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The Results of Experimental Studies of the Passage of Light Energy
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Abstract. This paper presents new scientific results of experimental studies that refute the generally accepted fact that
the coat solely protects animals from the effects of solar energy. The purpose of this study was to confirm the fact of the
spread of optical radiation energy under the animal’s skin along individual hairs, as light guides. The authors of this study
experimentally determined the optically conductive structure of an individual wool hair, the components of the transmission
parameter of an individual wool hair, namely the coefficient of light transmission inside the wool hair, the coefficient of
attenuation of internal light transmission by the substance of the wool hair, the coefficient of losses in the middle of the
cylinder of the wool hair due to the beam scattered in the internal structure and the refractive index of its outer shell. Based
on the use of methods of photometry and geometric optics, theoretically substantiated and experimentally obtained results
regarding the establishment of a mathematical dependence of the total amount of optical radiation energy entering the hair
cylinder on the value of the angle of incidence of the beam on the surface of the hair, the cleanliness of the inner core of
the cylinder structure, the length of the light-conducting section to the surface of the skin, as well as the refractive index
of its outer shell. Based on the results of experimental studies, mathematical dependencies were obtained that describe the
spectral light-conducting properties of an individual hair, as well as the distribution of energy emitted in the thickness of
the skin along the entire length from the point of penetration into the hair and to the follicle - the place of use of optical
energy in photobiological processes. The obtained results of experimental studies of the passage of optical radiation energy
along the length of a single hair into the body of an animal are of practical importance for photobiologists investigating
the effect of optical radiation from the Sun on biological objects of animal origin
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INTRODUCTION

It is known that the skin covering of biological objects

Breeding of animals and birds is impossible without sunlight,
which has a wide range of biological effects. Analysis of mod-
ern scientific research [1-3] shows that each of the radiation
spectra has its special biological effect on the structure of
the animal’s body. Ultraviolet radiation has an anti-rickets
and healing effect, light of the visible spectrum of assorted
colours causes an exciting or calming effect, and infrared
radiation causes a thermal effect and improves the physical
condition of the animal and its assimilation of food [4; 5].
It is customary to believe that the main part of the
Sun’s energy passes into the animal’s body through the skin
and fur [6; 7]. Moreover, only the protective function against
excess solar energy is assigned to the wool or hair cover.

Suggested Citation:

of animal origin is divided into two main layers: the surface
layer of dehydrated dead cells (epidermis) and the actual
skin of the animal (corium or dermis), which consists of
interconnected living cells of various functions [1; 8; 9].
Research into the ways of the influence of the Sun’s
energy on the skin and hair covering of biological objects of
animal origin (animals and birds) has been carried out since
the middle of the 20 century. The studies of several scien-
tists [10-12] substantiated that individual hairs of the ani-
mal coat can be a kind of living light guides of optical radi-
ation that falls on the surface of the animal and falls on the
skin-fur coat and passes through the skin and along indi-
vidual hairs into its thickness to the places of biologically
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active subcutaneous structures, where it takes part in relevant
photobiological processes.

It is known that the internal structure of individ-
ual hairs depends on many factors, which can be defined
as the main ones - species, age, breed, constitutional, and
seasonal [1; 13; 14].

The analysis of the results of scientific research [15-17]
regarding the ways of the influence of different spectra of
optical radiation upon irradiating biological objects of ani-
mal origin, namely pigs, as animals with a fur coat made
of the thickest individual hairs, shows that the diameter of
individual hairs (bristles) is ten fractions of a millimetre,
and their optical conductivity can be measured effortlessly
and accurately on modern optical spectrophotometers and
other optical measuring devices.

Considering these facts, namely, the possibility of the
effect of optical energy of different spectra, which indirectly
passes through the wool cover, as through separate light chan-
nels, is an urgent scientific problem that is still understudied.

The purpose of this study was to establish the possi-
bility of the passage of optical energy radiation into the bio-
logically active structures of the skin of the body of a bio-
logical object of animal origin through individual hairs in
the form of light channels. Establishing the quantitative
value of the light conductivity of the wool coat during pho-
tobiological processes in the body of irradiated animals,
obtaining analytical dependencies describing the processes
of passage, absorption, and reflection of optical energy of
various spectral composition, as well as determining the
effectiveness of the effect of absorbed energy by irradiating
the wool coat constitute new knowledge for understand-
ing the full the mechanism of interaction of the energy of
optical radiation of the Sun with irradiated animals.

