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OPTIC CAVITATION 

W. Lauterborn 

Drittes Physikaliseh.es Institute Universitat Gottingen, Bifrgerstr. 42-44, D-3400 Gottingen, Fed. Rep. 
Germany. 

Abstract.- A survey is given of the new field of optic cavitation, i.e. the formation of cavities in* 
liquids by light and their dynamics. 

1. Introduction.- The phenomenon of cavitation has 

a long history. Perhaps the first to care about 

this effect, the rupture of liquids, was Leonhard 

Euler as early as 1754 in his work on the theory 

of turbines 11/. But it was not until 150 years 

later, at the turn of the century, that it really 

became a problem in connection with ship propel

lers. Nowadays cavitation presents a problem in all 

kinds of hydraulic machinery, especially ship pro

pellers, turbines, pumps and hydrofoils. This type 

of cavitation is called hydraulic cavitation and 

can be said to be effected by the Bernoulli under

pressure in high speed fluid flow. 

Acoustics entered the field later in the 

history of cavitation mainly in connection with 

sonar systems. When water is irradiated by sound 

of high intensity, cavitation may occur, called 

acoustic cavitation (see e.g. 111). The cause for 

the rupture or breakdown of the liquid is again 

the lowering of the pressure in the liquid, this 

time due to the underpressure phase of the sound 

wave. 

Shortly after the invention of the laser 

optics entered the field as cavitation phenomena 

are also observed in high intensity light fields 

13/ /4/. This type of cavitation has been called 

optic cavitation /5/ /6/. The cause for liquid 

breakdown in this case is the local deposit of 

energy which leads to a " hot spot " and a kind 

of microexplosion. Starting point for the break

down, also called optic breakdown, seem to be 

absorbing impurities, but also the pure liquid 

will rupture in high enough intensity light fields 

due to multiphoton ionization and electron avalan

che processes. 

In optic cavitation photons are used to 

rupture a liquid. But indeed, any sort of high 

energy particles may be used. This type of cavita

tion has been known since the 1950's and is utili

zed in the bubble chamber. The name particle cavi

tation is suggested for this case. At lower inten

sities or particle flux (below the cavitation 

threshold) sound waves are generated in the liquid 

via the thermo-acoustic effect (see the paper of 

Westervelt in the proceedings). In the photon case 

the breakdown is accompanied by shock wave emission. 

The same can be predicted for high energy particles. 

The preceding unified view of cavitation pheno

mena has been given as a background to the following 

survey of optic cavitation. 

2. Dynamics of laser produced bubbles.- High light 

intensities are needed to produce bubbles in 

liquids by light, but nowadays several laser systems 

exist being capable of delivering the necessary 

intensity and energy in a short time like ruby, 

neodymium and of course any laser planned for nu

clear fusion studies if the liquid under study is 

transparent enough for the wavelength of the laser. 

In our experiments a ruby laser was used. Fig. 

1 shows the set-up. Giant pulses emitted by a Q-

switched ruby laser with a beam cross section of 
2 

about 1cm , a duration of about 30 to 50 nsec and 

a total energy of up to 1 joule are focused into 

the liquid under investigation by a single lens of 

short focal length. The bubbles produced in the 

vicinity of the focal point of the lens are diffu

sely illuminated by a flash lamp through a ground 

glass plate and photographed by a rotating mirror 

camera with framing rates up to a million frames 

per second. In a series of experiments bubble 

oscillations in the bulk of the liquid (water and 

silicone oil), bubble dynamics near plane solid 

boundaries and the dynamics of interacting bubbles 
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FIGURE 1 : Set-up f o r  high-speed photography o f  
laser- induced c a v i t a t i o n  bubbles. 

have been inves t iga ted  /5/, /6/, /7/. The main 

r e s u l t s  o f  t h i s  h igh  speed photographic study have 

a lso  been documented i n  a f i l m  a v a i l a b l e  from the 

I n s t i t u t  ftir den Wissenschaft l ichen F i l m  /8/. The 

f i l m  has been shown a t  the  conference, b u t  j t  i s  o f  

course d i f f i c u l t  t o  g ive  a reproduct ion i n  a few 

p i c t u r e s  o r  even words. The main impression one 

gets from the f i l m  i s  t h a t  j e t  formation plays a 

dominant r o l e  i n  the  l i f e  o f  a c a v i t a t i o n  bubble. 

Indeed t h i s  seems t o  ho ld  very genera l ly .  I t i s  

conjectured t h a t  i n t e r a c t i n g  bubbles always deve- 

l o p  j e t s  i f  the v i s c o s i t y  o f  the l i q u i d  i s  n o t  too 

high. As an example j u s t  one ser ies  ou t  o f  the 

f i l m  i s  shown i n  F ig .  2, where a bubble i n  water 

co l laps ing  i n  the v i c i n i t y  o f  an expanding b igger  

bubble develops two j e t s  i n  opposite d i rec t ions .  

