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The p rob lem is solved of the cooling of the hot spher ica l  region ("f ireball")  fo rmed  by a 
focused l a se r  explosion in a i r  at an energy  of 5.3 J. The t rue  spec t r a l  composi t ion of the 
radia t ion and its d i rec t iv i ty  d i ag ram  was considered.  Table  values of the absorpt ion  coef f i '  
c ients  were  used. The t e m p e r a t u r e  and densi ty dis t r ibut ions in the f i reba l l  a r e  found fo r  a 
specif ied law of the change of p r e s s u r e  inside it (taken f rom the solution of the co r r e spond-  
ing g a s - d y n a m i c  p rob lem without radiation).  The appearance  of sharp  regions  of t e m p e r a t u r e  
change a re  noted - t e m p e r a t u r e  s teps assoc ia ted  with a change of the degree  of ionization 
and with the cor responding  change of the spec t ra l  coefficients  of absorpt ion of a i r .  The spec-  
t r a l  and total  radiat ion fluxes a r e  de te rmined .  The f rac t ion  of de-exc i ted  energy  (of the total) 
is computed as  a function of t ime.  The phenomenon of breakdown or ig ina tes  with powerful  
focusing of l a s e r  radia t ion in gases .  A rev iew of the appropr ia t e  p a p e r s  and a descr ip t ion  of 
the phenomenon a re  given in [1, 2]. 

In consequence of the high concentra t ion  of energy,  the gas  in the region of a breakdown heats  up to 
e x t r e m e l y  high t e m p e r a t u r e s .  The  p r e s s u r e s  a r e  considerable .  Thus,  according to a calculat ion ca r r i ed  
out by the usual  re la t ions  and s i m i l a r  to [1, 2] but with a r ea l  equation of s ta te  fo r  a i r  [3], and with a r ad i a -  
tion flux densi ty  of F = 0.5 �9 104 MW/cm 2, the detonation veloci ty  D = 35 k m / s e c ,  the p r e s s u r e  behind the deto-  
nation wave Pd = 6 5 3 0 k g / c m  2, and the t e m p e r a t u r e  Td= 105~ Thus,  with this radiat ion flux density,  the t e m -  
p e r a t u r e  and p r e s s u r e  a r e  found to be  of the same  o rde r  as in the f i reba l l  of a nuclear  explosion at  the in- 
stant  of fo rmat ion  of the shock wave f rom the t he rma l  wave [2, 4, 5]. 

The f i reba l l  f r o m  a l a s e r  explosion in the stage of energy dissipat ion,  genera l ly  speaking, does not 
p o s s e s s  spher ica l  s y m m e t r y  [6], except in ca se s  of spec ia l ly  c rea ted  spher ica l ly  s y m m e t r i c a l  i r rad ia t ion  
[71. 

The region of the explosion usual ly  is elongated along the d i rec t ion  of p ropaga t ion  of the radiat ion.  
However ,  the a s y m m e t r y  is  smal l .  During the t ime of act ion of the l ase r ,  of o rder  10 -8 sec, the detonation 
wave t r a v e r s e s  10 -I  cm with a front  veloci ty  of ~ 10 ? c m / s e c ,  while a typical  value of the radius  of the beam 
in the region of m a x i m u m  focusing amounts  to only 10 -2 cm. Moreover ,  owing to the high p r e s s u r e s  in the 
region of energy  r e l ease ,  a shock wave is propagated through the gas  in a d i rec t ion perpendicu la r  to the 
beam,  which reduces  the a s y m m e t r y .  

In the observa t ions  in [8], the shock wave f r o m  a l a s e r  explosion was r eco rded  during 35-430 nsec 
a f t e r  the explosion in the f o r m  of an e l l ipse  with a ra t io  of 2 : 1.5 for  the semiaxes .  

The authors  have c a r r i e d  out control led calculat ions of the cooling of a cyl inder  with a height to radius  
ra t io  of 3 : 1 by a two-dimens ional  d i f ference  method,  s i m i l a r  to the one-d imens iona l  method descr ibed  be-  
low. Compar i son  of this calculat ion with the spher ica l ly  s y m m e t r i c a l  one, with identical  total  initial explo- 
sion energy,  indicated that the d ivergence  of values  of the t empera tue  at the center ,  the f rac t ion  of energy  
dissipated,  and other  in tegral  c h a r a c t e r i s t i c s  at one and the s a m e  instant of t ime  did not exceed 5%. M o r e -  
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a total  of only a few joules  or  a few tens of joules .  

over ,  a s y m m e t r y  is observed  at the initial  instants  of 
t ime  when the d iss ipa t ion  is s t i l l  smal l  (as the calcula t ions  
show, the  c h a r a c t e r i s t i c  t ime  of de-exc i ta t ion  is of the 
o r d e r  of tens and hundreds  of mic roseconds ) .  

At this s tage,  a f t e r  complet ion of the effect  of the 
radiat ion,  the pa t t e rn  of motion of the subs tance  is c lose  
to the pa t t e rn  of a powerful  explosion. Sonic pe r tu rba t ions  
balance o u t t h e p r e s s u r e  inside the hot core ,  and the ve loc -  
ity-of the shock wave in all  d i rec t ions  becomes  identical  
and the f i r eba l l  becomes  spher i ca l ly  s y m m e t r i c a l .  If we 
a s s u m e  that the adiabat ic  index is constant ,  then the ex-  
pansion of the f i reba l l  in the energy  phase  is descr ibed ,  
to a f i r s t  approximat ion,  by the s e l f - s i m i l a r  solution of 
the p rob l em of a point explosion [9]. 