MATERIALS AND METHODS

When conducting experimental research, individual wool
(hair) of white pigs was used. Optical quantum generators
(lasers) with monochromatic radiation of the near-infra-
red, visible, and long-wave ultraviolet spectra of biological
action (630 nm, 532 nm, 445 nm) and a universal spectro-
photometer of the SF-4 type were used to investigate the
light conductivity of individual hairs. Registration of radi-
ation at the exit of the end of a single hair, as a light guide,
was carried out using a special device built based on a sen-
sitive galvanometer with a photomultiplier (FEU-118A)
of a wide range of sensitivity. To obtain a reliable signal
regarding the measurement of the radiation that passed to
the receiving window of the sensitive photoelectric mul-
tiplier, a separate hair was tightly wrapped with a rubber
seal. Studies were performed in no less than tenfold repe-
tition [18; 19].

The data of the experimental study of the light con-
ductivity of individual wools were conducted based on the use
of methods and means of fibre optics. At present, fibre optics
for transmitting information over long distances is widely
developed. Developed methods for calculating fibre optics [18;
19]. To find the energy of the spectrum of optical radiation
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affecting the body of animals through the wool cover, it is pos-
sible to use such approaches, but with certain limitations.

The optical fibre is a long cylinder with an outer
coating with a high refractive index and a core transparent
to optical radiation.

The main parameter characterising the efficiency
of optical energy propagation in optical fibres is the spec-
tral coefficient of light conductivity, which is determined
according to the following correlation:

D,

FT o @
where ®, and @,  are optical energy fluxes with a wave-
length, respectively, passing inside the cylinder through the
light guide and the flux falling on the surface of its cylinder
from the outside.

Passing through a material medium, the intensity
of optical radiation always decreases, i.e., a certain amount
of it is lost. These losses in the material occur through the
scattering and absorption of photons emitted by the mole-
cules of the material structure itself.

As a rule, such losses are divided into losses in
the material (substance) itself and light (optical). The more
heterogeneous the structure of the light guide, the greater
the radiation loss in it.

If one considers a single wool as a light guide of
optical radiation, then given the above, the correlation of
the transmission coefficient depending on the geometric
parameters, the structure of the wool and the structure can
be described by the following mathematical expression

T,=T,T, T, 2)
where 1, is the geometric transmission coefficient, which
determines the effective light transmission inside the wool
cylinder. -

= sin“y, 3)

17 sin2y,
where ¥ is the limiting angle of incidence of the beam on
the surface of the wool, at which such a beam completely
penetrates inside; ¥, is the angle at which the beam is com-
pletely reflected from the surface of the animal’s fur at the
point of its incidence.

, So
siny =75 4
where S is the area of the wool surface that is irradiated at
the point of incidence of the beam itself; L is the length of
the light-conducting wool particle; D is the cross-sectional
diameter of the wool.

The coefficient t,, which characterises the weaken-
ing (scattering) of internal light transmission on the cellular
structures of wool:

7,=107%, (5)
where ¢ is an indicator showing the absorption of radiation
by the wool material; P is the beam path length inside the
wool when it is repeatedly reflected inside the cylinder.

L

J1—sin2y; -n, 2 ©
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where n_is an indicator showing the angle of refraction of
the beam that falls in the middle of the wool cylinder; L is
the length of the light-conducting part of the hair.

The coefficient 1,, which characterises the loss of
light transmission inside the wool cylinder by scattering
the beam itself in its internal structures:

=p,", )
where p_ is the coefficient characterising the single reflec-
tion of the beam from the inner surface of the wool; 7 is
the number of reflections on single internal structures of
the wool material.

If there is a core in the hair, which is observed
in many species and breeds of animals, such number of
reflections will be determined according to the following
correlation:

L-siny,

=L-D. " tgpy = 8
n Y sy, ®)

where n_is an indicator that characterises the angle of
refraction of the incident beam; D_is the cross-sectional
diameter of the wool core.

