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D E S T R U C T I O N  OF C O A R S E  AND F I N E  W A T E R  

D R O P S  BY M O N O P U L S E S  OF  A RUBY L A S E R  

V.  I .  N o v i k o v  and  V. N. P o z h i d a e v  UDC 535.21 

In addition to the known method of evaporating water drops in the intensive radiation field of a 
CO 2 laser,  papers  have recently appeared wherein the destruction of water drops without the 
conversion of the light energy they absorbed into heat is investigated (surveys [1, 2], for ex- 
ample). Papers  devoted to nonthermal methods of destroying a water aerosol, although still 
few in number, indicate the proposal of three methods of destroying the drops: optical break- 
down in water,  excitation of mechanical vibrations of the drops, and photochemical destruc-  
tion of the water  molecules [1, 2]. The optical breakdown phenomenon, when intense destruc- 
tive shocks occur  in a water  drop subjected to a l ase r  monopulse, has been investigated more 
fully than the other methods but also clearly insufficiently. Experiments on destroying milli-  
mete r -  and micron-s ized drops by ruby lase r  monopulses are  described in this paper, 
values of the paramete rs  character izing this process  are determined, and an approximate 
estimate of the energy and power of the laser  pulses requiredto destroy a water aerosol in 
a t rack of definite length is also given. 

1. Experimental Investigation of the Destruction of Coarse Water Drops.  The effect  of monopulse laser  
radiation on a suspended water  drop of ~ 2 mm radius was observed in the experiments.  The diagram of the 
apparatus is presented in Fig. 1. The gigantic pulse from a OGM-20 ruby laser  2 was focused at the center 
of the drop 4 suspended from the capillary 1 by using a lens with a 5-cm focal length 3. By using a plane- 
paral lel  divider plate 5 and the collector  lens 6, a par t  ~of the radiation is sent off to the IKT-1M calor imeter  
7 to measure  the pulse energy. The pulse duration of the ruby laser  was ~ 20 nsec at the half-power level, 
the maximum energy pe r  pulse was ~ 0.5 J, and the area of the focal spot in air,  determined by the hole pierced 
in foil, was about 2.8 �9 10 ~S cm z. 

Moscow. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Ftziki, No. 3, pp. 26-35, May- 
June, 1979. Original art icle submitted March 29, 1978. 
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Fig. 1 

The following scheme was used to record  the p roce s s  of drop destruct ion in t ime.  The beam from an 
LG-75 l a se r  8 was focused on the drop somewhat below its center  by using the lens 9, so that the red  beam 
ref rac ted  by the drop would not be incident in the window of the diaphragm 10. In the absence of a drop the 
light will pass  through the diaphragm window and yield constant illumination on the photomultipl ier  12. The 
signal f r o m  the photomultipl ier  was recorded  b y u s i n g a n  S8-11 s torage osc i l loscope  13, whose sweep was 
t r iggered  by the ignition pulse f rom the ruby l a s e r  pumpinglamp.  Two X = 0.63 ~m inter ference  light f i l ters  11 
were  used to suppress  the paras i t i c  il lumination of the photomult ipl ier  f rom the ruby l a se r  light pulse sca t -  
t e red  by the drop.  A number  of photographs of the p roce s s  of drop destruct ion can be obtained by using the 
LGI-24 l a se r  14, the objective 16, and the high-speed SFR movie c a m e r a  15. 

