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Abstract-Energy absorption, heat transfer and thennodenaturation, as well as thermomechanical pro- 
cesses and vapour generation, under the action of laser radiation pulse on pigmented spherical granules in 
heterogeneous laminated biotissues are investigated theoretically. A system of equations is formulated and, 
based on its numerical solution, consideration is given to the formation and dynamics of a vapour blanket 
originating during the radiation pulse interaction with an absorbing granule in a water-containing biotissue. 
The values of radiation pulse energy are calculated which give rise to granular and ophthalmoscopically 
visible thermodenaturation lesions on the retina and to vapour generation on granules in the pigmented 
epithelium. A comparison and agreement of numerical results with experimental data validate the models 

and techniques developed. 

1. INTRODUCTION 

THE INVESTIGATION of the interaction of laser radiation 
pulses with heterogeneous laminated biotissues is of 
exceptional interest for photobiology and laser medi- 
cine as well as for determining scientifically justified 
safety norms to handle intense laser radiation sources 
[I, 21. Particular attention is called to investigations 
of radiation pulse interaction with tissues of the eye 
as the organ most vulnerable to radiation damage 
owing to a wide use of lasers in ophthalmology. 
As follows from experimental results [I, 21, the 
most practically important mechanism is the ther- 
mal nonresonance action inducing heating, heat trans- 
fer and other thermal processes. One of the eye bio- 
tissue layers, namely the pigmented epithelium (PE), 
contains spherical and spheroidal pigmented melano- 
protein granules of characteristic sizes of about I jlrn. 
In this case, the granules selectively absorb up to 90% 
of radiation energy, absorbed throughout the PE layer 
[31* whereas the surrounding biotissues have a 
markedly smaller absorptivity. During irradiation, 
the granules absorb energy, become overheated rela- 
tive to the surrounding biotissues and exchange heat by 
the mechanism of heat conduction with the ambience. 
Studies [4, 51 ascertained the possibility of selective 
thermodenaturation of the melanoprotein granules by 
radiation pulses of duration t, < IO- 3 s and of definite 
energy QC,8 which consists of the formation of a 
thermodenaturation lesion localized inside and 
around the granules without origination of a con- 
tinuous macroscopic thermodenaturation lesion. The 
current study calculated the energy values resulting in 
the formation of granular (QC,J and ophthalmo- 
scopically visible (QCJ thermodenaturation lesions. 
With an increase in radiation pulse energy (intensity), 
thermal processes other than heat transfer and 
thermodenaturation also arise in the biotissues. This 

is verified by experimental data [6, 7] indicating the 
emergence of biotissue damage with an energy 
increase which manifests itself in eye tissue ruptures, 
hemorrhages, etc. Of special interest is clarification of 
the physical mechanisms inducing mechanical stresses 
in the pigmented biotissues by the action of radiation 
pulses. Since the granules are the main radiation 
energy absorbers in the pigmented layers (PE) the 
processes with the lowest energy threshold will, appar- 
ently, be initiated on the granules. Below, a rapid 
heating, thermal expansion and thermomechanical 
processes in the biotissues without phase transition 
are examined. A system of equations is also for- 
mulated and, based on its numerical solution, con- 
sideration is given to the formation and dynamics 
of a vapour blanket originating during the radiation 
pulse interaction with the absorbing granule in the 
water-containing biotissue. Numerical results are 
compared with experimental data. 

2. THERMAL PROCESSES IN THE 
PIGMENTED EYE TISSUES UNDER THE ACTION 

OF RADIATION PULSES 

Studies [4,5] have formulated a system of equations 
and determined the techniques for its numerical solu- 
tion. This enables predictions of the action of radi- 
ation pulses with t, < IO- 3 s on the eye tissue, taking 
into account the granular PE structure, and pro- 
duction of the pattern of energy absorption, heating 
and heat transfer as well as that of thermo- 
denaturation both around individual granules and for 
the entire biotissue volume in question. Thermo- 
denaturation is a heating-induced breakdown of the 
protein macromolecular structure, resulting in the loss 
of natural functional properties by protein [8] and 
in biotissue damage. This section gives the results 
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NOMENCLATURE 

C heat capacity of biotissue (medium) AS difference of entropies of initial and 
CO heat capacity of granule material activated states 

/” 
diameter of irradiation spot on retina T temperature 
thermodenaturation degree of protein To temperature within granule 
molecules T, initial temperature 

AH difference of enthalpies of initial and t time 
activated states 4 pulse duration 

I radiation intensity V volume 
IO maximum radiation intensity on beam vo volume of granule 

axis V rate. 
i mass flux density of vapour 
Kb efficiency factor of radiation energy 

absorption by granule Greek symbols 
m2 mass of water molecule u C” condensation (evaporation) coefficient of 
M mass water 

P pressure Y adiabatic exponent of water vapour 

ii:., 
radiation pulse energy on cornea thermal conductivity 
radiation pulse energy causing the n” radiation wavelength 
generation of granular V kinematic viscosity 
thermodenaturation lesion P density 

QC.. radiation pulse energy causing PO density of granule material 
ophthalmoscopically visible CT surface tension 
thermodenaturation lesion on retina x thermal diffusivity. 

