq. (5usTiot
only scattered light is deviated, also the aremtafrest
is reduced substantially.

In order to assess the degree of filtering of ty& s
tem, we emulate the interactions in the turbid mnedi
with Monte Carlo (MC) computations. In previous pub
lications, we have validated and employed the M& pr
cedure in alternative transillumination modaliti@d].
In addition, we propagate the radiation in homogesno
media by utilizing ray trace methods. We use abi
approach for this purpose [25].
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We consider the radiation impinging on the sample
to be collimated. Thus, the starting directikmis col-
linear to the optical axis. Incident propagationtoeski
are determined from the stochastic calculationswvHo
ever, the reference coordinate system is diffefiermh
that of the diffractive element. Hence, we perfoam
vector transformation and apply the expressions of
conical diffraction theory. After grating interaati, we
calculatekd and propagate the photons to the filter
plane. The coordinate system at the observatienfil-
ter) plane is determined by the direction of batlipho-
tons. In Fig. 5, we illustrate the vector transfations
required in the analysis.

X

Fig. 5. Vector transformations needed to calculate
the direction of propagation after conic diffraction

From the computations, we establish the extent of
filtering. We determine the semi-minor and semignaj
axes of the elliptic spatial distribution, and dist the
photons outside such area. With this idea in minel,
now examine the performance of the filter.

Results and Discussion

An important topic that we are addressing is the ex
tent of filtering, as the anisotropy factor increasEx-
perimentally, we have obtained encouraging results
[21]. Nevertheless, a quantitative analysis of ektent
of filtering has not been performed. The first teatto
consider in the analysis is the sample under besEa-
ble 1, we describe the characteristics of the nmegdiu
which is comparable to dental enamel.

Table 1. Summary of Optical Properties

Model Ha [mn?] Hs [mm™] g
) 0 0.591 0.93
) 0 0.591 0.99
) 0 0.591 0.995

* We utilize the Henyey-Greenstein phase function.

The second feature required in the study is the con
figuration of the filter. The random medium is ltexhz
= 1 [mm] away from the reference plane. The sangple
contained in a recipient with 1 mm thick walls, amed
fractive index of 1.515. The thickness of the tdrivie-
dium is 10 mm, and the grating is locaigd 50 [mm]
away from the sample. The diffractive element is th
same as the one alluded to earligr 1200 [lines/mm],
m = +1, and\ = 632.8 [nm]. Three arrangements, with
increasing amplification, are studied. These camfg
tions are described in Table 2.
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Table 2. Configurations of the Angular Filter®

Incidence Diffraction Angular
angle [deg] angle [deg] amplification
13.8000 86.2804 15.0
13.8833 87.8648 26.0
13.9167 89.0776 60.3

* Values are for ballistic photons.

From theory, we acknowledge that the values of an-
gular amplification are constant exclusively fotliséc
photons. In contrast, the angular increments dteseal
radiation behave non-linearly. Some photons willtta
propagate, whereas others will diverge notably. ke
tent of divergence is related to the position &f fane
of the aperture. A distant observation plane ingplie
greater spatial departures for scattered photoosv-H
ever, another relevant aspect concerns the coibmaf
ballistic radiation. The direction of propagaticor un-
scattered radiation must be maintained. We, thezefo
assess two positions for the observation plané€i) 50
mm and (ii) 100 mm. These values are measured from
the grating coordinate system, in the directiontlod
ballistic component. As reference scenario, shown i
Fig. 6, we take model (2).

0 200 400

00 04 08

0 200 400
[N

6 2 2 6 0.0 0.4 08‘
Fig. 6. In the reference scenario no filtering is considered,

and the distance to the observation planeis 150 mm

The reference information is the same as the one
depicted in model (2) of Fig. 2. However in theearef
ence scenario of Fig. 6, no optical path-lengtlries
tion is considered. In order to separate the faigt
nal of interest, we suggest the implementationhef t
angular filter. In Fig. 7, we present the resutis the
filter in a 15X configuration. The response of gys-
tem is arranged similarly to the previous repregent
tions. The model number is located on the upper lef
corner. In addition, for the first row of depict®the
distance to the observation plane is 50 mm. For the
second row, the separation is 100 mm. The location
identifier is found on the lower right of each st
representations.

