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A flash is due to the piston effect during the spraying and subsequent evaporation of a melt  drop 
layer  in a medium with initial p res su res  and tempera tures  equal to the tempera ture  and p res su re  
of the vapors which have been formed ea r l i e r  above the metal  surface,  but at a diminished flow 
velocity. 

The compar ison  between experimental  and theoret ical  resul ts  [1-6] shows that for radiation fluxes q-~ 
107 W/cm 2 at the wavelength X ~- 1.1 #m, a sharp discrepancy exists on an aluminum surface between the large 
computed andthe smal l  experimental  flash t imes (the beginning of the avalanchelike tempera ture  r i se  and the 
optical absorption of the vapors) ~fl. Thus,  for average fluxes ~ 1 . 5  �9 107 W/era 2, according to [5, 6], the 
exper imenta lheat ing  and flash developmentt ime on aluminum is 90.5  ~see .  The resul ts  apparently depend 
weakly on the surrounding gas (air, helium, argon, vacuum). The computed time is on the order  of 102 ~tsee. 
This d iscrepancy is conserved even when taking account of separation of the electron and gas tempera ture  T e > 
T and the ionization nonequilibrium which resul t  in an increase  in the e lectron concentrat ion and the coefficient 
of optical absorpt ion of the vapors .  

Theoret ical ly ,  according to [3, 5], for a flash to develop with q ~(107-108) W/era 2 it is neces sa ry tha t t he  
optical thickness be >0.01, which corresponds to a tempera ture  of > 5000~ at p res su res  of tens of a tmospheres  
(the ini t ia lwarming of the vapors to these or  lower pa ramete r s  could be achievedby heating the surface and by 
the piston effect on the target) .  

It is difficult to explain the discrepancy between theory andexper iment  by contaminating impuri t ies .  
Thus,  the spec t ra l  width of the neodymium laser  radia t ionused in the experiment  is much grea te r  thanthe 
width of thea tomic  spect ra l  lines with the absorpt ioneoeff ieient  k(v)>>l, although in other eases there is 
theoret ical ly the possibility (with a very  low probability) of incidence of the narrow (gas) laser  line on a line 
contained in negligible quantities (< 0.1% ) of impuri t ies .  Easi ly ionized admixtures can specify a multiple 
increase in the electron concentration n e and the absorption coefficient k(v) sufficient for a flash (correspond-  
ing to a change in n e for T = 4000 -*5000~ onlyfor  an impurity content >0.1%. The s t rongdependenee,  
noted in [4], of the flash time on the state of the surface can be explained by the s trong dependence of the surface 
heating time to the boiling point Vheatcol /q 2 (1 -- ~)2 on the coefficient of reflection ~. 

Let us show thata flash cannot be explained bynonequil lbrinm since the latter is small .  The separat ion 
of the tempera tures  T e, T is diminished substantially upon taking account of the energy exchange during inelas-  
tic collisions, which were not considered in [1-3]. 

For  the charac te r i s t i c  values T e -  T ~-4000~ p = 15 aim; q ~-107 W/em 2, we have from the Saha formula 
n e = 1.2 �9 101 s era-3; the atom concentrat ion is N = 2.8 �9 1019 cm-3, the mola r  fract ion of e lect rons  is x e = ne/N = 
4.3 �9 10 -4 (AI vapors) .  The free - - f r e e  par t  of the coefficient of absorpt ionby e lect rons  ina field ofneutra l  
atoms was calculated according to [7] and equals k 0 =1.4  �9 10 -3 cm -3 fo ra  radius rA1 = 2.5 ~,. The f r e e -  free 
and f r e e -  bound par ts  of the coefficient of absorption in an ion field equals k+ = 2.1 �9 10 -3 cm -1 according to the 
Kramers  formula with Z e f = l .  

Aecordingto  a s imple  est imate [8], the e lectron distribution function is Maxwellian for these conditions; 
hence the excitation section of a resonance level Sp =3.14 eV by electron impact was used, which was computed 
as a function of the energy f rom the data in [9]. 