Qt. radiation pulse energy causing vapour 
generation on granules 

Rb characteristic beam radius Subscripts 

4 gas constant i = 0 particle 
r radial coordinate with origin fixed at i = 1 vapour 

granule centre i = 2 liquid (biotissue). 

predicted from the model [4, 51 for the threshold 
energies Qc. 8y Qc. 0. 

The radiation intensity distribution across the beam 
section is taken to be Gaussian 

I(X = 0) = lo(t) exp (-R 2/Ri) (1) 

where Z, = 1(X = 0, R = 0, t) is the maximum beam 
axial intensity on the cornea, and Rb is the character- 
istic beam radius. The time dependence of the intensity 
during the pulse is selected to be Gaussian of the pulse 
duration t, with an intensity level of 0.51,. Here, pulse 
energy on the cornea QC, in view of the Gaussian 
dependences of I on time and radius for an infinite 
beam, is defined by the expression 

Qc= *dt a 
s s 

1(X = 0)2nR dR. (2) 
0 0 

For a rectangular dependence of I on t and an infinite 
Gaussian beam, QC = I,nRzt,. 

The threshold radiation pulse energy QC,.. mea- 
sured on the cornea, is generally understood as energy 
by the action of which on the retina an ophthalmo- 
scopically visible thermodenaturation lesion emerges, 
represented as greyish-white spots of the characteristic 
size equal to about 20-30 pm, visible with an 
ophthalmoscope with a probability of 50% on the 

eyeground (retina) immediately or not long after 
exposure [6]. The predominant influence of thermo- 
denaturation on the processes of retina biotissue dam- 
age under the action of radiation pulses with threshold 
energy values is proved by histological investigations 
of the biotissues after exposure [6] and by agreement 
between the threshold energies, calculated assuming 
that the biotissue damage is caused by thermo- 
denaturation, and the experimental threshold energies 
[9, lo]. Since medical experiments usually use lab- 
oratory animals, calculations were performed for the 
processes of the interaction of radiation pulses with 
L = 1.06 pm, a duration of lo-’ 3 t, 2 10m8 s and a 
Gaussian intensity distribution across the beam sec- 
tion with a rabbit retina for the purpose of comparing 
calculated results with experimental data [6]. Geo- 
metrical and optical (for a medium pigmentation) 
parameters of the rabbit eye media are taken from ref. 
[lo]. Inasmuch as the experiment [6] has not deter- 
mined the size of the irradiation spot on the retina, the 
characteristic spot radius R,, x 50 pm was obtained 
numerically, such that the sizes of the thermo- 
denaturation lesion predicted conform to the exper- 
imental values. In this case, the calculated threshold 
energy QC. D is understood to be the energy causing the 
formation of the ophthalmoscopicall, visible ther- 
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modenaturation lesion on the PE (retina) about 25 
pm in diameter by the thermodenaturation degree of 
the protein molecules J‘= 0.5 (the initial value is 
,f= I), i.e. the fraction of thermoinactivated protein 
molecules within the thermodenaturation lesion is 
larger than 50%. In the numerical calculations, the 
reverse problem is solved, i.e. the pulse energy is selec- 
ted such that the sizes of the originating thermo- 
denaturation lesions deviate minimally from those of 
the ophthalmoscopically visible thermodenaturation 
lesions. 

