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STUDYING THE TEMPERATURE FIELD IN THE RECORDING AND REPRODUCTION 

OF INFORMATION BY MEANS OF FOCUSED RADIATION 

Yu. M. Kolyano, A. V. Irlin, B. V, Protsyuk, 
B. A. Drapkin, and V. G. Tsukanov 

UDC 536.12:539.377 

The functions of an instantaneous spot source of heat acting on the boundary 
of layer separation have been constructed for a two-layer plate. The tempera- 
ture field generated by a moving normally distributed source of radiation is 
studied in the recording and reproduction of information. 

The most important component in the development of optical disk recording devices, as well 
as in the reproduction and storage of information is the study of the process involved in 
the propagation of heat generated in an active layer applied to a substrate transparent to 
optical radiation and focused with brief pulsed radiation (the thickness of the substrate 
considerable exceeds the thickness of the active layer). Under real conditions, since the 
three-dimensional distribution of radiation intensity is described by a complex law [i], it 
is a good idea to make it as simple as possible. In this connection, of practical interest 
is an examination of the problem pertaining to the heating of component parts in three-dimen- 
sional formulation from the standpoint of the heat sources which are effective at the point 
at which the layers are joined. 

The solution of these problems for a two-layer plate can be found by means of the func- 
tions G (r, r 0, ~ , ~0 , z, ~), satisfying the following equation, with discontinuous and sin- 
gular coefficients: 

1 6 ( r - - r o )  " 6 ( , - - ~ o ) 6 ( z - - z ~ 6 ( ~  =0 
+ ~'--~ ro 
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and the boundary conditions 

dO I O, 
~Z z=O 

where 

~ =o 01 =o ~ _-o 
a z 1 a 1 a z 
ar~ + - - - -  ~ - -  + - - "  r Or r~ O@ Oz ~ 

a f ~  Let us note that Eq. (i) is equivalent to the heat-conCuction equations AG i = Gj/ I tJ = • 
2) for each layer, as well as to the conditions of contact G: = G~, X=(SG2/~z ) -oXz(SG:/3z) = 
-[6(r - r0)/r0]6(~- %)5(z-z:)~(~) for z = z:, G = G: + (G2 - G:)S(z - zz). 

Applying the Fourier, Hankel, and Laplace transforms with respect to the variablLes ~ , 
r, �9 to (i) and (2), respectively, we obtain the following ordinary differential equation 

G [~ + (e~ - -  ~ )  S (z - -  z,~l U - -  ( 3 ) 
d~  

- t z3  - 1 - -  ~ ( z -  z , )  = - ~ ~ (~, ~)/5 (z - z 0  
Z~ZI--O 

and t h e  b o u n d a r y  c o n d i t i o n s  

I (4 )  
d?, =o,  =o. dz z=o z=z, 

Here 
/cosvq~ o with v = O, 2, 4 . . . .  , 

A(N, v)=J~(~lro)tsinvq~owith v = l, 3, 5 . . . . .  

8j = - -  + ~- (i = 1, 2). d:.l 

Following [2], we represent the solution of problem (3), (4) in the form 

~_ A(~l,Qe~ X.,v){sh e3 ( z 3 _ _ z l ) [  chs : z - - [ - ( che :z : chs~(z - -z : )  + e-"$s~ ~,'~'l X 

] } X sh ~:z~sh e 3 (z --- z:) - -  ch sxz) S (z - -  z:) - -  Q she 3 (z - -  z~) S (z - -  za) , 

(5) 

Q = ch e 1 z 1 ch e~ (z~-- zl) -k sl ~1 sh e: z 1 she  2 (z 3 - -  z:). 

Turning in (5) from the images to originals, using the theory of expansion for the inlegral 
Laplace transform, we will write the solution of problem (I), (2) in the form 

G - -  1 al  ~ ~ ( 6 )  ~] :o (hdo) ~ ~ (h, z, ~.) e• ( - -  b~ ~) d~], 

where 

cl~ = r2 + r~ - -  2fro cos (~- -  %); 

61 sin 6~ (z~ - -  z:) rcos 6~z + (cos 61zl cos 62 (z _ z:) - 

6: %: sin/51z: sin/53 (z - zl) - c o s  61 z) s (z - z:)];  
J 

D (~1, a) = A 1 sin 6z (z2 - -  z~) sin/51Z 1 -'~ A 2 sin 63 (z2 - -  zl) cos/51z 1 + 

-k A8 cos/5~ (z~ - -  zl) sin/51 Zl ; 
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A~ = z~ + h 6~ a, ( z , - -  z:), 6, = - / I / ~ -  n ~ (i = ~, 2); 

Pn are the roots of the equation cos 6iz i cos 62(z 2 - zi) - (6i/62)(~i/~2) sin 6iz i sin 62(z =- 
zi) = O. 

