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THERMAL PROCESSES IN HUMAN SKIN UPON IRRADIATION

BY LASER PULSES
N.G. Kokodii V.A. Timaniuk
Dr. Sci. (Phys.-Math.), Prof. Cand. Sci. (Phys.-Math.), Prof.
Department of Quantum Radio-Physics Department of Physics
V.N. Karazin Kharkov National University National University of Pharmacy
4 Svobody Sq., Kharkiv, 61022, Ukraine 53 Pushkinsraya St., Kharkiv, 61002, Ukraine
tel: +38 (057) 707-51-57 tel: +38 (057) 771-81-59
e-mail: kokodiyng@gmail.com e-mail: physics@nuph.edu
ORCID 0000-0003-1325-4563 ORCID 0000-0003-0689-6074

A.M. Korobov

Cand. Sci. (Phys.-Math.), Head of the laboratory
Science and Research Laboratory of Quantum Biology
and Quantum Medicine

V.N. Karazin Kharkiv National University

6 Svobody Sq., Kharkiv, 61022, Ukraine

tel: +38 (057) 707-51-91

e-mail: amkorobov@karazin.ua

ORCID 0000-0001-8237-7159

The mathematical model of the process of heating the surface of the skin and its inner layers of short laser
pulses. Duration of pulses is much less then time setting temperature in the body. It is using the solution of the
equation of thermal conductivity for semi-infinity of the body when it is heated by flow of the electromagnetic
radiation. Heat exchange with the outside space is not happening for the duration of a pulse, so the surface of
the body can be considered isolated. The body temperature is rising almost linear. After the end of the pulse it
decreases slowly (thermal time constant is 20 min approximately).

By heating a series of pulses the temperature increases in the same way as by heating of continuous radiation.

Ttis calculated the increase temperature of body by heating pulses 10 ms, am-plitude 10 W, period of 50 ms.
The average radiated power is 2 W. The temperature of body within 5 s rises to 300 °C.

Key words: irradiation by laser pulses, human skin, thermal processes.

TEIIJIOBI ITPOIIECH B LIIKIPI JIIOAWNHN
IIIA YAC OITPOMIHEHHA JIASEPHUMM! IMITY/IbCAMUA

M.TI. Kokogaiii2, B.O. Timaniok?, A.M. Kopo6os!
IXapxiscvkuil HayloHaabHUll yHigepcumem iment B. H. Kapasina, Xapxis, Yxpaina;
2HayioHanvHuil hapmayesmuuHuil yHisepcumem, Xapxis, Ykpaina

3aIrpornoHOBAaHO MaTEMATUYHY MOJIeIb IIPOIleCY HAarpiBaHHS MOBEPXHI MIKipH i 1 BHYTpPIIIHIX mapiB
KOPOTKHMH JIa3epHUMU iMITysIbcaMu. TpUBaJTiCTh iIMITy/IbCiB HabaraTo MeHIIe Yacy BCTAHOBJIEHHS TEMITEPATYPH.
Bysi0 BuKOpurcTaHe po3B’si3aHHs PIBHAHHS TEIUIOMPOBIAHOCTI /11 HaIiBOECKIHEUHOrO Tijia IIPU HarpiBaHHI
ITOTIKOM €JIEKTPOMATHITHOTO BUIIPOMIHIOBaHHA. 32 Yac Jiii iMITy/IbCy TEIUIOOOMIH 3 30BHIIIIHIM CEpeIOBHIIEM
He BiZI0yBa€THCSA, TOMY ITIOBEPXHS Tijla MOKe BBAXKATHUCA TEILIOI30JIbOBAHOI0. TeMItepaTypa Tiia 3pocTae Maiike
3a JIIHIKHUM 3aKOHOM. Ilic/ia 3aKiHYEHHS IMITyJIbCYy TEMIIEpATypa MOBUIHHO 3HMKYETHCS (TEIJIOBA MOCTiHHA
Yacy CTAaHOBHUTH MPUOIU3HO 20 XB.).

[Ipu HarpiBaHHI cepi€ro iMITyIbCiB TeMmepaTypa Tijia 301JbIIyeThCS TaK caMo, sIK DU HarpiBaHHI
Oe3repepBHUM BUITPOMIHIOBAHHSAM.

O0uncIeHO TMiBUINIEHHS TEMIIEPATYPH Tijla ITi/I Yac HarpiBaHH:A iMITyJIbCAMHU TPUBATICTIO 10 MC KOKHUH,
amrutityzo10 10 Br, 3 mepiogom 50 mc. CepeHs MOTYKHicTh ckiazae 2 Br. Temmneparypa Tisa npotsarom 5 ¢
nigaiMmaeTsest o 300 °C.