Since, during irradiation, the granules are heated 
to temperatures higher than those of the surrounding 
biotissues, then owing to a pronounced temperature 
dependence of thermodenaturation, the case can be 
realized by selecting radiation energy (intensity) 
where thermodenaturation only occurs within or 
near the granular surface, i.e. a granular thertno- 
denaturation lesion is formed. In the given case, the 
granular thermodenaturation lesion is assumed to be 
the thermodenaturation lesion located inside and near 
melanoprotein granules with the thermodenaturation 
degree on the granule surface constitutingf= 0.5, i.e. 
the fraction of thermoinactivated molecules within the 
granule is in excess of 50%. Here, the thermo- 
denaturation microregions do not overlap and so do 
not set up a continuous thermodenaturation lesion in 
the retina biotissues. This possibility of a selective 
thermodenaturation of the pigmented biotissues by 
radiation pulses of 1, ,< 10-l s and certain energies 
QB was established from the numerical simulation in 
refs. [4, 51. The selective irradiation is realized in this 
case at energy QC., levels 2-5 times smaller than the 
threshold pulse energy QC,. which induces the for- 
mation of the ophthalmoscopically visible thermo- 
denaturation lesion. 

Figure 1 presents the experimental [6] and numeri- 
cal results for the threshold energies Qc,o and QC., of 
radiation pulses on the rabbit cornea. The exper- 
imental values ( 0 ) and (A) correspond to the energies 
causing the threshold ophthalmoscopically visible 
retina damage with probabilities of 50 and O.l%, re- 
spectively. The predicted energies Q,,O and QC,9 con- 
form to the formation of the ophthalmoscopically 
visible (QC.J and granular (Q,,J thermodenaturation 
lesions. It should be noted that, at I, = 10e3, 10m4, 
here and hereafter a constant I,, value is employed in 
calculations for 0 < t < t,. A satisfactory agreement 
between the experimental and theoretical values of the 
energy QC.. is obtained. The energies Q,.” and QC., 
calculated at I, = 10-j s actually coincide, as was 
remarked in ref. [5]. A generality of the 3-10 fold 
decrease in the energies Qc,., QC.9 with a reduction in 
the pulse duration t, from 10F3 to IO-’ s is observed. 
Within the range 1~ -9 < t, s IO-’ s, QC,, and QC+ 
are virtually invariable. A physical reason for such a 
dependence of QC., and QC.9 on t, is the following. The 
characteristic time of heat transfer for the granule 
of ro= 1 pm, is t, zzri/4x= 1.6~10~~ s. where 
x = I .73 x lo-* cm* s- ’ [l l] is the thermal diffusivity 

I 

t, (5) 

FIG. 1. The dependences of the calculated energies QC.” 
(.-.-.), Q,.” (-), Q,, (---) of radiation pukes 
with I = 1.06 pm on the rabbit cornea on I, at the diameter 
of the irradiation spot on the retina D, = 2R,, z 100 pm. 
Experimental energy values [6]: ( + ) pulse energy caus- 
ing subretinal hemorrhage with probability 50% ; (4) and 
(A) pulse energies causing threshold retina damage with 

probabilities of 50 and 0.1%. 

of the PE tissues. The characteristic time of heat 
removal from the PE of thickness I,, equal to about 
5 pm is fZ - 1&4x = 4 x lo- ’ s. When radiation pulses 
of fp < f, and t, are acting, the granules and biotissue 
become heated virtually without heat removal during 
the pulse action beyond the irradiation spot and QC.,, 
QC., x const. within the range 10M9 < t, 6 lo-‘s. An 
increase in t, at t, > I,, t2 results in a noticeable 
enhancement of heat removal during irradiation as 
well as in an increase of Q,.,, and QC,, needed for 
reaching a definite heating temperature of the bio- 
tissue and a thermodenaturation degree. When radi- 
ation pulses of t, > 10m3 s are acting, the radiative 
heating of the granules takes place at an intense heat 
exchange; here, the granule overheating relative 
to the environment tends to zero and the threshold 
energies for ophthalmoscopic Q,.. and granular QC., 
thermodenaturation lesions actually coincide. 

According to Fig. I, there is a certain correlation 
between the experimental (A) and predicted energies 
QC.,. A ratio of the threshold energies 0 /A, QC.,JQc.s 
fort, - IO- 6 s runs into about 2-4. Following ref. [6], 
the region of clinically subthreshold energies between 
the values 0 and A (and. correspondingly, between 
QC., and Q& can be regarded as the region of func- 
tional changes in the retina tissues. The energy range 
indicated can be used in practical laser ophthalmology 
to achieve a curing effect on transition from laser 
biostimulation and selective thermodenaturation of 
the PE granules to laser thermodenaturation (co- 
agulation) of the retina tissues. Besides determining 
the threshold energies QC.p for thermodenaturation of 
the PE granules, which are considerably (about 2-4 
times) smaller than the threshold energies QC,, for the 
ophthalmoscopically visible lesion, it is important in 
specifying the safety norms of laser radiation for the 
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retina. Here, QB can serve as a complementary 
insuring parameter in setting up the safety norms. A 
comparison is carried out between the radii of the 
continuous ophthalmoscopic denaturation lesion R. 
calculated by the thermodenaturation degree f = 0.5 
for the experimental [6] and predicted energies Qc., 
and various t,. The R, values obtained from the con- 
ditions [6] amount, on average, to R, - 3WO pm ; in 
this case, the maximum temperatures of the eyeground 
biotissue are T, - 363-378 K. The R, values pre- 
dicted using the theoretical Q=.. values are equal, on 
average, to R, - 12.5-15 pm with the maximum bio- 
tissue temperature here being T,,, - 360-372 K. 

