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Numerical  methods a re  used to examine the p rocess  of formation and development of a l a se r  
radiation absorption wave in a solid medium. Radiation propagation within the mater ia l  is de- 
scr ibed in the geometr ic  optics approximation. 

Thermal  ejection of e lect rons  f rom the valent zone into the conduction band of a solid medium under the 
action of laser  radiation leads to the development of thermal  avalanche breakdown. As a result ,  within the 
initially t ransparent  dielectr ic  an opaque zone is formed, and an absorption wave which absorbs  the incident 
radiation develops. 

A l a se r  thermal  breakdown mechanism has been proposed to explain experiments with br ief  l a se r  pulses, 
but direct  experimental  proof  of the existence of this mechanism has been obtained for  mil l isecond pulses ac t -  
ing on si l icate g lasses  [ 1, 2]. 

The main pa ramete r s  of the absorption wave are  its velocity v and the tempera ture  behind the absorp-  
tion front Tmax; also of in teres t  is the width of the absorption wave front. In [3-5] analytical expressions 
were obtained for v and Tmax as functions of the mater ia l  pa rame te r s  (forbidden zone width Eg, electron col-  
lision frequency, phonon thermal  conductivity coefficient, etc.) and the incident radiation intensity. The 
numerical  computation of [6] obtained prof i les  of t empera tu re  and incident radiation intensity on the wave front 
and the dependences of front width and veloci ty  of s ta t ionary absorption wave motion on incident radiat ion inten- 
si ty for fused quartz.  

All these theoret ical  studies considered the steady state one-dimensional  motion of an absorption wave 
in the final stage of thermal  instability development, independent of the cause of the instabili ty - local absorb-  
ing inhomogeneities or  heating of the matrix.  Moreover ,  the above studies assumed that the thermal  conductiv- 
ity of the dielectr ic  had a negligible t empera tu re  dependence, so that heat t ransfer  was completely determined 
by the phonon mechanism. In fact, even at t empera tures  of ~4000~ the electron thermal  conductivity of glass 
is comparable  to the phonon component, while at  t empera tures  of ~ 8000~ the electron component is the dom- 
inant one. 

tn connection with this, it is of in te res t  to study an absorption wave within the volume of a solid medium 
with consideration of electronic thermal  conductivity, and also to study the dynamics of absorption wave de-  
velopment over  t ime and the effect of experimental  geomet ry  on absorption wave charac te r i s t i cs .  For  this pur -  
pose a numerical  solution was sought to descr ibe  the nonsteady-s ta te  motion of an absorption wave with con- 
sideration of electronic thermal  conductivity. 

Fundamental Equations. The fundamental equations of the problem are  the thermal  conductivity equation 
with tempera ture  dependent thermal  conductivity coefficient and heat source  function, and the equation for  the 
radiation field. Since, as was shown by pre l iminary  calculations, the width of the absorption wave front is 
g rea te r  than the wavelength of the incident radiation (k = 1.06 #m) ,  we may use the geometr ic  optics approxi-  
mation. The sys tem of equations then takes on the form 

( _ ~  ) ,  k(T) d_q_q =k(T)q" (1) OT _div vT ~ - ~ q '  dx Ot 
In correspondence with the semiconductor  model, the temperature  dependence of the absorption coeffi-  

cient can be represented  as 

k(T) = kt + koexp(-- Eg/2T ), (2) 

where Eg is the forbidden zone width, defined for media with unordered s t ruc tures  as the energy gap between 
the edges of valent zone mobility and the conduction zone; k l is the l inear  absorption coefficient, determined,  
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for  example ,  by impur i t i e s  and defec t s ,  and is  a s s u m e d  t e m p e r a t u r e  independent .  F o r  the m a j o r i t y  of s e m i c o n -  
duc to r s  we have E g ( T )  = Eg(0 )  - TT, where  7 is a cons tan t  of  the m a t e r i a l ,  and c o n s i d e r a t i o n  of  the t e m p e r a -  
tu re  dependence  of Eg in the c a s e  E g ( T )  > h c / k  leads  only to a r eeva lua t ion  of the cons tan t  k 0. 

The t h e r m a l  conduct iv i ty  coeff ic ient ,  with cons ide ra t i on  of  both phonon and e l e c t r o n  m e c h a n i s m s ,  has  the 

f o r m  

• (T) = • q- ~eT exp (--  E J 2 T ) .  (3) 

The e l ec t ron ic  t h e r m a l  conduct iv i ty  can be d e t e r m i n e d  f r o m  the dc conduct iv i ty  us ing the W i e d e m a n n - F r a n z  
fo rmula .  F o r  sol ids  [7] ,  the conduct iv i ty  due to f r e e  e l e c t r o n s  obeys  the law ~ (T) = r 0 e x p ( - E g / 2 T ) ,  whence 
follows Eq. (3). 