The co l lapse o f  a bubble o f  s i m i l a r  shape as t h a t  

i n  Fig. 2 has been ca lcu la ted  by Chapman and 

Plesset  /9/  up t o  near col lapse. Q u a l i t a t i v e l y  the 
same form of the  co l lapse i s  observed, and two 

j e t s  develop as expected from an i n t u i t i v e  ext ra-  

p o l a t i o n  o f  the ca lcu la t ion .  

3. Col lapse s tud ies , -  The f i l m  c l e a r l y  demonstrates 

t h a t  the co l lapse o f  a c a v i t a t i o n  bubble i n  water 

under atmospheric pressure i s  a very f a s t  event. 

Even framing r a t e s  o f  about a m i l l i o n  frames per 

second seam t o  be i n s u f f i c i e n t  t o  resolve the 

motion o f  the bubble a t  co l lapse /7/. We there fo re  

s t a r t e d  a p r o j e c t  t o  have an even c loser  look a t  

bubble col lapse. An image conver ter  camera w i t h  a 

framing r a t e  c a p a b i l i t y  o f  up t o  20 m i l l i o n  

frames per  second i s  used f o r  t h i s  purpose. O f  

course, a lso  the breakdown phase has been i n v e s t i -  

gated w i t h  t h i s  camera. Cav i t y  formation and shock 

wave r a d i a t i o n  upon breakdown i n  water taken a t  

5 m i l l i o n  frames per second have a l ready been repor- 

ted  / l o / .  
For bubble co l lapse s tudies a specia l  set-up 

t o  t r i g g e r  on the  co l lapse had t o  be developed as 

shown i n  F ig.  3. A He-Ne l a s e r  (15 mW) l i g h t  beam 

passes the f o c a l  reg ion o f  the focus ing lens f o r  

the  ruby l i g h t  pulses and i s  picked up by a photo- 

diode. The bubble o r  bubbles formed i n  the foca l  

reg ion s c a t t e r  the He-Ne l a s e r  l i g h t  o u t  o f  the 

path g i v i n g  r i s e  t o  a modulation o f  the e l e c t r i c  

output  o f  the  diode. The t r i g g e r  o f  an osc i l loscope 

i s  used t o  s e l e c t  a c e r t a i n  p a r t  o f  the bubble 

motion, e.g. i t s  col lapse, t o  be photographed a t  

h igh  framing ra tes .  The c a v i t i e s  are i l l u m i n a t e d  

from behind so t h a t  they appear b lack on a b r i g h t  

background. The set-up o f  F ig .  3 i s  an extension o f  

the  r e l a t i v e l y  simple con f igu ra t ion  o f  F ig .  1 and 

a l lows the simultaneous record ing o f  bubble motion 

a t  two d i f f e r e n t  framing rates.  It i s  intended t o  

take the  whole l i f e  cyc le  ( o r  a t  l e a s t  the  most 

i n t e r e s t i n g  p a r t  o f  i t )  o f  a bubble w i t h  the r o t a -  

t i n g  m i r r o r  camera a t  moderately h igh framing ra tes  

(up t o  a few hundred thousend frames per  second) 

and simultaneously the co l lapse a t  h igh framing 

ra tes  (up t o  20 m i l  l i o n  frames per second) w i t h  the 

image conver ter  camera. By now, bubble co l lapse 

s tudies are q u i t e  e a s i l y  done a t  a m i l l i o n  frames 

per  second (by R. Timm, working f o r  h i s  masters 

degree). A t  h igher  framing r a t e s  the t r i g g e r i n g  

i s  more d i f f i c u l t  and no t  q u i t e  repeatable due t o  

the  s l i g h t l y  d i f f e r e n t  t r i g g e r  s igna ls  a t  d i f f e r e n t  

col lapses. Fig. 4 shows an example o f  a bubble co l -  

lapse and rebound i n  the bu lk  o f  water taken a t  one 

m i l l i o n  frames per second. The width o f  the frames 

i s  about 3mm. As f a r  can be concluded from the 

frames the co l lapse i s  spher ica l  and a spher ica l  

shock wave i s  rad iated.  But the very f i n a l  stage 

o f  co l lapse has n o t  been caught. We hope t o  succeed 

i n  the near f u t u r e  i n  tak ing  bubble col lapses a t  

20 m i l l i o n  frames per second. The more d e t a i l e d  

in fo rmat ion  w i l l  become avai lab le.  O f  spec ia l  i n t e -  

r e s t  i s  the  co l lapse o f  bubbles near s o l i d  bounda- 

r i e s  and t h e i r  shock wave r a d i a t i o n  proper t ies.  