From Fig. 7, we recognize the behavior of the ffilte
as predicted from theory. The spatial distributddtoal-
listic photons exhibits an elliptic form. The seminor
axis is reduced significantly ~15X. In additiony fp <

0.93, the angular filter enables perfect separatiosig-
nal from noise. For the observation plane locatefiOa
mm, we notice the presence of a few scattered pboto
These particles have suffered multiple interactiand
do not exhibit significant weights. Whenever therap
ture plane is located farther away, we ascertaifepe
isolation of the signal. Nevertheless, the locatiérthe
observation plane is of secondary importance for-sa
ples withg < 0.93.

The scenarios in (2) and (3) may be compared more
fairly with the reference information. For samplesh
marked forward-directed scattering, the filter daab
significant reduction of noise. In Fig. 6, opticaise is
orders of magnitude greater than the signal. Howeve
after the implementation of the diffractive filtéhe sig-
nal contributes more than the noise. The lattarres
spective of the value of the anisotropy factor. étbe-
less, forg = 0.995, optical noise is somewhat more in-
tricate to overcome. In contrast, @r 0.99 a 15X filter
configuration enables near perfect signal isolatiins
assertion is valid, provided that the filter plaméocated
100 mm away from the sample.

The presence of multiply scattered light is alsmge
nizable for samples with highly forward-scatteriktpw-
ever, the significance of such photons is negkygilil we
discard the contributions of multiply scatterechtigwe
observe that snake photons remain the major congpeti
process. In samples with highly forward-scatteristap-
tons that suffer few attenuation events retainifogimce
and a similar propagation direction. In order taimize
the contributions of such snake photons, we magase
the filtering scheme to 26X. In Fig. 8, we show tke
sponse of the filter for such configuration.

We have shown that the filter effectively isolates
ballistic photons fog < 0.93. Thus, in Fig. 8, we con-
centrate exclusively on samples with greater anisot
ropy values. For the configuration in Fig. 8, tleams
minor axis of the elliptic distribution is ~26X she
than the reference value. Furthermore, angulamavari
tions in the beam are amplified by the same amount.
Thus, we may estimate the filtering of optical eols/
taking into consideration, independently, the aagul
amplification and the reduction of beam size. Hor t
current arrangement, this yields & 26675X filtering
scheme. This value, however, is dependent on other
features of the system.

The first factor has to do with the impediment of
some photons to propagate. Certain scattered bantri
tions will fail to continue after interacting withe grat-
ing. This behavior is an advantage of the confitjora
for the present application.

The second feature concerns the location of the ape
ture plane. Both, angular amplification and beane si
reduction, affect the spatial location of photofieran-
teraction. Therefore, if the aperture plane is tedam-
mediately after the diffractive element, we expact
more modest filtering scheme. In contrast, we gdte
a better performance of the system, whenever tee ap
ture is located farther away.
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Fig. 7. Thefilter in a 15X configuration isolates ballistic photons for samples with g <0.93. A greater distance to the observation
plane, (i) 50 mmand (ii) 200 mm, is recommendable to enable spatial divergence of scattered photons
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Fig. 8. Thefilter in a 26X configuration isolates ballistic photons for samples with g <0.99
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Table 3. Filtering of Scattered Photons for a 26X @nfiguration*

Noise without fiter**

Noise with filter

Noise rediion

Model . . . .. . ..
(0) (i) (ii) (0) (i) (ii) (0) (i) (ii)
2 38263.8 20433.0 12490.9 87.499 10.936 1.821 437 1868 6859
?3) 54412.7 36096.4 25794.5 212.374 30.974 11.842 56 2 1165 2178

*  Noise values are given in weight units, as deteechirom Monte Carlo (MC) computations. We asse$paficles in MC calculations.
** The observation plane is separated from the gré&ing mm, (i) 50 mm, and (ii) 200 mm.

From Monte Carlo calculations, we determine the be-
havior of forward-scattered particles. More spealfy, we
compute spatial distributions, significances, arapaga-
tion directions. Thus, we may calculate the amofiatat-
tered photons in the reference scenarios (suchiga$
and after the diffractive filter. From the ratio thiese val-
ues, we may determine the extent of filtering. &bl€ 3,
we present this analysis for three distances t@pegture
plane (0) 1 mm, (i) 50 mm, and (ij) 2700 mm.