Considering the above, the loss of light transmission
of the core in the wool can be determined according to the
following correlation:

L-siny,
T3 = pyPe s, 9)

Having found the light transmittance components of
an individual hair, it is possible to find the total light trans-
mittance according to the following correlation:

L-sinyy

.2 T—
_sin’yo 1072 . pnd=sinps (10)

37 sin?yy
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Thus, expression 10 shows that the amount of optical
radiation energy entering the skin through a cylinder of
individual wool depends on the angle of incidence of the
beam on the surface of the wool, the transparency of the
internal structure of its cylinder, the length of the light-con-
ducting part and the refractive index of its outer shell.

Notably, the above correlation characterises the light
conductivity of wool of a simple structure and comprises
a light-conducting core and a protective cladding. In real
conditions, especially in winter, in most animals, the for-
mation of the axial core (brain) is observed inside the hair.
Therefore, in the case under studyj, it is better to consider
the wool as a fibre optic cable made of three coaxial cyl-
inders. Furthermore, the inner cylinders will also be light
conducting with different transmission coefficients (Fig. 1).
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Figure 1. Schematic representation of optical radiation propagating inside a cored hair

The light conductivity of such wool will be deter-
mined by the product of the light conductivities of the
“brain” core and the inner cylinder:

) L-sinyy
= . _sm Yo —&1'P1 .  Dey/ngq2—sin?y
T=To1 "To2 = sinZy 10 P eVitar 1 X
1
. Lsin,’
San.(/)O’ Py (11)
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The determination of the total light transmission
coefficient of individual hairs can be performed according
to the correlation (11), while this correlation is inherent in
determination under the condition of conducting research
on the primary mechanism of action of optical radiation
that enters the follicles through these hairs.

In the conditions of the industrial use of optical radi-
ation in the cultivation of biological objects of animal ori-
gin, namely animals and poultry, in the case when the entire

skin and fur cover is exposed to radiation, then in this case
it is appropriate to use simplified calculations.

Losses in the optical path comprise losses that occur
at the interface between the cladding and the core. If the
beam of optical radiation is of sufficient intensity I, then
in this case, the light intensity I , which propagates at a dis-
tance [ from the entry point (according to the Bouguer-Lam-
bert-Behr law), is determined according to the following
correlation:

I=I e (12)
where [ is the distance from the point of incidence of the
optical beam to the point from which energy is measured
in the light guide; o,~a +o is an indicator that represents
attenuation during radiation in the light guide; o is an indi-
cator that factors in attenuation by scattering the energy
of the beam from the outside through the cladding; o is
the rate of attenuation of the incident energy inside the
light guide by its absorption.
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Given that the hair is fixed in the skin at one end
(follicle), and its length and diameter increase with the age
of the animal, in this case, the practical interest lies only in
the determination of the radiation energy that is scattered
in the thickness of its skin along the entire length of the hair
before it will come out of the follicle.

Such radiation, which passed through the hair cylin-
der into the follicle, is scattered through its spherical surface
in the thickness of the skin and takes part in photobiological
reactions, can be determined from the following correlation:

dr(h=IL()-o -dl=I e~ a_dl (13)
where dI (I) is the intensity of optical radiation, which is
scattered over a length dl along the surface of the wool at
a distance [ from the point of entry of the radiation into the
cylinder of the wool.

The spectral intensity of radiation absorption along
the entire length of the wool cylinder can be written as
follows:

L, )= 1 () - e (14)

The intensity of radiation scattering by hair into
the skin environment is determined from the following
correlation:
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as(y) _ (T
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a(y) (15)

and accordingly, the very intensity of radiation absorption
by hair in the depth of the skin is determined by the follow-
ing correlation:

(16)

ag(y) (1 _ e—at(]/)'(lz_ll))-
a:(y)

The correlations (14), (15), (16) describe the spectral
light-conducting properties of hair and their distribution of
radiation energy along its entire length from the point of
penetration into the hair to the follicle and in the depth of
the animal’s skin.