Calculations are accomplished for the processes of 
the interaction of radiation pulses of 1 = 1.06 pm, 
a duration range of IO- 3 > t, > 1 O- ’ and a Gaussian 
intensity distribution across the beam section with 
monkey retina tissues for the aim of comparing pre- 
dictions with experimental data [12]. Geometrical and 
optical parameters of the monkey eye media are taken 
from ref. [lo], whereas variations in the enthalpy AH 
and entropy AS of the retina proteins during thermo- 
denaturation are taken from refs. 19, 131. In view of 
the fact that the experiment [12] has not identified the 
size of the irradiation spot on the retina, the character- 
istic radius of the irradiation spot on the retina 
R s. r x 40 pm is calculated in order for the sizes of the 
predicted thermodenaturation lesion to agree with the 
sizes of experimental lesions. Figure 2 gives exper- 
imental [ 121 and numerical results for the energies Q,.O 
and Q,., of radiation pulses on the monkey cornea. 
Experimental and theoretical values of the energy PC,,, 
are in satisfactory agreement. General rules of the 
behaviour of Q,., and Q,,, are similar to Fig. 1 and 
motivated by the same physical reasons. 

10-2 
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i ./ 
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10-g 10-T 10-J 10-3 
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FIG. 2. The relationships of the calculated energies Q,,. 
(.--.-.), Q,” (--), Q<., (---) of radiation pulses with 
A= 1.06 pm on the monkey cornea on I, with the diameter 
of the irradiation spot on the retina D, = 2&, z 80 pm. 
Experimental energy values [7, 121: ( + ) pulse energy causing 
subretinal hemorrhage on the retina with probability 50% ; 
and (0) pulse energy causing the threshold retina damage 

with probability 50%. 

One of the aims of the experimental study [ 121 was 
determining the dependence of Qc., on t, over the 
range 10m9 < t, < IO-’ s. It was ascertained that the 
threshold Q,,, values at t, = 4 x 10m9 and 2 x IO-’ s 
are about the same (only at t, = 3 x IO-” s are the 
Q,, values about twice as large), which is verified by 
the calculated results. In the given case, the ratio of 
the threshold energies Q,,,JQ=., also reaches about 
2-4. The R, values predicted using the theoretical 
energies Q,,, constitute, on average, about 12-15 pm; 
with the maximum biotissue temperature here being 
T,,, - 365-380 K. 

3. THERMOMECHANICAL EFFECT OF 
RADIATION ON THE GRANULES 

With short and intense radiation pulses acting, the 
situation can arise where the thermal expansion rate 
of the heated biotissue proves to be commensurable 
with, or larger than, the speed of sound and a com- 
pression wave can be formed in the tissues. The orig- 
inating pressures can be calculated by a simple mode1 
for a single granule. Water is used as the material 
modelling the properties of the granule and surround- 
ing biotissue. This is due to the fact that water is the 
basic (amounting to about 80%) constituent of the 
eye media and its physical characteristics [l4] resemble 
those of the eye tissues [1 I]. The characteristic relax- 
ation time t, of thermoelastic stresses resulting from 
a rapid heating and expansion of the granules is esti- 
mated by the equation t, - r,,/c,, where c, is the speed 
of sound in water, and t, - 6 x lo- lo s for r0 - 1 pm. 
Consider the most interesting case with the affecting 
pulse duration 1, - t,. 