4. F i r s t  steps towards the  i n v e s t i g a t i o n  o f  the  

i n t e r a c t i o n  o f  bubbles i n  th ree  dimensions. - 
I n  r e a l  c a v i t a t i o n  bubble f i e l d s  many bubbles are 

present i n  c lose prox imi ty .  The quest ion immediate- 

l y  ar ises o f  how e.g. the co l lapse o f  a bubble i s  
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FIGURE 2 : Double j e t  format ion upon co l lapse o f  a bubble i n  the  v i c i n i t y  of another expanding bubble 
(75  000 frames per  second, frame s i z e  2.25mm x 3.5mm). 
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FIGURE 3 : Set-up f o r  the simultaneous high-speed 
photographic record ing o f  laser- induced 
bubble motion and bubble co l lapse a t  
two d i f fe ren t  framing ra tes  w i t h  t r i g -  
ger ing on col lapse. 

FIGURE 4 : Collapse o f  a laser- induced c a v i t y  i n  water under atmospheric pressure taken a t  one m i l l i o n  
frames per-second. The w id th  o f  the frames i s  about 3mm. Apparent ly spher ica l  co l lapse and 
shock wave r a d i a t i o n  (Sequence taken by R. Timm). 
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inf luenced by the  presence o f  the surrounding 

ones and i n  general o f  how threedimensional i n t e r -  

a c t i o n  may take place. The quest ion turnes ou t  t o  

be d i f f i c u l t  t o  answer. It gave r i s e  t o  two l i n e s  

o f  experimental a c t i v i t i e s  a t  our  i n s t i t u t e  : 

1. t o  achieve mu1 t i p l e  breakdown s i t e s  i n  the  

l i q u i d  w i t h  g rea t  f l e x i b i l i t y  and 

2. t o  record the threedimensional conf igurat ions 

and t h e i r  dynamics. 

4.1. bl_ul_tjplg-bkga_klgw_n,- M u l t i p l e  breakdown f o r  

i n t e r a c i t o n  s tud ies can be achieved by beam s p l i t -  

t i n g  and focusing o f  the i n d i v i d u a l  beams i n t o  the 

l i q u i d .  But t h i s  method i s  n o t  q u i t e  f l e x i b l e  and 

l i m i t e d  t o  j u s t  a few beams. Therefore we try a 

holographic approach. The idea i s  t o  use hologra- 

ph ic  lenses ( i .e .  holograms w i t h  j u s t  a few po in ts  

i n  space as image) t o  ge t  simultaneous o p t i c  break- 

down i n  the l i q u i d  a t  d i f f e r e n t  po ints .  The exper i -  

mental set-up w i l l  then remain as simple as before. 

Strong d i f f i c u l t i e s  are encountered when t r y i n g  

t o  r e a l i z e  t h i s  idea. Only phase holograms can be 

used due t o  t h e  h igh  l i g h t  i n t e n s i t i e s .  Up t o  now 

we have used phase holograms made i n  pho to res is t  

which i s  reasonably s tab le  against  ruby l a s e r  l i g h t .  

But  due t o  ,enormous d i f f i c u l t i e s  i n  f a b r i c a t i o n  we 

d i d  n o t  y e t  succeed i n  g e t t i n g  m u l t i p l e  breakdown 

from such holograms. That t h i s  approach w i l l  work 

once the  technologica l  problems are overcome can be 

seen from a f e a s i b i l i t y  study w i t h  a grat ing- lens 

assembly t o  focus the  ruby l a s e r  l i g h t  (Fig.5). A 

contact  copy o f  a g r a t i n g  has been made i n  photore- 

s i s t  (Ship ley AZ 1350) and p u t  i n  f r o n t  o f  the  

focus ing lens ( b u i l t  i n t o  the  w a l l  of the  conta iner)  

f o r  the ruby pulses. The phase g r a t i n g  can be con- 

s idered as a Four ie r  t ransform hologram whose image 

( t h e  d i f f e r e n t  d i f f r a c t i o n  orders) i s  formed i n  the  

back focal plane o f  the  focus ing lens. When the 

i n t e n s i t y  o f  the  g i a n t  pulses i s  h igh enough m u l t i -  

p l e  breakdown w i l l  occur a t  these points .  F ig .  6 

shows an example. Rather viscous s i l i c o n e  o i l  i s  

used as l i q u i d  which i s  decomposed a t  the  s i t e s  o f  

breakdown. Thus the  c a v i t i e s  formed are permanent 

bubbles due t o  gaseous decomposition products and 

s t i c k  f o r  some t ime t o  the places where they have 

been formed. The p i c t u r e  i s  a s t i l l  photograph 

taken about a second a f t e r  breakdown (by W. Hent - 
schel on h i s  way t o  h i s  masters degree). The b i g  

bubble i n  the middle stems from the  zeroth order. 

flash lamp - ground giass plate 

- - -  G cuvette 
- 

ruby laser 

gratrng 

fFTH' camera 

.FIGURE 5 : Set-up w i t h  a phase g r a t i n g  ( o r  FTH = 
Four ie r  Transform Hologram) f o r  mu1 t i p l e  
breakdown. 