A solution in the form (6) can be used effectively for numerical calculations, given suf- 
ficiently large values for the time. Let us dwell in some detail on obtaining a solution 
for boundary-value problem (i), (2), such as is convenient from the standpoint of realiza- 
tion with small time values. 

With large values of s for a2 < at, the expression for G can be transformed as follows: 

where 

= A (% v) 1 lexp (--  8~ (z 1 - -  z)) (1 q- exp (--  2el z)) S (z I - -  z) -b ( 7 ) 

Jr exp (--  es (z - -  z0) (1 q- exp (--  281Zl)) S (z - -  z,)l ~ u", 
n=0 

where [u[ < i .  

Since 

U ---- Q-: , ~ ( - -  (! Jr exp(--  2exzl)); 

- -  ~1 ~1 ~1 ) exp (-- 2e i Zl), 

= 1 + ~z a____2_~ a2 
81 s + ~ ' a ~  ~ l -  1 (8) 

and as < ai f o r  ~ z / e i  t h e  f o l l o w i n g  e x p a n s i o n  i s  v a l i d :  

: 7  = 2 -: 
Limiting ourselves in (9) to two terms, i.e., assuming that 

--~ [/ I + -- i (io) 
el ~ 2 s q- ~z al 

and substituting (i0) into (7), keeping in mind in this case only the first two terms of the 
series in (7), since the latter contains terms of a higher order of smallness, and utilizing 
the representations 

1 __ I " ~  ( B :  ]m-I 
Q~- B~ ~ p k-'~-'2 ] exp (--  26~z: (p - -  1)), 

F-=I 

we obtain 

[+, G ~ A (#, ~ )  P exp (-- 2size) + 

d - ~ -  B ~  a i sq-~Zai = P \  B~ ] • 

(ii) 

where 

X exp (--  2exz 1 (p - -  I))] [exp (--  % (z 1 - -  z)) (I Jr exp (--  2exz)) S (z 1 - -  z) q-  

Jr exp (--  % (z - -  zl)) (1 Jr exp (--  2elz l )  ) S (z - -  zl)], 
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~1 V r a'--~--. ~'1 / al 

Making the transition in (ii) from images to the originals, using the theorem of displace- 
ment and convolution of the Laplace transform, as well as the inversion formulas for the Han- 
kel and Fourier transforms, we have 

3 

oxp t I I 0. ( + 
L 4 \ \ 

_~ + (~2 ~/~)_1 ( 1 agal .) (B2~)-z exp ( 4al~ )X 
, - -  --~-~--k ,2 2/ 

4ax~ 

• i. exp (--  dO + ( /31 )P exp a,v du + 
s__ ~ \ B~ / 4alu 

g V ~ ( ~ - -  u) ~ ~=~ ~=o 

+ 16~ ~1!2 / , .glg~ (a~--a~'l*B--~ o exp(--d0& ( - d~ ] ] .~ x 1 Rx(u) du S ( z - - z  O. 
g~ (~ - -  u) 2 

Here 

al (z--z1), ~ j  =2z  1 + (z--z1) (] = 1, 2), ~lJ = ( - -  i)~ ~ -  

~31 = 3zl - -  z, R~ = 3z~ + z, F~ (~, z) = 

-- 4 p~ 1 (Bx~P--lierfc(%V+[Jlx) 
4 

d~o ( z - -  z,)~ 
g=a~'~- j - (a  1 - a 2 )  u, d 1-- 4g -f @l( '~- -u)  ' 

alv = 2pzp cz2p = 2 ( p +  1)zl, a3p = 2(p- -1)z l ,  a~p =a~p. 

If we limit ourselves in (9) only to the first term, i.e., if we assume E2/~ I : ]/a-~ , 
then we obtain the following expression for Gj (j = i, 2): 

8 

G ' ~  4 " ~ ' v - ~  exP ( ~ X  --~I Pexp( (2ZlP'A~'])2~ " (13)  
4a1~ z=l ;=~ - 4alx / 

I f  in the  e x p r e s s i o n s  f o r  ~1, E2 in (7 ) ,  f o l l o w i n g  [3J ,  we assume t h a t  q = 0, then 

G i ~  Val  ' 6(r--r0)  6 ( ~ - - % ) ~  2 [ /71 tPexp(  (2zlp+~u)~ t (14) 
~B~ V ~  r0 l=l p=o \ B~ ) 4al T, ] 