Sys t em (1) was so lved  fo r  both one-  and t w o - d i m e n s i o n a l  c a s e s .  (The so lu t ions  of the two-d imens iona l  
p r o b l e m  a r e  suf f ic ien t  fo r  cons ide ra t ion  of  ac tua l  expe r imen ta l  g e o m e t r y  [2] ,  s ince  the lens  s y s t e m  usua l ly  
f o r m s  an a x i s y m m e t r i c  r ad ia t ion  flux within the m a t e r i a l  with a caus t i c  whose  length is 7-10 t imes  that  of  the 
focus  spot.) 

The ini t ial  and boundary  condi t ions  have the f o r m  

T ( x ,  0 ) -  Tin- 
1 -}- xZ/L z ' q (X-b~ = qo (4) 

fo r  the o n e - d i m e n s i o n a l  p r o b l e m  and 

T (x, r, O) = 

for  the two-d imens i ona l  case .  

Tin exp (--- rZ/a z) 
1 q- xZ/L 2 ' q (Xb~ = qo exp (--  rZ/a 2) (5) 

F o r  the n u m e r i c a l  ca lcu la t ions ,  the fol lowing va lues  w e r e  chosen  fo r  the cons tan t s  en te r ing  into the equa-  
t ions  and ini t ia l  and boundary  condi t ions  ( ZhS 12 s i l i ca te  g l a s s  ) : C = 3.1 J / c m  3, ~ Eg = 3.8 eV = 44,000 ~ [2]; 
k I = 0.25 era-l; Up = 1.5- 10 -2 W / c m ' ~  Tin = 2500~ L = 0.12 ore; a = 0.02 cm;  Xboun d = 0.15 cm.  

Calcula t ions  were  p e r f o r m e d  fo r  va r i ous  va lues  of inc ident  rad ia t ion  p o w e r  dens i ty  q0 o v e r  the r ange  
105-3 - l0 T W / e m  2. In addit ion,  k 0 va lues  w e r e  v a r i e d  f r o m  2.5" 104 to 105 c m  -1 and u e f r o m  2.9- 10 -4 to 2 .9 .  
10 -3 W/era" deg 2. 

Main Results. Temperature profiles were calculated for various durations of laser action at several 
values of the parameters q0, k0, ~e- The calculations revealed that steady-state motion of a two-dimensional 
absorption wave along the x axis occurs with the same velocity and the absorption front has the same maximum 
temperature as in the one-dimensional case. This is true because on the axis the radius of curvature (Rcurv ~> 
10 -2 ore) of the absorption wave front greatly exceeds the thickness of the front (dfr ~ 5.10 -4 cm). At the same 
time, because of two-dimensional diffusion, the temperature profiles behind the front differ significantly. 

Figure 1 shows isotherms of the absorption wave for various times for an incident radiation intensity 
q0 = 106 W/cm2. A typical pattern of the change in temperature profiles with time is shown for the one-dimen- 
sional case in Fig. 2. 

Since the main parameters of the absorption wave front (Tma x and v) coincide for the one- and two- 
dimenisonal cases, development of the wave can be studied in the one-dimensional case. 

One can clearly see three stages in the development of thermal instability. In the first stage there is a 
sharp decrease in radiation absorption length l a ,  with a related asymmetric increase in temperature profile. 
Up to the beginning of this stage at T < 2500~ the length I a is of the order of or greater than the focal length, 
and specimen heating due to radiation absorption occurs practically symmetrically with respect to the center 
of the caustic. At the end of this stage the temperature reaches a value of 3000-4500~ I a ~ (0.1-0.01)L, and 
the temperature profile is significantly asymmetric. The maximum of the temperature profile shifts toward the 
incident radiation, and the speed of this shift increases with passage of time. 

In the second stage there is a further increase in the steepness of the asymmetric temperature profile, 
and a nonsteady-state absorption wave is formed. The maximum temperature then increases, and in accord- 
ance with the expression [8] 

C v f T m a x - -  T in ) = q0 (6) 

the velocity of temperature profile front motion falls. Equation (6) is applicable in the second stage because 
the incident radiation is absorbed mainly in the front of the wave. The width of the absorption wave front in the 
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Fig. 1. Absorption wave i so therm s t ruc ture  for various 
times (k 0 = 5" 104 cm-~; Ue = 2.9" 10 -4 W/era-  deg2; num- 
bers  along curves  denote tempera ture  in 10~K); a) t = 
256; b) 512; c) 768; d) 1024~sec.  r, x, ~m. 
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Fig. 2. Tempera ture  profi les for one-dimensional  case (q0 = 
106 W/cm2; ~e  = 1.45.10 -3 W/em-deg2;  k 0 = 105 cm-1): 1-5) 
t imes 0, 100, 200, 400, 600 ~sec,  respect ively.  T, 104~ x, 
1Tim.  