For  the influx velocity and the energy loss peruni t  volume during elast ic e l e c t r o n -  ion collisions and 
inelastic collisions between e lect rons  and atoms,  we have 
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The inequalities a r e  s t rengthened for  T>4000~ 

Inthe [ongrun,  the role  of the inelast ic  losses  is de te rmined  by a "nar row place":  the velocity of deac-  
t ivat ion of the exci ted state Al* during col l is ions w i t h a l  a toms with the passage  of the excitat ion energy into 
t rans la t ion energy .  

The deact ivat ion (quenching) sect ion is unknown for  AI; it can apparent ly  be de te rmined  by a p roces s  analo-  
gous to d issocia t ive  recombina t ion  with a probabi l i ty  s t rongly dependent on the mutual  location of the potential  
curves  of the stable and unstable s ta tes  of the AI 2 molecule  [10]. Taking into account the  p resence  of a s table 
mo lecu l a r  s tate  of A12, it is na tura l  to expect  that the probabi l i ty  of this p roces s  can turn out to be quite l a rge .  
Thus,  for the value rAl~- 2.5 .~ we obtain for  the ra te  of loss  during deact ivat ion - - d e a a / d t > > l d e a a / d t [ ,  and 
cor responding  to this,  the rapid  equi l ibra t ion of the separa t ion  between T and T e.  

The s ignificant e m i s s  ion of e lec t rons ,  apparent ly  because  of t h e r m o e m i s s  ion by m icroinhomogene ities 
during the act ion of l a s e r  radia t ion wfth an .., 1/zmwavelength 'g~ I m s e c  duration, and energy density e up to 1 
J / c m  2 on an aluminum plate in a vacuum, has been detected exper imenta l ly  in [17]. With the growth of e dur-  
ing the s imul taneous diminution in ~., i . e . ,  with the r i s e  in t e m p e r a t u r e ,  the growth of the t he rmoemis s ionby  
many o rde r s  of magnitude is poss ible  [12]. In the p resence  of a the rmodynamic  vapor  -- liquid equil ibrium, the 
e lec t ron  concentra t ions  cannot exceed the the rmodynamic  concentrat ions being de te rmined  by the ionization 
equi l ibr ium (the Saha formula)  in the vapor ,  correspondingly  the f lash cannot be explained by t he rmoemis s ion  
because  of overheat ing by t a rge t m i c ro i nhom ogene i t i e s .  

One of the equally l ikely m e c h a n i s m s  for  a f lash  at modera te  q is local overheat ing of the vapor  du r -  
ing evapora t ion  of the drops be Lug fo rmed  dur ing fract ionat ion of the liquid me l t  beeause  of the combined effect  
of the inhomogeneity of the l a s e r  radiat ion,  sur face  tension, p r e s s u r e ,  and inertia f o r c e s .  

The following model  for  the s t e p - b y - s t e p  originat ion of a f lash is p roposed  below: evaporat ion of the t a r -  
get sur face  resul t ing  in the fo rmat ion  of a vapor  with a t e m p e r a t u r e  of ~4000~ and a p r e s s u r e  of ~10-20 a im 
(direct  heating f rom the t a rge t  and par t ia l ly  the piston effect); d r i f to f  the contact  boundary to  a compara t ive ly  
lonff distance f rom the sur face ,  format ion  of me l t  drops flying slowly re la t ive  to the cold and hot evaporat ing 
drops;  optical  shielding of the t a rge t  su r f ace  by a layer  of drops and attenuating or cutting off its evaporat ion;  
drop in the vapor  velocity at  the sur face  with the conserva t ion  of the same  p r e s s u r e  and t empe ra tu r e ;  heating of 
the drops  and the i r  evapora t ion  into this medium;  a new r i s e  in the vapor  p r e s s u r e  and t empe ra tu r e  above the 
layer  of evapora t ing  drops  because  of the piston effect  (butduring the evaporat ion of the l ayer  of drops) .  