A calculation is conducted of the pressures orig- 
inating under the action of short radiation pulses with 
t, = 10e9, IO-’ s and with predicted threshold ener- 
gies Q,,,. The maximum heating of a spherical granule 
AT,-,, = T,,, - T, by the end of the action of the short 
radiation pulse with r, = 10m9, IO-’ s, which allows 
granule heat exchange with the environment not to be 
taken into account, is equal to (see ref. [5]) 

3EroK, AT,, = ~ 
4Pmcoro 

(3) 

where E,, is the energy density of radiation pulse on 
the retina. The average material density p in the region 
from r. to rr = r,+ c,fP covered by the compression 
wave is 

vr- vo 
* p=pm Vr-V,-AV, (4) 

where pm is the initial density, V, = $cr& V, = jm$, 
and AV, = VopATo, is the granule volume increase 
due to thermal expansion, fi is the thermal coefficient 
of volumetric expansion. The originating pressure p 
is predicted from the empirical equation of dynamic 
compressible water [ 151 

p=A 1 (5) 
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where A = 3000 atm and n = 7-8. The maximum 
granule heating AT,,, which does not as yet give 
rise to a vapour bubble, should not be larger than 
AT,,, < 273 K [16]. A calculation ofp from equation 
(5) for t, = lOmy s, I’~ = 1 pm, AT,, z 273 K yields 
p m I x IO* atm. However, already at t, = IO-’ s and 
the threshold energy Q=.., the originating pressure 
constitutes p $ I atm which is due to the cor- 
responding volume increase V,-. Unfortunately, an 
exact criterion of the biotissue damage in the com- 
pression wave with a specific pressure drop is 
unknown. At the same time, it can be supposed that 
the pressure drop arising when I, 6 IO-’ s, by the 
action of a radiation pulse with a threshold (and over- 
threshold) energy value can bring about additional me- 
chanical damage of the biotissues. It should be noted 
that at t, = 1O-9 s and threshold pulse energies Qc+ 
which are about five times smaller than the energies 
Qu,., the originating pressure is, accordingly, about 
five times smaller and, apparently, counts little in the 
given case. With t, 2 lo-* s, and the threshold radia- 
tion pulse energies. the influence of mechanical damage. 
as follows from the results reported. is small. 

4. THE FORMATION AND DYNAMICS OF A 
VAPOUR BLANKET ORIGINATING DURING 

THE INTERACTION OF RADIATION WITH A 

GRANULE 

The publications [ 13, 171 treating the interaction of 
radiation with biotissues postulate that the biotissue 
heating of up to 100°C (373 K) results in cellular water 
evaporation (vapour generation) in the biotissue 
volume. Here, the possibility of water heating in the 
biotissue by short radiation pulses to markedly higher 
temperatures T > 373 K without vapour generation 
deep in the metastable region [16] is totally disre- 
garded. At fairly short pulses of intense radiation, 
the granule and surrounding medium heating can occur 
at the rates of IO’-10’ K s- ‘. In this case, the water sur- 
rounding the granule can get into the me&stable state 
up to the temperature r, of explosive ebullition cap- 
able of existing for a comparatively long time period 
in the water heating conditions, which is confirmed 
experimentally [16]. It must be pointed out that the 
possibility of the tissue heating beyond T = 373 K, 
as applied to the problem of the radiation effect on 
biotissues, is not touched upon. An intense homo- 
geneous nucleation in overheated water around the 
granule begins, as predictions [ 181 made clear, on the 
water heating up to T, zs 593 K. Thereafter, a very 
rapid (explosive) ebullition of the water volumes 
occurs deep in the metastable region and the system 
goes into an equilibrium state characterized by the 
generation of a new phase, namely water vapour. A 
vapour blanket formed on the granule has an initial 
vapour pressure of about 10’ atm which induces a 
subsequent rapid expansion of the vapour blanket. 
Thus, when radiation affects the pigmented biotissue 
layers containing granules, the new threshold radi- 

ation energy Qc,, can be introduced which causes 
granule surface heating to T, and vapour interlayer 
formation on the granule. Here, vapour generation 
over the range Qc, “-Q,. o can be neglected. The vapour 
blanket (the bubble) formation and expansion give 
rise to intense pressure waves [15] which result in 
mechanical damage and rupture of the biotissue. 

This section reports on a theoretical study of the 
vapour blanket formation and dynamics with radi- 
ation pulses affecting an absorbing particle (granule) 
located in liquid. 

Let a spherical particle of radius r0 be situated in 
liquid (water) and from the initial instant of the 
optical radiation pulse action radiation energy ab- 
sorption by the particle begins as well as heat exchange 
with the adjoining water layers which is described by 
the heat conduction equation 

(6) 

where T, is the temperature, r is the radius of the 
spherical coordinate system with the origin fixed at 
the particle centre, t is the time, ci, pi, K~ are the heat 
capacity, density and thermal conductivity, respec- 
tively, of the medium (those for r ,< r. (i = 0) are the 
particle parameters and those for r > r (i = 1) are the 
liquid parameters), qi is the power density of heat 
sources (r < r,,, q,, = tKabnri/ V,, V,, = $tr& Kab is the 
efficiency factor of radiation energy absorption by the 
particle, q2 = 0 for r > r,,). Phase transition (vapour 
generation) will only be considered in water sur- 
rounding the particle. 