The two adjacent b i g  bubbles are the  + and - f i r s t  

d i f f r a c t i o n  order. Bubbles are t o  be seen up t o  the  

t h i r d  d i f f r a c t i o n  order. Some add i t i ona l  small 

bubbles appear near the main ones presumably due 

t o  i m p u r i t i e s  i n  the l i q u i d  f a c i l i t a t i n g  add i t i ona l  

breakdown. 

The next  step w i l l  be t o  produce n o t  j u s t  phase 

g ra t ings  i n  pho to res is t  b u t  more complex holograms 

g i v i n g  mu1 t i p l e  breakdown i n  d i f f e r e n t  planes i n  

depth. 

ra_tions and t h e i r  dynamm~2,- For small three- 

dimensional scenes t h a t  can be i l l u m i n a t e d  w i t h  

coherent l i g h t  holography i s  the way o f  recording. 

I n  our case the holographic equiva lent  t o  a ro ta -  

ti ng m i r r o r  camera would be needed. Unfor tunate ly  

such devices are n o t  y e t  ava i lab le .  Thus we spent 

a considerable amount o f  t ime and e f f o r t  i n t o  the 

development o f  high-speed holocinematography. Main- 

l y  two devices, using s p a t i a l  and s p a t i a l  frequen- 

cy m u l t i p l e x i n g  have been developed and used f o r  

bubble s tud ies.  For a d e t a i l e d  descr ip t ion  see 

Ebel ing /11/, /12/ and Lauterborn and Ebel ing /13/, 

/14/. The s t a t e  of the a r t  i s  by now t h a t  f o u r  t o  

e i g h t  holograms can be taken a t  a r a t e  o f  10 t o  20 

kHz. An example o f  a hologram ser ies  taken w i t h  one 

o f  our  devices a t  a r a t e  o f  20 000 holograms per  

second i s  shown i n  F ig .  7. The o b j e c t  i s  a dynamic 

threedimensional scene made up o f  a l a s e r  produced 

bubble going through i t s  f i r s t  co l lapse and f o u r  

gas bubbles i n  d i f f e r e n t  planes i n  depth attached 

t o  screw t i p s  and undergoing deformations due t o  

shock waves and the f l o w  f i e l d  generated by the 

l a s e r  produced bubble. Noteworthy i s  the  exce l len t  

q u a l i t y  o f  the  p i c t u r e s  and the  bunch o f  shock 

waves rad ia ted  upon the  unsymmetric co l lapse o f  

the  cen t ra l  l a s e r  produced bubble. They seem t o  be 
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- FIGURE 6 : Bubbles remained a f t e r  m u l t i p l e  breakdown from a Q-switched ruby l a s e r  pu lse i n  viscous 
s i l i c o n e  o i l  a t  the d i f f r a c t i o n  po in ts  i n  the back foca l  plane o f  a arat inq- lens assembly. 
Height o f  the p i c t u r e  about 14mm. The lens i s  t o  be seen on the l e f t  (P ic tu re  taken by W. 
Hentschel ) . 

produced by the  l i q u i d  j e t  formed upon co l lapse 

and the remnants o f  which are t o  be seen i n  the 

l a s t  two columns. /I/ 

The work on high-speed holocinematography i s  

cont inu ing . 

5. Conclusion.- Opt ic  c a v i t a t i o n  i s  q u i t e  a new 
/2/ 

f i e l d  on ly  a few years o ld .  But i t  may add sub-  

s tan t ia l  l y  t o  our  knowledge on c a v i t a t i o n  bubble 

dynamics because /3/ 

1. bubbles can be formed i n  the f r e e  l i q u i d  w i thou t  

any d i s t u r b i n g  par ts ,  /4/ 

2. the l o c a t i o n  o f  the bubble i s  known, 
/5/ 

3. the i n s t a n t  o f  generat ion i s  known, and 

4. a t  l e a s t  simple bubble conf igurat ions can be /6/ 

produced a t  wi 1 1 . 
/7/ 

Thus the  quest ions o f  s i n g l e  bubble col lapse, j e t  

formation, shock wave rad ia t ion ,  and bubble i n t e r -  

a c t i o n  can be at tacked w i t h  g rea t  hope o f  success. 
/8/ 
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