It is seen f rom a se r i e s  of photographs of the destruction p roces s  that the drop swells before the ex- 
plosion, then wate r  spots splash out f rom it, and then scat ter ing into f ragments  occur s .  Photographs of in- 
dividual f ragments  of the drop explosion p roces se s ,  taken at different t imes af ter  illumination in) before the 
effect, b) after  200 ~sec,  c) af ter  300 psec,  d} af ter  1 msec ,  e) after  3.8 msec  f rom the laser  pulse],  a re  p r e -  
sented in Flg. 2. The suspended drop appears  black in Fig.  2a. The light spot in the middle and the i l lumina- 
tion in the upper par t  of the drop a re  due to beam ref rac t ion  in the a rea  of drop contiguity to the capil lary.  
The dark swollen drop is seen in a gray  background in the next two photographs,  where a bright f lash is seen 
at the center .  The effect of the blue glow at the center  of the drop was also observed visually.  This glow is 
apparently associa ted  with the p resence  of  dielectr ic  breakdown in wate r  and the formation of a p lasma within 
the drop.  The swollen drop fills the whole field of view of the SFR lens in ' the next f rames  and individual fine 
drops,  " f ragments"  blasted f rom the coarse  drop, s tar t  to appear  in the f rame .  

A time study of the drop dissipation p roce s s  was conducted by means of the t ransient  charac te r i s t i cs  
obtained on the osci l loscope screen,  examples of which are  shown in Fig. 3. Two charac te r i s t i c  t imes are  
seen c lea r ly  on the t rans ien ts .  The t ime t 1 f rom the t ime of the light pulse to the t ime of the f i r s t  minimum 
on the t rans ient  can be considered the charac te r i s t i c  t ime of drop destruct ion.  The t ime t 2 f rom tile t ime of 
the light pulse to the end of the t ransient  cha rac t e r i ze s  the t ime of total drop destruct ion.  The osc i l lograms 
are  quasivibrat ional  in nature for  radiation power densit ies exceeding the breakdown threshold insignificantly, 
which is apparent ly associa ted  with e i ther  pulsations of the drop dur ing  dissipation, or  with some "periodici ty" 
in the destruct ion of the drop (e.g., with the success ive  cleavage of Iayers  of liquid) (Fig. 3b, obtained for  
W =4.6 GW/cm~). For  power densit ies g rea te r  than 8 GW/cm 2 in the area  of the focal spot, the quas ivibra-  
tional na tu reo f  the t ransient  vanishes because of the rapid dissipation of the explosion products  (FiLg. 3a). The 
dependence of a rec iproca l  quantity of the total drop dissipation t ime t2 "1 on the power density W in the focal 
spot of the lens is represented  in Fig.  4 for the case  of distilled (solid line and dark points) and tap water  
(dashed line and open c i rc les ) .  The experimental  points were  approximated by a parabol ic  dependence. It is 
seen f rom Fig.  4 that the pulse power density threshold needed to des t roy  a coarse  water  drop is ~, 2.1 GW/cm 2. 

With regard  to the charac te r i s t i c  t ime of drop dissipation t, and its dependence on the power density in 
the laser  pulse,  this charac te r i s t i c  t ime is 145 • 35 ttsec with 95~ confidence, in the range investigated. 

The deduction can be made f rom the exper iments  conducted that the effects of the destruct ion of a coarse  
water  drop under the effect of a ruby lase r  monopulse are  due to the high-intensi ty light field in the pulse and 
not to thermal  effects [2]. To ver i fy  this deduction, the ruby l a se r  was t r an s f e r r ed  to the free generation mode 
with the same energy per  pulse but with a pulse duration of about 1 msec  so that the energy density at the center  
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of the drop remained the v e r y  same but the power was decreased  by more  than four o rde r s  of magnitude. In 
this case  no drop destruct ion effects were  observed.  

2. Experimental  Investigation of the Destruct ion of Micron-Sized Water  Drops.  An experimental  setup, 
whose d iagram is shown in Fig.  5, was produced for the visual investigation of the behavior of 1-10 pm radius 
water  drops subjected to the monopulse radiation of a ruby lase r .  The apparatus pe rmi t s  recordirLg the be-  
havior  of only those drops which are  incident in the working volume formed at the focus of the three l a se r  
beams.  

