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An analysis is given of the optical effects during the focusing of a laser 
beam inside a transparent dielectric (plexiglas). Two types of damage 
were established. One is connected with the appearance of microcracks 
and the other with large pIane cracks. Transition from one type 
of damage to the other is observed when the focal length of the 
lenses (energy density in the specimen) is varied and the pulse 
length is changed from 10 -a to 10 -I1 see. The effect of a laser 
beam on metals and ionic crystals was investigated in [1-3]. A 
number of effects associated with structural changes and a specific 
material damage were found. There is also some interest in the ef- 
fects of laser light on transparent dielectrics (glasses and polymers). In 
the present paper we report results of an investigation of the effect of 
laser beams on plexiglas. 

A d e t a i l e d  a c c o u n t  of t he  b e a m  g e o m e t r y  and of the  
a b s o l u t e  d i s t r i b u t i o n  of the l igh t  f i e ld  f o c u s e d  by r e a l  
s y s t e m s  is  g i v e n  in [4]. 

We shal I  i n v e s t i g a t e  the  f o l l o w i n g  s p e c i a l  c a s e .  A 
p l ane  w a v e  S p a s s e s  t h r o u g h  an  i d e a l  op t i ca l  s y s t e m  
L (Fig .  1) and e n t e r s  a m e d i u m  3 wi th  r e f r a e t i v e  i n d e x  
n. We sha l l  c o n s i d e r  the  g e o m e t r y  of t h e  foca l  r e g i o n .  
The  n o t a t i o n  shown in the  f i g u r e  i s  a s  f o l l o w s :  1 i s  t h e  
p a r a l l e l  beam~ L i s  t he  l ens ,  2 i s  t he  r e g i o n  b e t w e e n  
the  l e n s  and the  m e d i u m ,  3 i s  the  r e g i o n  o c c u p i e d  by  
the  m e d i u m ,  It o i s  t h e  f o c a l  l e n g t h  of t h e  l e n s  in a i r  
( r ad iu s  of the s p h e r i c a l  wave ) ,  d i s  the  p a r t  of R 0 
ly ing  in the  m e d i u m ,  0 is  the ang l e  b e t w e e n  the  l ens  
ax i s  and a r a y  in a i r ,  and 0'  is  the  ang l e  b e t w e e n  the  
l ens  ax i s  and a r a y  in the  m e d i u m .  I t  f o l l ows  f r o m  
Fig .  i tha t  

sinO 
s~n0---~ = n. n ' > t ,  0>0",  (1) 

i . e . ,  the  r a y  cu t s  the  op t i c a l  ax i s  not  at  the  po in t  f 
but  at  s o m e  o t h e r  po in t  x. To  f ind  t h e  f u n c t i o n  x : x(0) 

we  m u s t  w r i t e  the  two o b v i o u s  r e l a t i o n s  

tg0' = g[x, tg0 = g]d (2) 

o r  

x ~ d tg0 / tg0', (3) 

w h e r e  d i s  t he  "dep th  of i m m e r s i o n "  of t h e  m e d i u m  
a long  the  foca l  l eng th  of the  l ens ,  w h i c h  i s  a s s u m e d  to 
be  known.  If we t r a n s f o r m  Eq.  (3) so  tha t  i t  i s  a f u n c -  
t ion  of t h e  s i n g l e  a r g u m e n t  0, and s u p p o s e  tha t  0 i s  
sma l l ,  we  o b t a i n  

x ~  x one-, t702 (x o-~ dn, B = d (n  ~ - t ) / 2 n ) . ( 4 )  

T h i s  l e a d s  to  t he  f o l l o w i n g  c o n c l u s i o n s .  
1) The  foca l  l e n g t h  f o r  p a r a x i a l  r a y s  in t h e  m e d i u m  

is  i n c r e a s e d  by AL  = d(n - 1), wh ich  m u s t  a l w a y s  be  

t aken  into a c c o u n t  when  r a d i a t i o n i s  f o c u s e d  at  a g iven  

point .  
2) As  the  ang l e  0 i s  i n c r e a s e d  t h e r e  i s  a l s o  an  

i n c r e a s e  in the  d i s t a n c e  x, and t h i s  m e a n s  t h a t  the  
foca l  po in t  d e g e n e r a t e s  into a l i ne  (ax ia l  c a u s t i c ) .  