Fig. 3. Velocity of s teady-s ta te  absorption wave motion 
versus  incident radiation intensity: 1, k 0 = 5 �9 104 em-~; ~e = 
2 .9 .10  -4 W/era" deg2; 2) 105 and 1.45- 10-3; points, experi-  
ment [2]. v, m/ sec ;  q0, 107 W/cm 2. 

course  of the second stage decreases  significantly (from several  hundred ~m to several  #m at the end). 

In the third stage of thermal  instability development the tempera ture  and velocity achieve a s teady-s ta te  
reg ime and a purely  thermal  conductivity regime of absorption wave propagation is real ized.  

The velocity of the s teady-s ta te  absorption wave motion is shown as a function of incident radiation in-  
tensi ty for  var ious  values of the coefficients ~e  and k 0 in Fig. 3. Also shown are  experimental  points for  
ZhS12 glass  [2].  The experimental  data a re  descr ibed best  by the values k 0 = 105 cm -~, ~e  = 1.45 �9 10-3W/era  �9 
deg 2. 

We note that because of improper  considerat ion of the geometr ic  factor  (nonrectangular t empera ture  p ro -  
file) in [2],  the value of the preexponential  factor  for  ZhS12 glass is an o rder  of magnitude too low. (We are  in- 
debted to D. B. Chopornyak for  calling this fact to our attention.) Due to experimental  uncertainty the e lectr ical  
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Fig. 4. Satellite absorption wave at q0 = 3.2.106 W/era2; a) t 
b) 342; c) 432 #sec .  

= 256; 

conductivity was determined to within a fac tor  of two, and within the l imits of this uncer ta inty the value of ~e  
and the experimental  a quantitatively sat isfy the Wiedemann-Franz  law. The t ime required to establish the 
s teady-s ta te  reg ime depends significantly on the intensity of the incident radiation. This dependence is approxi-  
mated well by a power function, and at the values k 0 = 5- 104 cm -1, ~e  = 2.9 �9 10 -4 W / c m - d e g  2 has the form t = 
1.4" 102qo ~ where q0 is measured  in W/cm 2 and t in sec. Calculations show that inc rease  in the absorpt ion 
coefficient changes the pa rame te r s  of the absorption wave insignificantly. Thus, increase  in 1% by a fac tor  of 
two leads to an increase  in veloci ty and decrease  in t empera tu re  by less than 10% for  qn = 10G W/cm2; at qn = 
107 W/cm 2 the corresponding changes in the absorption wave pa rame te r s  are about 15%. Variation of Eg by 
20% changes the wave veloci ty  by 6%. The dependence of the absorption wave pa ramete r s  on the value of the 
electronic thermal  conductivity coefficient is also quite weak. Thus, for an increase  in ~te by an o r d e r  of 
magnitude, the absorption wave veloci ty  increases  by 37%, while the time for establishment of the s teady-s ta te  
regime and maximum tempera ture  in the absorption wave decrease  by 20%. A m o r e  marked  dependence upon 
Ue is shown by the absorption front width dfr, which is defined as the distance in which the l a se r  radiation in- 
tensi ty  changes f rom 0.9 to 0.1 q0. With increase  in Ue by an o rder  of magnitude, dfr increases  by a fac tor  
of approximately two. 

"Sa te l l i t e"  Absorption Wave. At some ratio of the medium's  pa rame te r s  (see below) during the p rocess  
of absorption wave development there  appears  a unique "sa te l l i t e , '  absorption wave on the per iphery  of the op-  
tical discharge.  It begins to form f rom a project ion on the i so therm (0.3-0.4) �9 104~ (Fig.4a).  The absorption 
length produced by the r eve r s e  breaking effect at a t empera ture  of 0.3. 104~ l a ~ 100 ~m, and at 0.4- 104~ 
l a ~ 10 #m, i.e.,  as is evident f rom Fig. 4a, the l a se r  radiat ion penetrates  to the project ion on the 0.4- 104~ 
i so therm and is totally absorbed there.  As a result ,  the front of the project ion becomes  sha rpe r  and a detached 
absorption wave develops (Fig. 4b, c) .  To form this projection,  a change in the fo rm of the i so therms  during ab-  
sorpt ion wave motion is necessa ry .  