Assuming  the fo rmat ion  andfrae t iona t ion  of the me l t  drops  to be de te rmined  by the p r e s s u r e  gradients  
because  of the l a s e r  radia t ion inhomogeneit ies near  the sur face ,  we take the sur face  tension a_<914 dyn/em 
[12]* and the p r e s s u r e  grad ien t  as  governing p a r a m e t e r s ,  which we r e p r e s e n t  as 

S t =  0(p4-pv 2) ~ p §  z ,  
8x d 

where d is the c h a r a c t e r i s t i c  s ize of the light spot; v is the meanve loe i ty  of a toms f iyingoff  f rom the mel t ,  
is a n e m p i r i e a l  coefficient  c lose to one aceord ing to  [14]. 

Since pvc~q/qe  v, and for  a semi -Maxwel l i an  distr ibution 

v " ]/'2 hTsu r /~  m,,1 "~' 0.9 km/sec ~ const, 

where  Tsu  r is the sur face  t e m p e r a t u r e  ~4000~ qev is thehea t  of evaporat ion 11.8 k J / g  [15], reAl is the m a s s  
of an a luminum a tom,  p is the density of the v a p o r a t  the sur face ,  then 

p__po~__p~__pv~  ~___ vq(1--cr , (1) 
2 qev 

where  13 is a s e m i e m p i r i e a l  fac tor  c lose  to 0 .8  under  the conditions in [5] (see the e x p e r i m e n t a l p r e s s u r e s  behind 
the shock front  in [5]; low values of/3 a r e  apparent ly  due to significant losses  by heat  conduction in the target) ,  
and P0 <<P is the initial a i r  p r e s s u r e  above the t a rge t .  

*Since the c r i t i ca l  t e m p e r a t u r e  for  AI is T e r  ~- 8400~ [13], the drop inn with t e m p e r a t u r e  shouldbe s lower  than 
that  computed according to the theore t ica l  dependence proposed in [12]. Let  us note that the heat-conduct ion 
coefficient  of liquid A l v a r i e s  negligibly to T ~6500~ [13]. 
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F r o m  dimensional i ty  re la t ionships ,  the upper  value of the cha rac t e r i s t i c  drop d i ame te r  and the f rac t iona-  
tion l ayer  thickness ,  cor responding  to the stat ic  equil ibrat ion of the p r e s s u r e  drop and the sur face  tension 
fo rces ,  is for  d - 5  m m  

/:)max "" 13; vq (1 - -  a) ___ 40 gin. 

However,  there  exis ts  a mechanis  m resul t ing in a sha rp  increase  in the total  p r e s s u r e  gradients  a f t e r  
the beginning of evapora t ion  and cor responding  to the substant ia l  diminution in the drop s ize .  

Neglecting the heat  of fusion (0.4 kJ /g)  in compar i son  with the heat  for  heating to ~3000~ we obtain 
the me l t  thickness to the beginning O f boiling f rom the heat-conduct ion equation (for a eoefficient  of liquid heat  
conduction ~---0.6 W/ore �9 deg): 

the mel t ing  t i m e  

(Pl---2.7 g / c m  3 is the density ofAt) .  

Ax ~ • T/q(1--cz) "v 3.6 urn; 

At..~(hx)ZcpPt'• vsec 

The thin liquid fi lm is i tself  u n s ~ b l e .  The seLf-accelera t ing  mechan i sm of drop format ion  is that a c e r -  
tain ampl i f ica t ion of the l a s e r  radia t ion on one of the sect ions and a cor responding  r i s e  in the local p r e s s u r e  
r e su l t  in the occur rence  of a flow of m e i t a n d  the d i sp lacement  of fluid f rom the lower l aye r s  into the adjacent  
seotions with the l a t t e r  becoming coot because  of fluid mixing and the drop in the intensity of evaporat ion and 
head p v 2. Growth of the drop (p +pc  2) hence contr ibutes  to a st i l l  g r e a t e r  acce le ra t ion  of the overflow and a 
fu r the r  r i s e  in the gradient  O(p+pv2)/dl .  