Formulas (14 ) ,  (13 ) ,  and (12) a re  s u c c e s s i v e  approx imat ions  fo r  the  d e t e r m i n a t i o n  of  
the  f u n c t i o n s  of  an i n s t a n t a n e o u s  spo t  source  of  hea t .  Let  us t ake  no te  of  the  f a c t  t ~ a t  
from (13) we can o b t a i n  a p r e c i s e  e x p r e s s i o n  fo r  the  f u n c t i o n  G fo r  a uni form h a l f - s p a c e :  

3 

G =  8 ~ ] / a  exp 4a~ ~ e x p  4a~ " 
l=l 

On the  b a s i s  of  the  c o n s t r u c t e d  f u n c t i o n s  G ( r ,  r0 ,  ~ ,  q,0 , z, T) we w i l l  w r i t e  out  the  
e x p r e s s i o n  of  the  t empe ra tu r e  f i e l d  in t he  t w o - l a y e r  p l a t e ,  s a i d  f i e l d  gene ra t ed  by the  ac-  
t i o n  of  hea t  sou rce s  of  d e n s i t y  N ( r , ~  , z)6 (z - z l ) ,  where N ( r ,  q0, ~) i s  some a r b i t r a r y  
f u n c t i o n  of  the  c o o r d i n a t e s  r ,  ~ and of  t ime ~: 
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"1; oo 2 ~  

0 0 0 

In the case of a normally distributed pulse-radiation heat source moving about a circle at 
a constant angular velocity ~, the expression for the temperature in the active layer as- 
sumes the form 

,'r 2 ~  

t~(r, % z, x ) =  S ] ,f roq(v)exp{- -k l r~+cZ--2roCCOS(%--(ov) l}O~(r ,  1"o, op, %, z, ~:--u)d%drodo , (15) 
0 0 0 

rn-- |  

q (v) = qo ~ IS+ (~-- b~) -- S+ (~-- b~ -- ~)1, 
n=O 

b n = n(Tl + T2), and c is the distance from the coordinate origin to the center of the spot. 
Substituting (12) into (15) and carrying out the integration, we write 

where 

tl (r, ~, z, T ) =  61(r, ~, z, ~) + tl~ (r, q~, z, x), (16) 

t~(,', ~, z, "0 = V $  q. 
m - -  1 ~--b n 

Xo[,+ oo) o,(, ,  z, 
"c--ha.--" Q 

- s+ ( . -o~ - .~ )  f. o,(., r ~, .)a.], 
0 

m--I I qo 
t,,(., ,p, ~, " ) = 2 ~  ~,w--~ ~ ( '~ - ' ' )  :E [s+(~-b.)  x 

rt--~O 

'~--bn "g--b~--'Q 

x !" o~(,. ~. z. , ) e , - s + ( ~ - o ~ _ , . )  ; o~(,. ~, ~, , )e,J.  
0 

exp . . . .  
aq ~ ( B l " ~ , e x p (  (2zlpq-[~,1)2 

01 (r, ~, z, u ) =  u t ' l / a  ~ B~ ] 4alu ) '  
l=:i ~ p-=O 

d ~" = r ~ + c z - -  2re cos (q~ - -  o) (x - -  a)), t 6 ---- 1 + 4kalu. 

(17) 

(i8) 

us examine certain special cases in the solution of the heat-conduction problem. Let 
If we use (13) with j = i, in order to determine the temperature field in the active layer, 
we find that tl(r, q), Z, ~) z tlx(r , q~, z, "t'). Substituting expression (14) into (15) with 
j = i, we find that 

m--  ! x - -bn  

= 0 

0 

where 

080", q~, z, u )=  "1/~- ~ exp (2zip + I~dP . 
t=, - 4alu 

With 4ka:ix << i the same result follows out of (16). 

For a uniform half-space the exact solution of the heat-conduction problem is presented 
in the form 

t(r,  r z, ~ ) =  ] / a  qo ,~-1 ~-bn ~--brL--~ 
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Fig .  1 F• 2 

F ig .  1. The r e l a t i o n s h i p  be tween  t /q0(mZ'K'W -~)  and z(10 -s s e e )  f o r  v a r i o u s  v a l -  
ues  o f  tp : 1) '~P= O; 2) tp = co'el; 3) ~ = to(z z + "r2); 4) q~+ = to(2z z + "rz) ; 5) tp = 
2~o(xt + ~ ) ;  6) +P= ~(3~z + 2z2 ) .  