From the values in Table 3, we ascertain thatithe f
ter enables significant reduction of scatteredatamin.

In fact, forg < 0.99, the angular filter in a 26X configu-
ration enables isolation of signal from noise. Kery
marked forward-scattering > 0.995, we may employ
the filter in a 60X configuration. As in the preu® ar-
rangement, this yields a filtering scheme of? 60
3600X. Here, we consider the contributions of aagul
amplification and beam size reduction to be indepen
ent. However, as discussed before, we expect d@viat
from this value. In Fig. 9 and Table 4, we presbhatre-
sponse of the system for a 60X configuration.

Table 4. Filtering of Noise for a 60X Arrangement*

Model Noise rgductlon )
() () (i)

?3) 1270 4403 7079
* Refer to Table 3 for referencéldise without filter) values.

The presence of snake photons remains the principal
source of optical noise. In Fig. 9, the limitingseaof
single scattering is recognizable. This occurs wien
observation plane is separated from the gratingru@0
In addition, we ascertain a significant 2¥@duction of
optical noise. Despite high anisotropies, we mapver
the faint signal of interest.

The filter we have presented in this work may be
implemented readily for applications involving tiss
characterization. In our group, we are also inteckfn
performing tissue imaging. Furthermore, we wouke li
to complement the technique with interferometric¢tme
ods. In fact, as mentioned in the introduction,ame in-
terested in developing the proposal into an auto-
correlation interferometer. For imaging applicaspwe
foresee challenges due to the marked asymmetiyeof t
spatial distribution.

In order to overcome such asymmetry, we may in-
troduce a second diffractive element. Taking Figas3
reference, we should position the additional grptim
the aperture plane. The grooves need to be patallel
they axis, and by rotating the element we should reach
the grazing diffraction condition. An advantagetbif
configuration is that the angular amplification oin
a transversal direction. In addition, if the chéeastics

of the gratings match, we anticipate that the apati
asymmetry will be removed. This behavior implias, i

turn, that conventional diaphragms could be used in
stead of slits to block scattered light.
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Fig. 9. Thefilter in a 60X arrangement provides a reduction
of optical naise of ~10° for g >0.995

As an example, consider a circular aperture widi a
ameter of 12 mm, and diffractive elements in a T6X-
figuration; withG = 1200 [lines/mm]m = +1, and\
632.8 [nm]. The filtered distribution would retaime cir-
cular pattern, but with a diameter of 80fh. Radiation
from this configuration could then be used as irtpua
ballistic auto-correlation interferometer. By remmugythe
asymmetry, the system could be employed for imaging
and characterization of tissues with ballistic phst
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The analysis presented in this work does not take
into account the decrease in signal due to (gradiig
fraction. Such behavior affects both ballistic &nd-
ward-scattered contributions. The undertaking a$ th
analysis would complement the calculations presente
herein. Nonetheless, as a result of this work, sser
that solely the effects of ballistic radiation ndslcon-
sidered.

Conclusions and Future Work

The utilization of a non-linear grating-based aiagul
filter enables the separation of ballistic photdrmm

those that have undergone scattering. The suggested

system is conformed by a monochromatic source inci-
dent on a ruled grating, positioned at grazingadfion,
followed by a narrow slit.

Despite large spatial extents and highly forward-
directed scatteringg(> 0.9), angular amplification and
beam size reduction permit isolated detection efdig-
nal of interest. Minute deviations in propagatiogle of
scattered radiation are amplified non-linearly.odation
scheme with 1 arc min resolution may provide angula
amplifications in the range of 15X-60X. In additj@mi-
lar values of transversal beam size reduction enetfi-
cient ~100X-1000X filtering of scattered photons.

In the transillumination procedure, the filter pigdes
a scheme to significantly reduce optical noiseuBing
random walk Monte Carlo calculations, ray tracelyana
sis, and conical diffraction theory of ruled grasnwe
assessed the behavior of the system as the amigotro
increases. For samples wigh< 0.99, the filter enables
isolation of ballistic photons. In addition for wer
marked forward-scattering > 0.995, the configuration
permits a significant ~freduction of optical noise.