Under the combined effect  of t h e head 

where the coeff ic ient  is Cf-~ 1 [16] for  the exis t ing Reynolds number  ~50, and the su r f ace  tension 2a/R,  the 
drop d i ame te r  during f rac t ioaat ton of the me l t  layer  is 

8(~ 16~qev 
D ~  = �9 pv 2 ~ v q ( l _ a  ) (2) 

The quantity of the liquid phasebc ing  sp rayed  is hence apparent ly  l imited only by the condition of se l f -  
consis tency:  the optical  thickness in a layer  of drops be ingde te rmined  by the ra t iobe tween  the total a rea  of the 
opaque sect ions  7rR ~ o f t  he drops  and t h e a r e a o f  the act ing spot  7rd2/4 should be on the o rde r  of 0 . 5 -1 .  It follows 
f rom the c loseness  of thedrop  d i am e t e r  and the thickness of the me l t  l ayer  (for any q) tha t  the spacings between 
the drops a r e a l s o  on the o rde r  of the i r  s ize a t  the t ime of l aye r  format ion  (the whole liquid phase  is "skimmed") .*  

The t ime of drop  acce le ra t ion  bythe  s t r e a m  to the veloci ty v of the head pv  2 is 

My 64 p l (~q~ev 
~acc"~ ~ RZPv 2 -~ 3vq 2 6 --  cz)2~ z" 

The t ime to fo rm the absorbing  l ayer  (the t ime for  the drops  to t r a v e r s e  the spacing ~D) is 

_ /" 2MD f 683(~Zotq3ev ]1/2. V (3) 

The t ime to heat  the drops  to the boiling point is 

c v M A T  3 2 p / % A  T(~qev 
T(~r q ( i _ _ a ) ~ R  ~ ~ 3~)q2(l__a)~v (4) 

* The format ion  of the drops and the i r  heating a r e  acce l e r a t ed  by vapor  condensation on their  s u r f a c e s .  Thus,  
for  a vapor  density of p = 10 -3 g /e ra  3 and spher ica l  condensation a t the  speedo f  sound, the lower boundary of 
the t ime to heat  a 5 # m  d i ame te r  drop by AT = 2500~ is >0.3 p s e c .  
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The initial t empera ture  drop AT, governing the temperature  gradient  of the melt  on the evaporating 
surface is found f rom the heat-conduction equation for a thickness Ax ~D: 

1 q ( t - - a )  8a 8aqev 
rboil--Td--~hT 2 • 9v ~ ~  ~nv 

or,  if ~T exceeds (Tbotl - Tm)/2, takes the lat ter  value, where T d is the initial t empera ture  of the drop 
being formed;  Tboil ~ Tsu r N 4000OK; Tm is the melt ing point ~ 1000~ 

The evaporat ion t ime is 

1~( ~1 
eV 

During T (K) a drop t r ave r ses  the path 8al; 

with accelera t ion.  

qevM 32 qev P t 
q(1--cc)nR 2 = 3~} vqZtl--a) 2 

8 p z d. (A T)~ o 
s(') ~-- -~" qU(1 __~)z (5) 

Substituting the numerical  values for n~-0.6 W/cm �9 deg, Cp-1 J / g .  deg, we obtain D - 4.8 ~m; M ~- 1.6 �9 
10-1~ Tacc ---5.1/~sec; AT ~- (Tboil -- Tm ) / 2 ~  1500~ v(K) N 0 " 2 6 s a c  - psec;T~ K)-- 2"0 psec;  s ( K ) -  6 pm; ~-layer ~- 
0.23 pseo.  