In the initial s tage of the motion the t empera tu re  field has i so therms  close in form to paraboloids of 
revolution {see Fig. la, b) ,  while the final form of the i so therms  in the last  stage is c lose  to pea r - shaped  (Fig. 
lc, d).  There  also exists a t ime in the p rocess  when in the interval  (xt, x2) the values of the i so therm x - c o -  
cordinates have a cyl indrical  form. The tempera ture  field at x < x i (where the i so therms  a re  par t  of a pa rab -  
oloid) fo rms  a project ion,  and the portion of the t empera tu re  field at  x > x2, expanding over  coordinate r du r -  
ingmotion, encourages effective " r epu l s i on"  of the satell i te wave formed.  The la t ter  can be seen c lear ly  by 
comparing Fig. 4b and c. In o rde r  that the developing project ion not d isappear  due to thermal  diffusion and that 
the satell i te wave form i tself  before the expansion of the main par t  of the discharge,  it is neces sa ry  that c e r -  
tain relat ionships exist between the intensity-dependent absorpt ion and thermal  conductvity coefficients.  The 
range of mater ia l  pa r ame te r s  over  which the per iphera l  wave would be observed at various intensit ies was not 
determined; we note only that this effect is observed at q0 = 3.2" 106 W/cm 2 �9 at k 0 = 5.104 cm -l ,  and ~te = 2.9.  
10 -4 W/cm" deg 2. When these pa rame te r s  a re  increased  or  decreased  by a factor  of two, the per iphera l  wave 
does not develop. Modulation of the l a se r  radiation (~30-40%) leads to formation of severa l  satel l i te waves on 
the per iphery  of the optical discharge.  

The main pecul iar i t ies  of absorption wave development in glass a re  descr ibed well by the semiconductor  
model even though the model is not completely adequate. Thus, thermal  dissipation of the medium [9] was not 
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cons idered  in the calculat ions,  nor  was the rma l  expansion of the d i scharge  region and surrounding liquid g lass  
volume,  nor  the dependence of e lec t ron  col l is ion frequency,  heat  capaci ty ,  and ionization potential  upon t e m -  
p e r a t u r e .  

The theore t ica l  and exper imenta l  dependences of veloci ty on intensi ty  show good quali tat ive agreement ,  
and there  is s a t i s f ac to ry  a g r e e m e n t  (with cons idera t ion  of expansion) between the values of absorpt ion  wave 
velocity.  

The location of the m o s t  s t rongly  heated region (with T > 4" 10~~ at  the caust ic  of the focusing lens 
also ag rees  with exper imen ta l  data. In the p r o c e s s  of the rma l  ins tabi l i ty  development  the fu r the r  (with r e sp ec t  
to the incident radiat ion)  boundary  of this region is located at  some  dis tance f r o m  the caust ic  in the di rect ion 
toward the lens,  and r e m a i n s  p rac t i ca l ly  unchanged with t ime [ 10]. 

The two-dimensional  absorpt ion  wave calcula ted has a f o r m  close  to a paraboloid  of revolution in the 
ini t ial  s tage of s t eady - s t a t e  motion (which ag r ee s  with the exper iments  of [1]) but changes to a p e a r - s h a p e d  
fo rm as motion continues.  Such a t rans i t ion  has not been obse rved  in exper iment ,  and so the fine s t ruc tu re  of 
the sur face  l aye r  [ 1] cannot be explained on the bas i s  of a sa te l l i te  absorp t ion  wave. 

The effect  of d issoc ia t ion  r equ i re s  additional considerat ion,  although on the bas i s  of the above we may 
conclude that the rmodissoc ia t ion  p r o c e s s e s  apparen t ly  do not play the dominant ro le  in initiation, development,  
and motion of the absorp t ion  wave, at  l eas t  in the case  cons idered  here ,  ZhS-12 g las s .  Since in the exper iments  
c l ea r  signs of t he rma l  decomposi t ion  of the med ium were  obse rved  a f t e r  l a s e r  action [ 1, 2], such as change in 
the index of r e f rac t ion  and colorat ion,  i t  can be p roposed  that d issoc ia t ion  takes p lace  behind the absorpt ion 
f ront  and the t ime  for  e s t ab l i shment  of d issoc ia t ion  equi l ibr ium is not l ess  than the cha rac t e r i s t i c  t ime  of wave 
motion t x = X / v  2 ~ 10 -7 see .  

N O T A T I O N  

T, absolute temperature; q, laser radiation intensity; C, volume heat capacity of medium; ~ iT), thermal 
conductivity coefficient of medium; k (T), radiation absorption coefficient; L, length of focal region of focusing 
system; a, caustic spot radius; X, thermal diffusivity coefficient; h, Planck's constant; c, speed of light. 
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