In the cases where nucleation due to contamination, 
etc. is absent and liquid is heated rapidly, a homo- 
geneous nucleation mechanism with liquid deep in the 
metastable state is realized. 

It is established that an intense homogeneous 
nucleation in water begins on heating beyond 578- 
590 K, after which a very explosive ebullition of water 
is observed and the system converts to an equilibrium 
state characterized by the generation of a new phase, 
namely vapour bubbles [16]. The presented evalu- 
ations revealed that, on reaching the temperature 

T* zz 593 K over the time of exposure to radiation 
pulse of duration t, > lo-’ s, at least more than one 
nucleus of the radius larger than the critical radius is 
formed in the heated water region around the micro- 
particle and the explosive evaporation of liquid vol- 
umes deep in the metastable region occurs. Assume 
that the initial vapour layer around the particle orig- 
inates instantaneously once its surface has reached the 
temperature T, = 593 K during the explosive evap- 
oration and the merging of critical nuclei. Here, the 
temperature of the vapour generated decreases to T, o, 
at which the homogeneous nucleation actually ceases. 
In this case, the pressure p, D and density pi 0 of the 
vapour are equal, correspondingly, to the pressure 
p,. and density p,. of saturated water vapour at 
the temperature T,,. The mass Ml0 of the vapour 
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blanket formed around the particle and its initial outer 
radius r , 0 are found from the mass and energy con- 
servation law for the system under consideration and 
from the equation of the saturated vapour state 

M20 = V,oP* = Ml0 = ~,oP,,(T,o) (7) 

I 

?-. 
4KP2 r2c2(r>W)dr = @lo-~mN~lo- v20) 

‘0 

+4arf,a+M,,(E,,+L,) (8) 

PI0 =Pls = ~,P,su-,o)T,o (9) 

where r* = r(T= T,), V,, = $(r:o-r& Vzo = $rx 

(40-4, El0 = clTlo, c is the heat capacity, rzo 
is the outer radius of the water layer converting into 
vapour, R, is the gas constant, u is the surface ten- 
sion coefficient, L, is the vapour generated heat on a 
per-unit-mass basis, p is the density, p is the pressure, 
the subscripts 0, 1 and 2 refer to the particle, vapour 
and liquid, respectively. Energy equation (8) accounts 
for conversion of a part of the thermal energy of the 
overheated liquid layer into the work of the vapour 
blanket expansion to the volume Vlo, for surface 
energy, thermal energy of vapour and energy 
expended on vapour generation. Solving the system 
of equations (7)-(9) with the known T,. value yields 
the original parameters for the vapour layer r , o, p, o, 
p ,o, Ml0 which are used as the initial conditions in 
examining the vapour blanket dynamics in water. 

The behaviour of the particle-vapour-liquid system 
is described by the following system of equations (see 
also refs. [ 19, 201) 

r<r,: 

aTo Id 
CoPoat = 7% (10) 

for r. < r < r, : 

u,(r,t) = -G$ 

PI(~) = R,p~(r,OT,(r,O, 
8th 
z = 0 (12) 

dp, Wlptri -= 
dt --+ rl -r0 

4 aT, 
-T K,p 

rl ( )I ar 1. 
(14) 

dr, 
- = 6, +7/p’, = d2 +T/p2 dt 

dM, _ 

s 

II 
x = 4nr: j, M, =4rL r’p, dr (16) 

10 

forr, <I’< co: 

v2 = d,r:/r’ (17) 

pz = const. (18) 

c2p2~~+u2~)=;~(r2K2~)+q* (19) 

ddz 3 -, 2j;-, 
r,x+jvi+p,= 

p,-pm-20/r, 

P2 
-4!5& 

rl 

(20) 

where r, is the running outer radius of the vapour 
blanket, K is the thermal conductivity, y is the adia- 
batic exponent of water vapour, u is the velocity, 7 
the mass flux density of vapour and vz the kinematic 
viscosity of water. The overscribed bar (see equation 
(22)) and tilde denote the quantities taken, cor- 
respondingly, at r = r. and r = r,. the subscript co 
refers to the initial value of the quantity. 