T h i s  i s  p a r t i c u l a r l y  i m p o r t a n t  when  the  l a s e r  has  a 
l a r g e - d i a m e t e r  r o d  and the  r a d i a t i o n  i s  f o c u s e d  by  a 
l a r g e - a p e r t u r e  op t i c a l  s y s t e m .  

T~ ~ ~ r  '0" x x 

F i g .  1. R a y  pa ths  in the  l e n s -  

p l e x i g l a s  s y s t e m .  

The  r e l a t i o n  g i v e n  by Eq.  (4) m u s t  be  t a k e n  into  
a c c o u n t  in  t h e  a n a l y s i s  of t h e  g e o m e t r y  of d a m a g e  in 
t r a n s p a r e n t  d i e l e c t r i c s  in  the  foca l  r e g i o n .  T h e  f i e ld  
of t h e  ax i a l  c a u s t i c  (whose  l eng th  i s  u s u a l l y  b e t w e e n  a 
few h u n d r e d t h s  of a m i l l i m e t e r  and 1 r a m ;  s e e  t a b l e )  

h e l p s  us to fu l f i l l  the  c o n d i t i o n s  f o r  the  o n s e t  of  s e l f -  

t r a p p i n g  [5]. 
There is very little information in the pub]ished literature on 

the effect of laser radiation on transparent materials. Hercher [6] 
has examined the effect of focused laser radiation on some transparent 
dielectrics. Microphotographs of the damage show that it mainly 
consists of combinations of large cracks and lines, the latter being 
made up of very small bubbles. It was reported in [73 that the damage 
in glass consists of a region with a number of lines running out of it 
(the length of the main line is approximately 7 ram) where the 
material has been reduced to powder. Geometric optics is unable 
to explain the appearance of such lines (the axial caustic extends 
at best to 1 ram; see table). A theoretical interpretation of the 
appearance of such lines in the damaged region is given in [4] in 
terms of the self-trapping of Light. We note that the idea of self- 
trapping of light in the case of a bXgh-intensity laser beam was 
predicted earlier by Askar'yan [8]~ 

The  d i v e r g e n c e  of the  l a s e r  b e a m  ( a s s u m i n g  tha t  i t  
c o r r e s p o n d s  to  a s p h e r i c a l  d i v e r g e n t  w a v e  w i t h  R ~ 2m)  
l e a d s  on ly  to a d i s p l a c e m e n t  of  t he  f o c u s  by  1. 025 R 0 

and eanno t  e x p l a i n  t he  a b o v e  p i c t u r e .  
We h a v e  i n v e s t i g a t e d  the  e f f e c t  of  a h i g h - i n t e n s i t y  

l a s e r  b e a m  on p l e x i g l a s ,  u s i n g  a Q - s w i t c h e d  l a s e r  
(pulse  l eng th  of t h e  o r d e r  of  10 .8  see )  and a r e g u l a t e d  

output  p o w e r .  T h e  g low p r o d u c e d i n s i d e t h e  t r a n s p a r e n t  
s p e c i m e n  by the  l i gh t  p u l s e  w a s  p h o t o g r a p h e d  wi th  a 
e a m e r a ,  and t h e  n e g a t i v e s  w e r e  e x a m i n e d  wi th  a 
m i c r o p h o t o m e t e r .  T h e  r e s u l t s  of m e a s u r e m e n t s  on 

s o m e  p l e x i g t a s  s p e c i m e n s  (n = 1 .5 )  a r e  g i v e n  in t he  
t ab l e ,  w h e r e  w is  t he  l a s e r  output  p o w e r  in lVfW 