An ul trasonic atomizing sys tem descr ibed in [3] was used as the mic ron - s i ze  drop generator ' .  Water  
drops f rom the atomizing euvette are  delivered by compres sed  a i r  to the working volume. If the drop were  to 
be incident at the focus of the three  optical sys tems ,  then it will sca t te r  the light of the He--Ne l a se r  2, focused 
at the center  of the measur ing  cuvette 1 by using the m i r r o r  3, the diaphragm 4, and the tens 5. An image of 
the drop is constructed by means of the objective 7 in the plane of the diaphragm 8 in the light of the red l a se r  
beam. If  the drop is at a given point of space (the focus of the three  optical systems) ,  then the light it sca t -  
t e r s  is incident on the photomult ipl ier  6 through the diaphragm window and the in terference light :filter 9 at 
the 0.63-#m wavelength. Ultraviolet  radiation (~ =0.337/~m) of the LGI-21 lase r  10 is used for  a photographic 
recording  of the drop dest ruct ion p roce s s  by the high-speed SFR camera  12 in t ransmi t ted  light. The image 
on the SFR film is const ructed by using the quartz glass objective 11. The optical sys tem magnification is 60. 
To obtain a high power density in the zone of action on the water  drop by a light pulse f rom the OGM-20 ruby 
l a s e r  16, its radiation was focused by the lens 17 at a spot of radius N 0.4 ram. To measure  the energy in the 
ruby lase r  pulse an IKT-1M ca lo r ime te r  20 was used. Radiation was collected in the ca lo r ime te r  by the lens 
19 af ter  the light dividing plate 18. Control of the recording p roces s  was automatic by using a special automa- 
tion module 14. After the drop was incident at the focus of the three  opticaI sys tems,  the signal f rom the pho- 
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Fig. 6 

tomult ipl ier  (F~ U) c loses  the contact  of the "Start" button on the SFR control  panel 13 throughthe automation module, 
af ter  which the signal is sent to open the mechanical  shut ter  of the SFR camera .  When the mechanical  shutter  
of the SFR camera  is open, an initiating pulse is taken off f rom the SFR t ransducer  and goes to the delay unit 
in the automation module. Two pulses f rom the day unit go to t r i gge r  the UV lase r s  separa ted  in t ime by 4.5 
msec  (the minimum t ime to p repa re  the supply module for this laser}. Moreover ,  pulses  to t r igge r  the OGM-20 
ruby l a se r  and the sweep of the osci l lograph 23 emerge  f rom the delay unit. The automation sys tem permi t ted  
the SFR to record  three  f rames  on the photographic fi lm: before the action of the radiation, in the light of the 
acting ruby lase r  radiation, and af ter  the action of the radiation.  

The t ime between the f i r s t  and third  f rames  is ~ 4.5 msec,  while the t ime between the second and third 
f r ames  can va ry  within the l imits of severa l  microseconds  to 3.8 msec .  To check the aerosol  density in the 
area  of the focus,  an osci l loscope 15 was used, towhich a signal was delivered f rom the photomultiplier .  To 
checkthe  passage  of the light pulses and for a rough measu remen t  of the intervening t ime intervals ,  the two-chan-  
nel s to rageosc i l loscope  23 was used. L i g h t p u l s e s  f romthe  ruby and ultraviolet  l a se r s  were  recorded  by the 
FSK-2 photores i s to rs  21 and 22 and a digital me te r  of t ime intervals ChZ-35-A 24 was used for  an accurate  
measurement  of the t ime intervals  between the second and third  f r ames .  