The system of equations (IO)-(20) involves heat 
conduction equations for the particle (IO), vapour 
(13) and liquid (19), for the distribution of u, (r, t) (1 I) 
as well as the equation of the vapour state (12). Here, 
use is made of the homobaricity approximation 
ap,/ar = 0, since the bubble expansion rate is much 
smaller than the speed of sound in vapour d, << c,, 
as well as the equation for the vapour pressure p, 
(equation (14)) for the bubble radius r, (equation 
(15)), for the vapour mass M, (equation (16)), and 
the continuity equation for liquid (equation (17)) 
under its incompressibility approximation (equation 
(18)), which is valid for the pressure p2 < IO’ atm, as 
well as the Rayleigh-Lamb equation for the bubble 
expansion rate C2 (equation (20)). 

The initial and boundary conditions for equations 
(I 0)-(20) have the form 

fort=O: To= T,= T,, v,=O: 

t=f,: rl =rlo, pI =pIo, 

PI = p,sG’-,oh 0, = 0, ~2 = 0 (21) 

ho r=O = 0, 6, = 0, 

-(Kh;; ( ) - - 
=-K,$: o , 

F, = Tz;, ,:. -(K,;i+cl;, (22) 

forr+co: 

Tz=T,,  v2=0> p2=pm (23) 
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f (pm) 
FIG. 3. The distribution of the temperature T along r at 
I = IO-’ s (1) 6 x IO-’ s (2) and 1.2 x lO-‘s (3). A vertical 
line for r = 0.5 pm denotes the particle edge, vertical marks 
denote a location of the outer edge of the vapour blanket at 

the relevant time instant. 

where CI,, is the condensation (evaporation) coefficient 
of water molecules and mz is the mass of water mol- 
ecules. Here, account is taken of the temperature 
dependences of the surface tension coefficient and 
thermal conductivity of water and water vapour, and 
of the water evaporation heat. 

A numerical simulation is performed for the vapour 
blanket formation and dynamics during the inter- 
action of optical radiation pulses with an absorbing 
particle in water based on the solution of equations 
(6)-(23) on a computer using the Lagrange mass co- 
ordinates. Figures 3 and 4 give some calculated results 
for the interaction of radiation pulses of the duration 
I, = 10m8 s, constant radiation intensity I0 = const. 
during pulse at Z&, = 1.775x 10’ W cmm2, 
q, = q2 = 0 with a particle of r. = 0.5 pm located in 
water. The I,& value is chosen such that the con- 
dition of the generation of the initial vapour blanket 
is fulfilled at the time instant of the pulse cessation, 
i.e. t, = t,. For simplicity, the values and temperature 
dependences of thermophysical parameters of the par- 
ticle material are taken as those of water [21]. 

Figure 3 presents temperature distributions over r 

for several time instants. During the action of the 
pulse with t, = lo-* s, heat exchange of the particle 

being heated with the environment results in pro- 
nounced temperature gradients on the particle edge. 
At the time instant t = lo- ’ s, an initial vapour blan- 
ket is generated of outer radius r,. = 5.73 x lo-’ cm, 
temperature T,, = 578 K and pressure p10 = 
9.18 x lo2 N cm- 2, greatly in excess of the external 
pressure, pm = 1 x 10’ N cm- * which causes a 
subsequent expansion of the vapour blanket. Insofar 
as the particle heat exchange over the time t, is small, 
the vapour blanket is surrounded by cold liquid which 
induces an intense vapour condensation on the liquid 
surface and a decrease in the vapour mass M, (see 
Fig. 4). In the course of time, particle heat exchange 
with the surrounding vapour and liquid develops, 
which induces the particle cooling. During the vapour 
blanket expansion, the vapour density decreases 
which results in condensation and in a certain stability 
of the vapour mass with time. 

Figure 4 presents time dependences of the vapour 
pressure p,, vapour mass M, and the outer radius 
of the vapour blanket r,. With the vapour blanket 
expansion, r, increases up to a maximum value r, z 

9.8 x lo- ’ cm and the vapour pressure p, decreases 
to PI x 6 N cmm2 and a negative pressure drop be- 
tween the vapour and the surrounding liquid is estab- 
lished. This causes a retardation of the outer edge of 
the vapour layer, its stopping and a reverse motion 
towards the particle surface. The vapour blanket 
contraction, in turn, induces a rise of the vapour 
density and pressure, which enhances the vapour con- 
densation process and reduces the vapour mass M,, 
when t > 1.1 x lo-’ s. The maximum expansion rate 
of the outer edge of the vapour blanket reaches about 
1.5 x 1 O3 cm s- ‘, whereas the contraction rate of the 
outer edge of the blanket at the particle surface runs 
to about (1.7-2) x lo3 cm s- ‘. The space-time dis- 
tributions of the vapour density p,, vapour velocity 
v, and liquid velocity v2, etc. are obtained as well. 