(+10%), R0 i s  the  foca l  l e n g t h  of t he  l e n s  ( r am) ,  d i s  t he  
p a r t  of H 0 ly ing  in the  m e d i u m  ( m m ) ,  x 0 = dn is  the  
t r u e  p o s i t i o n  of t h e  f o c u s  in  t he  m e d i u m  (ram),  B = 

= d(n 2 - 1 ) /2n  and i s  g i v e n  in  m m ,  0m i s  t he  ang l e  

b e t w e e n  a p e r i p h e r a l  r a y  and the  a x i s  (rad) ,  and x i s  
t he  po in t  of i n t e r s e c t i o n  b e t w e e n  t h e  p e r i p h e r a l  r a y  and 

the  a x i s  (ram).  
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It follows f rom the table  that, as a r e su l t  of a be r -  
rat ion,  the focal point  will be d isplaced in the forward  
d i rec t ion  along the ray  by about 0 . 1 - 1  mm and that this  
d i sp lacemen t  is m e a s u r a b l e .  

When the appearance  of the damage in p lexig las  is 
analyzed there  a re  two c l ea r ly  d i s t ingu ishab le  types  of 
damage,  namely :  1) damage with the fo rma t ion  of a 
la rge  n u m b e r  of m i c r o c r a c k s ;  and 2) damage with the 
format ion  of extended plane c racks .  

We have found that, in the above range of beam 
power and o p t i c a l - s y s t e m  p a r a m e t e r s ,  the type of 
damage depends only on the focal length of the lens  and 
is independent ,  for  example,  of the l a s e r  output power.  

The r a i c roc rack - type  damage is c h a r a c t e r i s t i c  for  
l enses  with long focal lengths.  F igure  2a shows a 
photograph of the l a s e r  beam for a typica l  expe r imen t  
in this  s e r i e s .  The photograph shows a n u m b e r  of 
c h a r a c t e r i s t i c  fea tu res .  We note, f i r s t  of all ,  that the 
focal point  should lie in the region  indicated  by the 
a r row.  In real i ty ,  a n a r r o w e r  and l e s s  d ivergen t  pa r t  
of the light beam occur s  f u r t he r  on. It is impor t an t  to 
note that there  is a c h a r a c t e r i s t i c  glow in the a i r  as  
the beam p a s s e s  f rom a i r  into the p lex ig las  spec imen .  
The re  is  a lso a b r igh t  reg ion  at the point of exit.  A 
pa r t  of the beam energy  is  lost  in  fo rming  this  glow 
which is  connected with the fo rma t ion  of p l a sma .  This  
means  that the energy  dens i ty  ins ide  the spec imen  can-  
not be calculated.  However, a change in  the e m i t t e d  
power within a smal l  range does not affect the a p p e a r -  
a n t e  of the p l a sma  cloud, i . e . ,  the amount  of energy  
taken up by the p l a sma  r e m a i n s  approx ima te ly  con-  
stant.  F igure  2b shows the type of damage occ u r r i ng  
in such a spec imen.  It i s  c l e a r  f rom this  photograph 
that the reg ion  of damage has a conical  shape and 
cons i s t s  of individual  points  which sca t t e r  light (the 
photograph was obtained by i l l umina t ing  the s p e c i m e n  
with a na r row b e a m  through one of i ts  ends. At the 
point of en t ry  and in the zone n e a r  the focus the den-  
sity of the points  i s  higher .  It is impor t an t  to note 
again that the region  of damage extends well  beyond 
the focus, which i s  indica ted  by the a r row.  F ina l ly ,  
photographs taken f rom the end show that  the cone 
of damage has  a n e a r l y  c i r c u l a r  base .  

The dens i ty  of rad ia t ion  at the en t rance  to the m e -  
dium in  cases  2, 3, and 4 (see table) ( m i c r o e r a e k - ,  
t)5oe damage)  was 10 s W/em 2. 