Our future research efforts will be focused on the
implementation of a ballistic auto-correlation nfige-
ometer. For this purpose, we will investigate tee af a
2D grating-based scheme as filter and coupler.
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2 Capamogckuii 20cy0apcmeeHHblil YHUgepcument,
3 Hnemumym npobrem mounou mexanuku u ynpasnenus PAH

AHHOomayus

OO0cyxnaercs METOJl CEIEeKTHBHON perucTpanyi OaUTMCTUYECKUX (DOTOHOB IIPH HCCIE0Ba-
HUHM MYTHBIX Cpefl, MOJOOHBIX OMOJIOrMYECKMM TKaHSIM. PaccmaTpuBaioTCst Cpeibl C CHIIbHBIM
AQHW30TPOIHBIM paccestHueM Brepen (koadduipent anuzotporuu g > 0,9). [Ipeanioxeno npume-
HEeHHE TUQPAKINOHHOTO HEIMHEHHOTO (DHIIbTpa YIJIOBOT'O CIIEKTpa ONTHYECKHX BOJH IJISL OTIE-
JIeHUs €1ab0ro OALIMCTUYECKOT'0 CHTHAIA OT ONTHYECKOTO IIyMa, 00 yCIOBIEHHOTO pacCcestHHeM
Briepen. [t peanmzanuy QUIBTpaniy MCHOJB3YEeTCs OTpaXkaromas AU(PaKIHOHHAS peleTKa u
MIPOCTPaHCTBeHHAs (WIBTPaLMsl MOHOXPOMAaTHYECKOTO AM(PParupoBaHHOTO H3IYUEHHUs! C ITOMO-
IO Y3KOH INENM B CKOJIB3ALIMX MU(PPAKIMOHHBIX MOPsAKaX. Maible OTKIOHEHHS B yrilax pac-
MIPOCTPAHEHHS PACCESTHHOTO HM3JIydeHHUs] HEJIMHEHHO YBEIMYMBAIOTCS B AU(parupoBaHHOM H3ITY-
yeHud. [loBopoTHas cxema (huiIbTpanuu ¢ paspenieHreM B 1 yriioBylo MHHYTY OOecIieuuBaeT yr-
mosoe yBenmmuenue B 15-60 pas. Kpome 3T0T0, TIOTIEpedHOE COKpAIlleHHEe anepTypsl TUQpParupo-
BaHHOTO Iy4yka obOecreunBaeT 3¢ dexrrBHyr0 100-1000kpatHy0 GUIBTPALMIO ONITHYECKOTO WIy-
Ma. BeimosHeHs! pacders! mo mMeroxy MoHTte-Kapno 111 IMUTHpOBaHMS B3aUMOACHCTBUS OTITH-
YEeCKOTO M3JIy4eHHs C MYTHOH cpemoil. Bimsnue ¢unbTpa paccMarpuBaeTcst MyTeM HCIOJIb30Ba-
HUS JTy4eBOT'O aHAJM3a U TEOPUH KOHMYECKOH AM(pakiyy Ha OTpakaroleld In(pakIMOHHON pe-
merke. /s ob6pasnos ¢ g < 0,99 npogemMoHCTpHpOBaHO, YTO (QHUIBTP HO3BOJSIET M30JMPOBATH
Oamumctuaeckre (GoToHBl. [ CHIBHO aHM3O0TPOMHOTO paccessHus Brepen, g > 0,995, cxema
dubTpanmu obecreunBaet cymectsernoe (~10°) CHIDKEHIE ONTHIECKOTO MIyMa.

Knioueswie crnosa: mpocTpaHCTBEHHO-YIIIOBON (MIIBTP, CKOJB3SIIAs JUPPaKIus, OTpaXKaloye
I pPaKIMOHHBIE PELIETKN, KOHMYecKas Tudpaknys, metoq Monre-Kapio, Oammctrniaeckoe mpo-
CBEYMBAHUE, IMUKUHT ¥ aHATIN3 OMOJIOTHIECKUX TKaHEH.

B peoaxyuto nocmynuna 21.04.20092.
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