An analysis of the numerical results demonstrated 
that, with the vapour blanket contraction, the high- 
rate condensation and a sharp decrease in the vapour 
mass M,, the vapour blanket can collapse. Here, as a 
consequence of the small thermal conductivity of the 
vapour, the particle is cooled slightly by the instant of 

I I I I I I I 

2 4 6 6 IO I2 

The dependences of the vapour pressure p, (I), vapour mass MI (2) and outer radius of the 
blanket r, (3) on fat rP = 1Om8 s. 

FIG. 4. 
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the vapour blanket collapse. As a result, the formation 
of a new vapour blanket with a subsequent recurrence 
of the process is possible after the vapour blanket 
collapse. On the other hand, at a slower decrease 
of the vapour mass due to condensation, there is a 
possibility that, under certain conditions, the vapour 
blanket begins to contract and expand periodically, 
rather than collapse. 

Based on the results obtained, a calculation was 
performed for the threshold pulse energies Q, y  giving 
rise to the vapour blanket on the PE granules under 
the action of radiation pulses with I. = 1.06 pm at 
durations ranging from IO- ’ to IO- ’ s for the pur- 
pose ofcomparing them with experimental data [6,7] ; 
here the experiments [6,7] registered the origination of 
vapour bubbles. Figure 2 gives experimental [6,7] and 
numerical value of the threshold pulse energy Qc.. 
on the cornea. The experimental values of radiation 
energy [6, 71 conform to mechanical damage of the 
tissues and to subretinal hemorrhage from the 
choroid. The comparison of experimental and cal- 
culated energy values in Figs. I and 2 testifies the 
reasonable agreement, since the bubble formation 
in the retina tissues can cause the above-mentioned 
damage. A discrepancy between PC., and experimental 
value at t, = 3.5 x IO-’ s in Fig. 1 and t, = 3 x IO-” s 
in Fig. 2, evidently results from the use of the indi- 
cated time dependences f,(t) and from the impossi- 
bility of taking into account the real peak temporal 
form of pulse [6, 71. At I,, = 3 x IO-” s, the pulse has 
a fine structure, which was noted in ref. [l2], and 
this could be a possible reason for overestimating the 
experimental values of Qc ,, and Qc ~. as clear from 
Fig. 2. It must be remarked that Qc. y  is only the small- 
est energy value (the lower limit) of the onset of bulk 
vapour generation. In the real conditions, however, 
the origination of vapour bubbles and mechanical 
ruptures would occur at pulse energies larger than 
Q,.“. The dependence of Qc.V on t, separates the pulse 
energy regions inducing evaporation, when Q > Qc,., 
and thermodenaturation with pressure waves without 
phase transition, when Q < Qc,. (see Figs. I and 2). 
With decreasing t, < lo-’ s, the radiation energies 

Qc.. and Q,.O converge, which can evidence a joint 
action of the outlined mechanisms in the damage 
lesion generation on the retina. In conclusion, ref. 
[22] should be noted which has studied the role of 
pigmented granules as laser rupture initiators and the 
origination of ionization waves in thermal explosion 
of the pigmented granules. 

5. CONCLUSION 

The current study has mathematically simulated 
thermal processes occurring during the interaction of 
optical radiation pulses with pigmented granules in 
heterogeneous layers of eye tissues. Mathematical 
models of the processes are given, numerical technical 
techniques are delineated and results of numerical 
calculations are reported. Concepts are introduced 

and the values of the threshold radiation pulse ener- 
gies giving rise to a granular thermodenaturation 
lesion and to vapour generation on the granules are 
predicted. Consideration is given to the dynamics of 
a vapour blanket originating on the granule and to 
thermomechanical processes taking place during 
irradiation. The comparison of calculated results with 
experimental data and the agreement obtained vali- 
date the models and techniques developed. In the 
case in question, the mathematical simulation allows a 
thorough examination of the characteristics of ther- 
mal processes during and after irradiation, a realistic 
estimation of the biotissue damage mechanism 
(thermodenaturation, thermomechanical processes 
and bubble formation) and a correct interpretation of 
experimental results. The results obtained, including 
the ranges and values of radiation pulse energy taking 
certain effects upon exposure, are of considerable 
interest with regard to laser application in medicine 
(ophthalmology) for the purpose of substantiation 
and optimization of the irradiation regimes. 
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