The d iameter  of the focal spot of the ruby l a se r  was 0.8 mm, and the size of the field of view of the SFR 
objective (the working volume} was 0.3 mm, so tha t the  effect of the l a se r  radiation is rea l ized on all drops 
p resen t  in the working volume. 
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Let us p resen t  some experimental  resul ts .  A photograph of an aerosol  drop in the working volume p r i o r  
to action is represen ted  in Fig. 6a, and a photograph of the working volume 300 #sec af ter  the action of the 
ruby l a s e r  pulse in Fig.  6b. The power  density pe r  pulse was ~ 330 1Y[V/cm 2 (the pulse duration is N 20 nsec).  
The scale of the image in the f rames  is 250 : 1. The direct ion of l a se r  pulse incidence is indicated by the ar row.  
An ensemble of drops of different s ize (dark c i rc les ,  somet imes  with a white spot in the center) at both the 
focus of the SFR objective and outside it (these la t ter  are  surrounded by aureoles) is seen in the f i rs t  f rame.  
The field of view of the objective was c leared  completely in the second f rame .  

Some drops not subjected to destruct ion remained in the working space when the power density in the 
l a s e r  pulse was reduced.  

An investigation of the t ime cha rac te r i s t i c s  of the drop destruction p roce s s  showed the following. In 200 
psec af ter  the effect of the l ase r  pulse,  the drops were  dest royed completely.  It was not possible  to obtain 
photographs less than 200 psec af ter  because the second and third  f rames  became superposed on the SFR film 
in this case .  In this connection, it is difficult to es t imate  the charac te r i s t i c  t imes  of destruct ion of the fine 
drops.  However, the photographs of the working space in the sca t te red  light of the ruby l a se r  exhibit an in- 
t e res t ing  fact .  A photograph obtained in the sca t te red  ruby l a se r  light is represented  in Fig. 7 in the same 
scale as in Fig.  6. Light aureoles  in tersec ted  by a number  of dark broads are  seen in the photograph in place 
of the aeroso l  drops .  The size of these aureoles  is about 60 pm (the initial drop size is 4-6 pm along the 
radius).  If it is assumed that these aureoles are  ei ther  the swollen drop p r i o r  to explosion or  the explosion 
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products ,  then the c h a r a c t e r i s t i c  t ime  of the p r o c e s s  of fine drop des t ruct ion is on the o r d e r  of  the duration 
of the l a s e r  pulse ,  i .e . ,  ~ 20 nsec .  

3. Poss ib i l i ty  of Nonthermal  Des t ruc t ion  of an Atmospher ic  Aeroso l .  On the bas i s  of the exper iments  
conducted and [4], where  analogous expe r imen t s  had been p e r f o r m e d ,  the following c h a r a c t e r i s t i c s  could be 
de t e rmined  for  the phenomenon of c o a r s e  w a t e r  drop des t ruc t ion  under  the effect  of a l a s e r  monopulse:  The 
des t ruc t ion  of wa t e r  drops occu r s  at the threshold  value of the ruby l a s e r  pulse  power  density: ~ 2.1GW/cm2; 
the drop s t a r t s  to explode in a t i m e  l e s s  than 16 #see ,  and the c h a r a c t e r i s t i c  t ime  of drop d i sappearance  is 
~ 150 #see;  the p r e s s u r e  on the shock front  des t roying  the drop will drop rapidly  with dis tance f r o m  the focal  
point,  a f t e r  having r eached  thousands of ba r  in d i rec t  p rox imi ty  to it. The h igher  the pulse  energy,  the g r e a t e r  
the p r e s s u r e  on the shock f ront ,  and the h igher  the veloci ty  and the g r e a t e r  the dis tance at which the explosion 
p roduc t s  diss ipate ;  as the ene rgy  i n c r e a s e s  in the l a s e r  pulse,  all the m o r e  ene rgy  goes into "acce l e ra t ing  the 
f ragments"  of the drops  and the i r  s ca t t e r ing  veloci ty  and range grow. 