Ia(lz—ll)y =leo(¥) -

RESULTS AND DISCUSSION
Experimental studies, as mentioned above, were carried out
on the original setup. The results of the conducted exper-
imental studies to determine the transmission efficiency
of monochromatic laser radiation (with a wavelength of 445
nm) depending on the place of incidence of the laser beam
on the surface of the fur along the entire length of the hair
are presented in Figure 2 [20].

7= 16.18¢ 04651
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Figure 2. Experimental and mathematical correlation of the light conductivity of a single bristle
on its length towards radiation and perpendicular to its side surface [20]

Figure 2 shows that the process of propagation of optical
radiation inside the cylinder of individual hair has an exponen-
tial form, which indicates a complex non-linear biological struc-
ture of the cylinder core. Similar studies were conducted with
the optical radiation of lasers of 630 and 532 nanometres. To
find the correlation of the light transmission of a hair and the

diameter of its cylinder, the study used hair from various parts
of the animal’s body, as well as from animals of the same breed
and of different ages. As an example, the spatial image of optical
radiation inside the cylinder of an individual hair depending on
the wavelength of optical radiation A and the length of the
light-conducting part of the hair L is presented in Figure 3.

L, mm 578

Figure 3. Expanded spatial picture of the correlation of the light conductivity of a hair on its spectral composition of
optical radiation and the length of the light-conducting particle (distance to its skin) [9; 20]

Machinery & Energetics. Vol. 13, No. 2

4



The results of experimental studies of the passage of light energy...

The obtained results confirmed the hypothesis of
some authors [8; 11; 21;22] that the fur coat of animals
not only protects them from the harmful effects of the
external environment but can also be a regulator of this
effect. The exponential nature of the obtained correlations
corresponds to the biological laws of nature and partially
confirms their probability and reliability.

CONCLUSIONS

1. When studying the effectiveness of the penetration of
optical radiation under the skin of a biological object of an
animal origin along separate hairs, like a bundle of light guides,
it is advisable to use the known laws of fibre optics in calcula-
tions and research.

2.1t was experimentally established and theoretically
substantiated that the light-conducting capacity of a sin-
gle hair increases with the increase in the wavelength of
the spectrum of optical radiation, i.e., infrared radiation has
a higher penetrating power than ultraviolet radiation.

3. The closer the beam of radiant light falls on the sur-
face of the hair to the growth area of the individual hair from
the surface of the skin of the biological object of animal ori-
gin, the more optical energy will flow through the cylinder
of the hair to its follicle under the skin. Thus, optical energy
enters directly into the perifollicular environment of the skin,
saturated with cells of nerve endings and blood capillaries.
Such energy takes part in photobiological processes much more
effectively than the energy that enters directly through the sur-
face of the skin between the hairs.

4. Explanation and substantiation of the mechanism of
the propagation of optical radiation energy inside the cylinder of
a single individual hair is of scientific and practical importance
in biological studies of the role of the skin and hair of biological
objects of animal origin in their life and development and in
the further study of the ways and mechanism of the influence
of optical radiation energy on them, as well as for the possibility
of effective dosing of optical irradiation of animals and poultry
that are grown on large farms with a lack of sunlight.
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Jleonipn CremanoBu4 YepBiHcbKUii, IBaH IlerpoBuu Pagbko,
Biraniit AgamoBuu HanmBaiiko, Onekcanzp Bomogumuposuy OKyIko

HarionanpHMit yHiBepcUTET GiopecypciB i mpupomoKoprcTyBaHHS YRpainm
03041, Byn. l'epoiB O6opounu, 15, M. Kuis, Ykpaina

Pe3ynbTaTu eKcrnepuMeHTaNnbHUX AOCNIMKEeHb NPOXOAXKEeHHS
eHeprii cBiTNa Nig WKipy TBapUH Mo OKPeMUM LUepCTUHAM