KirouoBi cj1oBa: imMITysibCHE J1a3epHe BUITPOMIHIOBaHH:A, IIIKipa JIFONHH, TEILJIOBI IPOIIECH.
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TEIIJZIOBBIE ITPOIIECCBHI B KOXKE YE/IOBEKA
ITP OBJIYUEHUNU JIASEPHBIMU NMITY/IbCAMM

H.I'. Kokoguii'?, B.A. Tumanwok?, A.M. Kopooos!
1 Xapvrosckuil HayuoHanvHblll yHusepcumem umeru B.H.Kapasuna, Xapvkos, Ykpauna
2HayuoHavHulll hapmayesmuveckuil yHusepcumem, Xapvkos, YkpauHa

IIpeniokeHa MmaTeMaTruueckas MOJIEb IIPoOIlecca HarpeBa IMOBEPXHOCTH KOKU U ee BHYTPEHHUX CJIOEB
KOPOTKHUMM JIa3epHBIMHU UMIIyJIbCAMU, ITUTEIHHOCTh KOTOPBIX HAMHOT'O MEHbIIIE BPEMEHHN YCTAaHOBJIEHUA
TeMIepaTypshl B Tejie. Icrob3yeTcs pelieHe ypaBHEHUsI TEIIOMPOBOIHOCTH JIJIsI TI0JTyOECKOHETHOTO TeJIa TPy
HarpeBe MOTOKOM 3JIEKTPOMATHHUTHOTO U3JIyUYeHHUsl. 3a BpeMs IeHCTBUS UMIIYJIbCa TEII000-MeH C BHEIITHUM
IIPOCTPAHCTBOM He IIPOUCXO/IUT, ITIOATOMY ITOBEPXHOCTH TeJla MOKHO CUMTATh U30JIUPOBaHHOM. TemMmepartypa
TeJia pacTeT ITOYUTH 110 IMHEHHOMY 3aKOHY. [Toc/ie OKOHUAaHMA UMITYJIbCA OHA Me/IJIEHHO YMeHbIaeTcs (TerioBas
MTOCTOSIHHASI BpEMEHH 0K0J10 20 MUH).

IIpu HarpeBe cepuiell UMIIYJIBCOB TEMIIEPATypa YBEJTUUNBAETCS TAK JKe, KaK IIPU HarpeBe HellPePbIBHBIM
U3JIy4YeHUeM.

BerumcsieH poct TeMIiepaTyphl TeJia P HarpeBe UMITYJIbCaMU JUTUTETbHOCTHIO 10 Mc, amruiutyaou 10 Br,
uaymux ¢ nepuozomM 50 mc. CpeZiHAA MOIITHOCTD U3aydeHus 2 Br. TemmnepaTypa Tesia B TeueHUe 5 C HOBBIIIAeTCs
10 300°C.

KiroueBblie cjI0OBa: UMITYJIbCHOE JIa3epHOe 00JIyueHre, KOJKa YeJIOBEKA, TEIIOBhIE IPOIECCHI.

Introduction The penetration depth of radiation in the ultraviolet
region of a few micrometers, in a green about 1 mm,
in the red region of the depth of penetration increased
to 20-30 mm. Short-wave infrared radiation with
wavelengths less than 1.5 um penetrates to 30—70 mm.

Research of thermal processes occurring under the
action of laser radiation on humans, given the opportu-
nity to develop new therapies for many diseases. How-
ever, the complexity of the object of exposure (skin,

subcutaneous tissues, circulatory organs) cause was a E

need for further study of phenomena that occur at the e

same time. Theoretical and experimental research in .06 rtr Epidem.s
this direction are made in the Laboratory of Quantum

Biology and Quantum Medicine KNU. In works [1, 2], 0.6 T = Demna
which were presented at the conferences “Lasers in '

medicine and biology”, investigates the thermal pro- L

cesses when exposed to human skin and continuous
optical radiation pulses, the duration of which is more Blood
time setting the temperature in the object of influence.
In this work the calculations of the heating of
the skin and subcutaneous layers in the case of short
optical radiation pulses.

Mathematical model Fig. 1. Model of the structure of the skin
Mathematical model of the structure of the skin
adopted is the same as in works [1, 2]. It is shown in The change of radiation intensity along the z-axis

Fig. 1 and corresponds to the model proposed in the (into the body) is described by the Bouguer law:
paper [3]. In the skin there are three parts. The upper
part is the epidermis is a multilayered epithelium, the _z
outer layer which is the stratum cornea. The bottom I ( z ) = 10 e s,
layer of the epidermis rests on the basement mem-
brane. It contains melanocytes cells that protect skin
from the harmful effects of sunlight. The inner skin is
the dermis has a thickness of from 0.5 mm to 5 mm
and in it are the blood vessels.