As the focal length is  reduced the appearance  of the 
damage undergoes  a gradual  change, and there  is  a 
gradual  i n c r e a s e  in  the n u m b e r  of l a rge  c racks .  As 
expected, the beam is  then concen t ra ted  in  the region  
of the focus. Moreover ,  it is  impor t an t  to note that a 
nar row reg ion  of h i g h - i n t e n s i t y  e m i s s i o n  extends 
beyond the focus.  Microphotography has shown that the 
region of damage in e a se s  5, 6, and 7 cons i s t s  of a 
la rge  n u m b e r  of n e a r l y  p lane  c racks  of d i f ferent  s izes ,  
ending on a common edge which extends  in the forward  
d i rec t ion  beyond the focus. The length of the t h r e a d -  
like damage is  about 6 m m  for  a mean  c rack  s ize of 

about 10 ram. 
The fo rma t ion  of p lane  c racks  is  a lso  observed  

when a pulsed l a s e r  (pulse length 10 -~ sec) opera t ing  
under  the condi t ions  of f ree  genera t ion  is employed.  

However,  for a giant  pulse  (10 -8 see) the c racks  have 
a common l ine of i n t e r sec t ion  which l ies  along the 
l a s e r  beam.  The c racks  themse lves  form a s t a r - l i k e  
f igure  when viewed along the beam.  F o r  an o rd ina ry  
pulse  (10 -~ sec) the c racks  a re  inc l ined  to the axis at 
an angle of about 45 ~ (see,  for  example ,  [9])~ Photo-  
graphs  of the p roces s  of fo rmat ion  of the plane cracks  
show that, when the pulse  length is 10 -3 see, p r ac t i -  
cal ly all  damage  occurs  dur ing the actual  pulse .  This  
conc lus ion  is  based on the fact that photographs of the 
reg ion  of damage  obtained dur ing  and af ter  the pulse  
a re  p r ac t i ca l l y  the s a m e .  Moreover ,  secondary  dam-  
age is often observed,  i. e . ,  sets  of c racks  lying along 
the axis at an angle of about 90 ~ to the p r i m a r y  beam. 

N w R0 d x o B 0 B 0m2 x m 

I 2 3 4 5 8 

20 
80 
80 
80 
30 
90 
90 

80 
80 
55 
55 
t8 
18 
t8 

20 30 
20 30 
20 30 
t5 22.5 
t3 19.5 
t5 22.5 
t5 :22.5 

8 . 3 5  
8 .35  
8 . 3 5  
6 .26  
5 . 4 2  
6 .26  
6 . 2 6  

o 7 t 

7: I 0 .075  . 
0 .075  4 . 7  
0 .107  9 .6  
0 . t 0 7  ~.4 
O.333 6 
0.333 70 / 
0.333 70 I 

30.05  
30.05 
30 ,10  
22 ,57  
20 .10  
23.20 
23 .20  

In such cases, it is always clear that secondary dam- 
age is connected with the reflection of light from cracks 
produced earlier. For giant pulses (10 -8 sec), 

photographs of the region of damage, obtained during 
and after the pulses, are not the same. During the 
pulse the damage is conical in shape and the plane 
cracks grow after the end of the pulse. 

We note, finally, that studies of various types of 
transparent polymers have shown that each of them 
exhibits a specific type of damage. For example, in 
polystyrene exposed to an ordinary pulse (10 -3 see), 

the plane cracks form an angle with the beam which is 
less than inthe plexiglas.For giant pulses inthis mate- 
rial there is a conical damage without plane cracks 

(even for short focal-length lenses) which also extends 
well beyond the focus. Measurements have shown that the 
size of the region of damage is always greater thanthe 
shift of the focus due to lens aberration, and is appar- 
ently connected with the self-trapping effect in solids~ 

The authors are grateful to G. I. Barenblatt and B. 

Ya. Zel'dovich for valuable advice in formulating the 
problem and discussions of the results and to V. V. 
Kireev, G. F. Kuzrain, and O. E. Marin for as- 
sistance in the experiments. 
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