By knowing the breakdown th resho ld  in coa r s e  drops ,  the magnitude of the breakdown can be e s t ima ted  
even fo r  drops  of m i c ron  s i ze .  As was indicated in a number  of p a p e r s  ([2], fo r  example) ,  diffract ion effects  
resu l t  in the fo rmat ion  of in tens i ty  m a x i m u m s  in the l ight  f ield dis t r ibut ion ove r  the volume of the drop. An 
approx imate  dependence of the re la t ive  magnitude of the highest  m a x i m u m s  (as compa red  with the intensi ty 
incident on the drop) on the drop radius  is also p re sen t ed  in [2]: 

- -  i1.~3(r/~)0.65, 

where  r is  the drop radius ,  #m; I is the incident radiat ion wavelength,  pm.  The dependence is val id for  the 
range  of values  of r / l  between 0.6 and 40, and the breakdown threshold  of m ic ron  drops  subjected to a ruby 
l a s e r  pulse can be de t e rmined  by using it: 

Wp(r) ~ ~s0(r/0 ~94) ~176 

(Wp, MW/cmZ; r,  /~m). 

The dependence Wp(r) is p r e s e n t e d  in Fig.  8, f r o m  which it is seen that a 300 MW/em 2 monopulse  power  
densi ty  was  adequate fo r  the breakdown to occur  in a~roso l s  of all  s izes  in expe r imen t s  on the des t ruct ion of 
fine drops .  In expe r imen t s  in [5] in which the power  densi ty in a pa ra l l e l  neodymium l a s e r  monopulse  beam 
was just  about 30 MW/cm 2, an i nc r ea s e  in:  the optical  th ickness  of the ar t i f ic ia l  mis t  by 12-147o was obse rved  
a f t e r  the p a s s a g e  of the power  pulse .  This  indicated the p r e s e n c e  of drop explosion products  in the action zone, 
f r o m  which it could be a s s um ed  that a 30 MW/cm 2 power  exceeds  the threshold  jus t  s l ightly and, the re fo re ,  
the kinetic ene rgy  of f r agmen t  d iss ipat ion is low. This  indeed follows f r o m  Fig.  8, where  it is seen that the 
power  of this  o r d e r  could only des t roy  drops  with r >  10/~m, which were  not many  under  the conditions of the 
exper iment  in [5] (the d r o p - s i z e  dis t r ibut ion was desc r ibed  by a 3' d is t r ibut ion with the p a r a m e t e r s  r 0 =3 gm 
and p =3). 

In conclusion, let us execute  an approx imate  e s t ima te  of the monopulse  ene rgy  requ i red  to des t roy  drops  
in an ae roso l  column of length L. Let  us a s s u me  that the ae roso l  is monod i spe r sed  with the drop s ize  along the 
radius r 0 pm and the concentra t ion N 0. T h e n  its  at tenuation f ac to r  i s  a0-- 2 ~rr2N0. If  the l a s e r  pulse  p o s s e s s e s  
the power  W 0 exceeding the th resho ld  power  for  a drop of this s ize  Wp(r0) , then the f i r s t  l a s e r  pulse des t roys  
all the drops  on a t r a c k  of length Al  1 = (1 /%)  In [W0/Wp(r0)]. The c h a r a c t e r i s t i c  t ime  of des t ruct ion i s  not 
g r e a t e r  than 10 -4 sec ,  and if a second l a s e r  pulse  of the Same power  acts  a f t e r  10 -4 sec ,  then it will  p a s s t h r o u g h  
the drop explosion p roduc t s  a f t e r  the f i r s t  pu lse  and des t roy  the ae roso l  on a t r a c k  of length 

A/. = t . ( l a  w, ,~A/a} 

where  % is the at tenuation fac to r  of powerful  l a s e r  radia t ion in the explosion products ,  and a 1 < a 0. The re fo re ,  
a channel of length 

is f o r m e d  in the ae roso l  a f t e r  the p a s s a g e  of N pu l ses .  Let  us p r e s e n t  a numer i ca l  example .  The values  of 
the p a r a m e t e r s  a re :  r0=5 pm,  No=60 cm -s, a0-~ 19 km -~, e l / a 0 = 0 . 5 ,  L = 0 . 5  km,  Wp=48 MW/cm 2. Then a f t e r  
four  pu lses  a t r a c k  of length 0.5 km is b leached under  a pulse  with the power  