Similar  resul ts  are  obtained for copper,  e . g . ,  despite the significant differences in the thermophysical  
pa ramete r s  [12, 15]. F rom theenergy  balance 

Psat(T) v(T)qev " 2~-~q( I --~), (6) 
2 

where p sa t (T) is the density of the saturated vapors,  and f rom (1) - (5), we find Tsur  ~ 4300~ PV z ~ 25 atm; D ~ 4.4 
pm; Tlayer ~- 0.3 #see;  "surf'(K) _~ 0.35 #see;  s(K) ~- 6.2 ~m; v ~- 0 .6 k in /see .  

The drops of the melt  do not themselves cause the flashalthough they increase the absorption coefficient 
(in addition, the absorbed energy is expended in the evaporation of drops and the effect is equivalent to the t r ans -  
fer  of sections of the evaporating surface a distance s(k); however, a growthof  1 .5 -2  times is possible for the 
absorption in the vapor because of the increase in the optical path of the radiation due to multiple reflect ion 
and scat ter ing by the drops).  

Therefore ,  the role of the drops is determined by the local overheating of the vapor during the motion and 
evaporation in the s t ream,  which play the par t  of seed centers  of absorpt ionbecause  of the sharp temperature  
dependence of k(v). 

A natural  limit on the modelbeing developed is the condition s(k)~ D, which reduces for a luminumto 

q ~ ptc~v(hT)Z/6( 1 --a)qev --~ 1.2.107 W/cm 2 

(for copper  1 .4 .107  W/cm2). At the same time, e . g . ,  for q - 1 0 5  W/cm 2 we would obtain Tfl_~r(k)t~ 26 psec  
for the minimal flash time (if i twere generally possible).  

For  the evaporation of drops in a medium with the p ressu re  P0 (inthe ease under consideration P0 = 15 aim), 
under the assumption of a significant drop in the velocity of the vapor because of the "shadow effect" (both the 
diminution in evaporat ionbecause  of shielding of the radiat ionby the drops and the formation of a "dead zone" 
of the s t ream on the r eve r se  side of the drop layer),  the total static p ressu re  P wouldequal the sum of the ex te r -  
nal P0 and the excess p ressure  needed to produce the head pv 2 =SM/p, where SM is the mass  flow rate of the 
vapor.  

Using (1) and the Clapeyron equation, we find 

S~ kT 
P ~ Pc f PmA! 

f rom the relationship 

kT [~q(1--cz) ] 2 
"~ Pc + ~ 2qev 

V 4 kT [ [~ q(1--cz) ] 2 
l-l-  1 +  p~ real 2 qev ~__3.64po, 

P = Pc 2 (7) 
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where fl~- 2 (because of the pre l iminary  a lmost  total heating of the drop and its small  size,  the losses  by heat 
conduction in the drop andheating of the vapor  being formed can be neglected).  In conformity with the phase 
dependence 

Po~exp ( mA~qev)kT 

the tempera ture  of the drop should be ra i sed  by 

/zT 2 A T N ~ In 3.64 ,w 350"K 
real qev 

(8) 

For  T =4350~ we have p ~-mAl P/kT-~ 4.1 �9 10 -3 g/era3; v = SM/p-  1.0 �9 105 cm / sec ;  pv 2 ---43 a tm.  

A tempera ture  r i se  to* 

T2 ~ (P -I = 1.9 
Ti :k p0 ~] (9) 

ix possible at  the s tagnat ion point o f  such a j e t  in a uniform flow (plane layer  of drops) a t  the stagnation p ressure  

P T  =P +PV2" 

There fo re ,  f o r  this ex t r eme  case we obtain a maximum gas tempera ture  to 8200~ for a t o t a lp r e s su re  
of PT ~100 atm at  distances of many d iameters  f rom the evaporating layer  of drops depending pnthe thickness 
of the vapor layer  within whose limits the initial velocit ies (up to the beginning of drop evapora t tpn)are  small ,  
Corresponding to these pa rame te r s  are :  N =8.9  �9 10t~cm-3; n e =3.2 �9 1018 cm-3;Xe =3.4 �9 10 -2, the coefficient  
of absorpt ion is k(v)=k0+ k+ =1.8 +L4 =16 cm -1 . 