Fig. 2. The relationship betwwen t/q0(m2"K'W-Z)mand ~ (rad) at various instants 
of time x: i) < = 0.25"i0 -s sec; 2) x = 0.31"10-s; 3) ~ = 0.35"i0-s; 4) ~ = 
0.41"10-s; 5) �9 = 0.45"i0 -s sec. 

~here 

0 (r, q~, z, u ) =  

kd2 1 
exp l--F4kau, ~ e x p ( - -  [~' , ) .  

(1 q-4kau) ] /~  l=l 4au 

In the case of a nonmoving heat source 

where 

t l(r ' ,  Z, x ) =  t n ( r ' ,  Z, T ) +  t n ( r ' ,  Z, T), 

tll(r', z, t ) -  l / ~  qo =- I  ~-)~ B 2 Xo-I/~" E [S+(~- -b . )  j @,(r', z, u)du--  
- n=O 0 

T--bn--'r ~ 

- -  S +  ('1~ - -  bn - -  T1) ,I 01(ft, Z,U) dg]; 
0 

m--1 t - -b  n 1 qo IS+ ( t - -  b,,) O., (r', u) t,~(r', z, x)= 2B~ Z~-I/~ (al--a=) Z L ( z, du-- 
n=O 

"~--bn--'~ 1 
.f %(< z, ,,)d.]; 
0 

+'- ul | (2zip q- ~a) ~ @ l(r'~ z, ~)~ 
t h V u  ~ z.,~ B: j 4a.u p=0  

~)2 ( r ' ,  Z, l l)  ~ -  e x p  ( kr"/~l "/, ( T'~I ---/~r'/~/~'--] -+- kr" ) (tt, Z), 

r' is reckoned from the center of heating spot. Where 4k az~ << I, to determine tz(r', z, 
x), we have the simple formula: 

2qo - I /~  m-, 2 = [ ~,, B~ ~ ~ ~-~ [S+(t--b~) ] / t - -b ,  i edc  2zap + J]z, __ tx(r', Z, T ) --~- 
,,=o t=, .=o 2-1/~ -I/x---'~--~n 

- -  S+ (x - -  b, - - -  T1) " ~ ' ~ - - -  bn, - -  "fl i e r i c  2z~p -+- j3zl ] 

Based on (16) we calculated the temperature field at the point at which the layers were 
joined, with the following values for the parameters: z I = 0.12"i0 -~ m, z I = 0.2'10 -6 sec, 
~2 = 0.5"10-7 sec, co = 50~ rad/sec, c = 0.045 m, %1 = 8.37 W/(m.K), %2=0.2 W/(m'K), al = 
0.3"10 -5 m2/sec, a~ = 0.7"10 -7 m2/sec, k = 0.307787"10 la m -2, r = c. The results of these 
calculations can be found in Figs. 1 and 2. 
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We can see from these figures that the initial pulse has little effect on the change 
in temperature at those points through which the center of the heating spot passes during 
the second pulse, whereas the second pulse has virtually no influence on the change in temp- 
erature at those points through which the spot center passes during the third pulse. It 
thus follows from the foregoing that in order to study the process of heat propagation it 
is sufficient to limit ourselves to several pulses. 

The maximum temperature is achieved at the end of the pulse at those points through 
which the heating spot center passes within (0.14-0.16)'10 -6 sec from the instant of pulse 
onset. 

Let us note that for the calculations that we have carried out here the absolute mag- 
nitude of t12(r, ~ , z l, ~) amounts to no more than 10% of the total tl(r, ~, zl, ~), 
Should it become necessary to refine the temperature values, we must take into considera- 
tion a larger number of terms in expansion (9) and in the series in (7). 

NOTATION 

t, temperature in the plate; t~, temperature in active layer; r, ~ , z, cylindrical co- 
ordinates; ~, time; z2, thickness of two-layer plate; z I, thickness of active layer; (r0, 
~0 , zl), effective point of instantaneous heat source at initial instant of time; 11 and 
a, , % 2 and a2 coefficients of thermal conductivity and thermal diffusivity for the active 
layer and the substrate, respectively; I and ~ , coefficients of thermal conductivity and 
thermal diffusivity in the uniform half-space; k, concentration factor; q0, surface density 
of heat-source power; ~l, pulse duration; ~2, pause duration; m, number of pulses and paus- 
es; s, Laplace transform parameter; N, Hankel transform parameter; 6(x), Dirac 6 function; 
S(z), Heaviside unit function; S+(x), unit asymmetric function; J~(x), Bessel function of 
the first kind of the v-th order; ierfc(x), repeated integral of additional error function. 
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