{ L~. } 
w.= 5 exp/ (, (*~:i.k - ~ /  
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Taking into account that  ~- =2 �9 10 -8 sec ,  we obtain the ene rgy  densi ty required:  ~ 150 J / c m  2. 
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R O L E  O F  B U B B L E  B O I L I N G  I N  T H E  I N T E R A C T I O N  

O F  I N T E N S E  R A D I A T I O N  W I T H  M A T T E R  

A .  V .  B u r m i s t r o v  UDC 533.7 

The  model  of s table  evapora t ion  [1-4] is widely  used to study the in te rac t ion  of intense radia t ion 
with m a t t e r .  In this model  the radia t ion flux n o r m a l l y  incident on a p l a n a r  su r f ace  of the body 
is  Constant in magnitude,  which also guaran tees  s t a t ionar i ty  of p a r a m e t e r  dis t r ibut ions  in a 
coordinate  s y s t e m  re la ted  to the su r f ace .  An assumpt ion  of the model  is that  evapora t ion  oc -  
cu r s  at the su r face  only. As noted in [1, 2], however ,  in es tab l i sh ing  me ta l  evapora t ion  the 
su r face  is found to be in a liquid overhea ted  s ta te .  Consequently,  the evapora t ion  m e c h a n i s m  
can be compl ica ted  by bubble boil ing.  This  p r o c e s s  is usual ly  neglected due to the fact  that  
the su r face  tension coeff icient  of me ta l s  is l a rge  (if the t e m p e r a t u r e  is  not too close to the 
c r i t i ca l  t e m p e r a t u r e ) ,  and, consequently,  the p robab i l i ty  of bubble fo rmat ion  is low [2]. Quan- 
t i ta t ive  e s t i m a t e s  a re  needed to jus t i fy  this s t a t ement .  Such e s t ima te s  w e r e  c a r r i e d  out in [5, 
6], where  it has  been sho~'~ that the re  ex is t s  a ~er ta in  in tens i ty  flux q . ,  above which su r face  
evapora t ion  is modif ied by bulk boiling. A number  of i naccu rac i e s ,  however ,  we re  admit ted  
in [5, 6], which, as shown below, s t rongly  d is tor t  the boundar ies  of the evapora t ion  m e c h a n i s m s  
in s e v e r a l  c a s e s .  The purpose  of the p r e s e n t  study is to r e m o v e  these  inaccurac ie s  and ca l -  
culate the quantity q .  m o r e  c o r r e c t l y .  

1. Vapor  bubbles occur  in a liquid e i ther  as a r e su l t  of t h e r m a l  f luctuations (fluctuating bubbles) o r  due 
to ex t raneous  impur i t i e s  ( s ta t ionary  bubbles) [6]. 

Only bubbles whose radius  exceeds  a c r i t i ca l  r . ,  de t e rmined  f r o m  the equation [7] 

P0 (Y) exp r, kT] = P ~ r. ' (1.1) 

pa r t i c ipa t e  in boiling. In this e x p r e s s i o n  Po is the sa tu ra ted  vapor  p r e s s u r e  ove r  a p lanar  su r face ;  a, surface  
tension coefficient;  p, p r e s s u r e  in the liquid; and v, mean volume of the liquid (calculated p e r  molecule) .  

At t e m p e r a t u r e s  not too c lose  to the c r i t i ca l  t e m p e r a t u r e ,  w h e r e  the liquid can be s epa ra t ed  into gas -  
l ike phases ,  i .e . ,  the vapo r  densi ty is much lower  than the liquid densi ty  (Pvap<<Pliq), E q. (1.1)has the app rox i -  
ma te  solution 

2(~ 2~ 
r .  -- p0 (T) --p -- _~p (1.2) 
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