The t ime to h e a t  the vapor  to 1000~ (which can be taken approximately as the beginning of the flash) for  
this absorpt ion coef f ic ien t  is 

~r ~ Cpp:A T ~ 2.6. l0 ~- ~sec, 

which cor responds  to the absorbing vapor  having t r a v e r s e d  the distance r v ~ 26 ~m ~ 5D. 

Es t imates  us ingthe  exc i t a t i onsee t ton  of the, level ep = 3 .14  eV [9] (the possible nar row place for  stepwise 
ionization) show that ~ e  t ime to build up ionization equil ibrium is <<T. 

A prac t ica l  formulat ion for  an approximate es t imate  of the flash t ime according to (4) (taking (3) into account) 
follows f rom the analysts  made.  

The possibil i ty o f  flash development for  weaker  fluxes is de t e rmined  (for the numer ica l  solution o fgas -  
dynamic equations, for  example) by,giving v ~  0 as the initial conditi9n at  this t ime while conserving the  d i s t r i -  
butions of T,  p, andp existing at~his t ime and the resu l t s  of the subsequent solution of the gasdynamic probiem.  

NOTATION 

q, flux density of the monochromat ic  radiation; ~., radiat ion wavelength; rev ,  t ime corresponding to the 
beginning of the flash; T,  T e, gas and e lec t ron  t empera tu res  ; k(u), spectra  lcpeff ic ient  of absorpt ion (per unit 
length) for  the wavenumber  v; p, gas p ressu re ;  n e, e lec t ron  concentrat ion;  N, atom concentrat ion;  x e, mo la r  
f ract ion of e lec t rons ;  rAl,  radius of aluminum during in~rac t [on  with elec ,txons; k0, k+, parts  of the absorpt ion 
coefficient  corresponding to the f ree  - - f r e e  and f ree  - -bounde lee t ron  t ransi t ions in a field of neutral  atoms (k 0) 
and ions (k+); Zef, effective charge on the nucleus in the K ram er s  formula;  a, surface  tension of ihe melt;  S/ ,  
total  p r e s su r e  gradient;  p, density; v, gas velocity a t the  evaporating surface;  d, effective d i am e te ro f  the light 
spot;/~, ~, dimensionless  empi r ica l  coefficients;  qev, head of evaporat ion (per unit mass) ;  T su r ,  t empera tu re  
of the evaporat ing surface;  a ,  coefficient  of ref lect!on;  Tboil  -~ Tsu r ,  boiling P0intduring development of evapo- 
rat ion i n a m e d i u m w i t h a  s teady p r e s su re  r i s e ;D ,  effective d iamete r ;  R, radius of the l iquiddrop; ~r hea t -con-  
ductivity coefficient  of the liquid or  sol idphase;  p l ,  density of the melt;  Cp, specific heat of the mel t  or  vapor; 
Cf, gasdynamic drag coefficient  of the drop in  the vapor s t r eam;  M, mass  of the drop; Vac c, t ime to acce le ra te  
the drop to the velocity vby  thehead  pv2; ~layer ,  eh a r ac t e r i s t i c t im e  for  formation of the d ro p l ay e r ;  r{hk)at, t ime 

* Fo r  Mach numbers  N1-2 the resu l t s  of a t empera tu re  computation by means  of the Poisson adiabat and bythe  
usual adiabat differ  slightly.  

906 



toheat  the drops of melt tothe boiling point; r~kv ), time for drou evauoration; s(k), spacing t raversed with 
acceleration of drops of the melt during the time r(k)~; p sat~T~, density corresponding to the saturated vapor 
w[ththe temperature T; SM, mass rate of flow of vapor; P0, vapor pressure before the beginning of evaporation 
of meltdrops;  P, static vapor pressure at which dropevaporation occurs; T, adiabatic index; T1, T2, Initialand 
final temperatures under adiabatic compression; PT, stagnationpressure.  
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