AHoTauif. B crarTi HaBejeHO HOBi HAYKOBi Pe3y/IbTaTi eKCIIePUMEHTATbHUX JOCITIKeHb, SIKi CIIPOCTOBYIOTh 3aTA/IbHO
TIpUIHITUI GaKT BBaXKATH, 1[0 [IePCTMHHMIL TOKPUB JIMIIIe 3aXUIIA€ TBAPMHM Bif BIUIMBY eHeprii CoHLsl. MeTOIo JaHUX
JLOCTiJIKeHb € MiATBepAKeHHs GaKTy MOMMPeHHS eHeprii ONTMYHOrO BUIIPOMiHIOBaHHSI MiJ] IIKipy TBAPMHY 110 OKPEMUM
LIepCTUHAM, SIK CBITIONpoBoJax. EkcriepyMeHTanbHO BU3HAYEHO ONITUYHONIPOBIIHY CTPYKTYPY OKPEMOI IIePCTUHY, CKIal0Bi
rapamMeTpa IIPOIyCKaHHS OKPeMO B3SITOI [IePCTSHOI BOIOCKHMY, a caMe KoeillieHT CBITVIONPOIyCKaHHS yeepeIMHY IepCTSHOL
BOJIOCUHM, Koeil[ieHT moc/1abIeHHs BHYTPIIIHBOTO CBITJIONPOITYCKAHHS PEYOBIHOIO IIEPCTSIHOI BOMIOCUHY, KoedillieHT BTpaT
B CepelMHi IWIIHAPY WEePCTSIHOI BOMIOCMHY 32 PaXyHOK IPOMEHIO, L0 PO3CIIOETHCS y BHYTPILIHIN CTPYKTYPi i KoedilieHTy
3aJI0MJIeHH 11 30BHILIHbO1 06010HKK. Ha OCHOBI BUKOpUCTaHHS MeTOAIB OTOMETpii Ta reOMETPUYHOI ONTUKY TEOPETUIHO
OBI'PYHTOBAHO i eKCIIepUMEHTAIbHO OTPMMAaHO Pe3Y/IbTaTH IIOI0 BCTAHOBJIEHHS MaTeMaTUYHOI 3a/IeXKHOCTI 3arajibHO1
BeJIMUMHY eHeprii ONTUYHOTO BUIIPOMiHIOBAHHSI, 10 HALXOAUTD 10 UWIIIHAPY IIePCTUHKY Bifl 3HaUeHHSI KyTa MaiHHSI
TIPOMEHIO Ha [TOBEPXHIO MIePCTMHKM, UMCTOTY BHYTPIIIHBOTO OCEPAst CTPYKTYPY LMITIHAPY, JOBXMHY CBITIONPOBIAHOI OiISTHKA
10 TIOBEPXHi IIKipH, a TAKOXK KoedillieHTy 3a7I0M/IeHHS i1 30BHIITHBOI 06010HKM. Ha OCHOBI pe3yibTaTiB eKCIiepUMeHTaTbHUX
JOCTigKeHb OTPYMMAaHO MaTeMaTMUYHi 3a/1e)KHOCTI, 10 OMMCYIOTh CIIeKTPaIbHI CBIT/I0 IPOBiAHI BIaCTMBOCTI OKPEMOI
LIEPCTUHKMY, a TAKOX PO3IOJIiJ eHeprii, 110 BUIIPOMIHIOETHCS B TOBIL MIKipy IO BCii AOBXMHI Bif, MiCLl TPOHVMKHEHHS Y
IIePCTUHKY i 10 Posiky/v — MiCIIsT BUKOPUCTaHHS ONITUYHOI eHeprii B poTobionoriunmx mpoiiecax. OTpuMaHi pesynbTaTu
eKCIIepMMEeHTaIbHUX JOCIiIKeHb IPOXOI)KEeHHS eHepril ONTUYHOTO BUIIPOMiHIOBAaHHS IO AOBXVMHI OKPeMO]I LIEePCTUHKY B
TiJIO TBAPMHI, MAIOTh BaXK/IMBE MIPAKTUUHE 3HAUEHHSI 1711 POTOGI0MOTIB, 110 JOCTIKYIOTb Jit0 ONTUYHOTO BUIIPOMiHIOBAHHS
CoH1ig Ha 6iooTiuHI 06’€KTY TBAPMHHOTO TTOXOIKEHHS

KrnouoBi cnoBa: coHsiuHA eHeprisi, OIPOMiHeHHSI TBAPVH, IIKIPSTHO-IIIEPCTYUHHNIA TOKPUB, CBIT/IOMPOITYCKAHHS, IIEPCTUHKA
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