The thickness of epidermis is approximately equal
to 0.06 mm. The fraction of energy absorbed in this lay-
er is small, so the presence of a layer can not be ignored, _z
and to consider the fabric of a homogeneous body. S( z,t ) = —Oe 5
Therefore, the problem of heating a semi-infinite body
by optical radiation penetrating into it in some depth.

where § — the penetration depth of the radiation
level 1/e.

Volume density of heat sources is determined by
the formula:
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The task is described in works [1, 2], took into ac-
count the removal of heat deep into the body, the tissue
conductivity and blood flow. It was shown that when
heating of the skin continuous emission temperature
is set slowly for about 20 min. So when heated with
short pulses, the duration of which is much less time
setting temperature, the withdrawal of heat from the
heated region can not ignore this area be treated as
insulated. The heat conduction equation in this case
looks like this:

O’T(z,t) 10T(z,0) _ S(z,0)
0z? a Ot ko

1)

It differs from the equation in work [1] lack of the
right part of the expression describing the dissipation
of heat by blood flow.

Initial and boundary conditions remain the same:

8T(0,t)

z

T(z,0) = 0, =0, T(,t)=0.

They mean the absence of heat exchange between
the heated surface and the environment and zero tem-
perature in the depth of the body.

In the calculations we used the following data
about the thermophysical parameters of the skin [3]:
k=0.5W/(m K), c=3500 J/(kg K), p=1100 kg/m?.

The parameters of laser radiation were adopted
as follows: pulse power Po =30 W; pulse duration
tp=10 ms; repetition period of pulses T=20...50 ms;
beam diameter D=1 mm; the depth of penetration of
the radiation in the level 1/e (d=10 mm).

The solution of equation (1) looks like this:

T, (z,t) if 0<t<t
T(Z,t)={ o0 ¥ ! @)

Ty(z,0) =T, (z,t—1,) if (<t

P

where

T)(z,t) =

po(s{z@i

ks | s erf{

2at

erfc(x) is the additional error function,

ierfe(x) = Le”C2 — xerfe(x) is integral of the ad-

Jz

k
ditional error functions, a = — is thermal diffusivi-

cp

ty coefficient of the biological tissue, S — cross section-
al area of the beam.

I
z J_66+266 [e derfc(\/a— z

The time course of temperature at different depths
calculated by the formula (2) for a single pulse with the
parameters specified above, shown in Fig. 2.
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Fig. 2. The time course of temperature during heating of
biological tissue by the radiation pulse

For the duration of the pulse (10 ms), the tempera-
ture increases almost linearly. In fact, it is the exponent
with a time constant of 300 s. However, on a very small
initial part it differs little from a straight line. After the
pulse occurs, the cooling fabric is also exponential. On
the chart the decrease in temperature imperceptible, as
it occurs slowly (with a time constant of 300 s).

As for the duration of the pulse, the heated heat
exchange area with the environment does not occur;
the maximum heating temperature is determined by
the absorbed energy and heat capacity of the heated
volume. It can be estimated by a simple formula:

E ht,

AT - = , 3
cpoS ©

max

where E — pulse energy, Po— pulse power,
tp — pulse duration, S — cross sectional area of the
beam, ¢ — specific heat, p — density.

In Fig. 3 shows the temperature distribution along
the z coordinate is the depth in tissue. His profile fits
the profile distribution of radiation intensity according

o,
il

to the law ¢ 9. The radius of the radiation intensity
and the temperature in our problem is constant.

5 2at

z

The temperature and its distribution in space is
determined only by pulse energy. It is independent of
pulse duration. Even for t, =1 s the graphics T(z,t) are
the same as in Fig. 2 and 3. It is due what heat exchange
to external volume is absent.

By heating the target with a series of pulses tem-
perature at the end of each pulse increases by a certain
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Fig. 3. Temperature distribution in biological tissue at depth
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Fig. 4. Heating of biological tissue with a pulsed radiation (average power is 2 W)

amount AT, while the exposure time is much less than
the thermal time constant 7. Therefore, the heating
rate can be adjusted by changing the duty cycle (the
repetition period of pulses). This changes the average
radiation power.

In Fig. 4 shows the course of heating of biological
tissue to pulsed-modulated radiation with an average
power of 2 W (pulse duration is 10 ms, pulse power is
10 W, the period is 50 ms). Such power is enough for
a few seconds the temperature of the tissue increased
to 3000C by increasing the duty cycle twice the aver-
age power is reduced twice. This way you can set the
wattage at which the temperature of the surface layers
of tissue during, for example, 1 s will rise to the tem-
perature required for the doctor’s work.

Conclusions

1. The temperature of the biological tissue when it
is heated single laser pulse is determined by the pulse
energy and the heated volume (beam diameter and
penetration depth of radiation in tissue). The duration
of the radiation pulse is not a function.

2. When heating of tissue pulse-modulated laser
radiation, the degree of heat it is convenient to regulate
the change of the duty cycle (the repetition period of
pulses at a constant pulse duration of radiation).
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