In o r d e r  to obtain a m o r e  accu ra t e  solution, the 
back p r e s s u r e  and var iab i l i ty  of the adiabat ic  index m u s t  
be taken into account.  The dis t r ibut ion of the p a r a m e t e r s  
can be found numer ica l ly  by the methods  in [10, 11], t ak-  
ing into account the actual  equation of s ta te  of a i r  [2, 3]. 

M e a s u r e m e n t  of the shock wave p a r a m e t e r s  at  l a rge  
d i s tances  f r o m  the cen te r  of Lhe "explosion" p e r m i t s  the 
energy  r e l e a s e  to be de te rmined .  However ,  the p r o b l e m  
a r i s e s  concerning what f r ac t ion  of the energy of a l a s e r  
explosion is c a r r i e d  by the radiat ion.  F o r  l a r g e - s c a l e  
explosions,  of o r d e r  1012-1016 J, the pa t t e rn  of the light 
phenomena  is desc r ibed  in [2, 4, 5]. In these cases ,  about 
30~c of the total  energy is emit ted,  main ly  at the s tage 
when the f i reba l l  has  expanded a lmos t  to i ts  m a x i m u m  
dimensions ,  de te rmined  in p r ac t i ce  by g a s - d y n a m i c  p r o -  
ce s se s ,  and the t e m p e r a t u r e  of the gas behind the shock 
wave has  dropped so much  that the gas  has  become  t r a n s -  
pa ren t  - "breakaway"  of the shock wave f ront  f r o m  the 
f i r eba l l  has taken place .  The energy  of a l a s e r  explosion 
is cons iderab ly  l ess  than that f r o m  a nuc lear  e x p l o s i o n -  

The c h a r a c t e r i s t i c  d imens ions  of the f i r eba l l  a lso a r e  
cor respondingly  l e s s  - by four  to f ive o r d e r s  of magni tude.  At the s a m e  t ime,  the magni tudes  of the spec-  
t r a l  r anges  (mean f ree  paths) of the radia t ion  at the s ame  t e m p e r a t u r e  and density,  i.e., at  cor responding  
instants  of t ime,  r e m a i n  unchanged. 

The  in teres t ing  p rob lem is that a change of opt ical  thickness  of the f i reba l l  does  not lead to a sha rp  
change of opt ical  phenomena and a change of the f rac t ion  of the emit ted energy.  

The p r o b l e m  is solved by numer i ca l  methods  in this paper .  Simultaneously,  the magni tudes  of the 
intensity and flux of the radia t ion emerg ing  f r o m  the f i reba l l  is de te rmined  successful ly;  i.e., the c h a r a c t e r -  
is t ies  a r e  de te rmined  of a l a s e r  explosion as a source  of radia t ion in the opt ical  and UV range,  which is of 
independent in teres t .  

1. The solution of the whole p rob lem of the motion of a substance,  taking into account radia t ion t r a n s -  
f e r  of a continuous spec t rum,  even in the case  of spher ica l  s y m m e t r y ,  p r e s e n t s  cons iderab le  diff icult ies ,  
including those of a " technological"  o rde r  as, in addition to consider ing the. g a s - d y m a n i c  equations at each  
step in t ime,  a repea ted  calculat ion of the t r a n s p o r t  equations is r equ i red  fo r  all  se lected d i rec t ions  and 
f requenc ies  of the radiat ion.  

The u s e  of methods  of a ccu ra t e  averag ing  of the t r a n s p o r t  equation at ce r t a in  instants  of t ime obvi-  
ously can be a cons iderab le  faci l i ta t ion [12]. As the nature  of the t e m p e r a t u r e  and densi ty  d is t r ibut ions  
during explosion change only weakly,  averag ing  of the t r a n s p o r t  equation p robab ly  can be c a r r i e d  out r e l a -  
t ively infrequently.  

In the f i r s t  s tage of solving the p rob l em,  the fact  that emiss ion  p r o c e s s e s  may  affect  r e l a t ive ly  weakly 
the magni tude of the p r e s s u r e  in the f i reba l l  can a lso  be taken into account  even in the case  of a quite p o w er -  
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ful effect  of radiat ion on o ther  physical  p a r a m e t e r s  
(internal energy,  t e m p e r a t u r e ,  density).  Actually, at 
the s t a r t  of the p roce s s  of f i r eba l l  growth, when a l a rge  
drop  in p r e s s u r e  occurs  at the shock wave front,  the 
energy  l o s s e s  by radia t ion a r e  negligibly s m a l l .  At 
the t ime  when the energy  l o s se s  by radia t ion become  
significant,  the p r e s s u r e  inside the f i reba l l  is equa l i zed ,  
having approached a tmospher i c  p r e s s u r e ,  so that r ad i -  
ation cannot have any significant effect  on the magn i -  
tude of the p r e s s u r e .  These  quali tat ive cons idera t ions  
a r e  conf i rmed by the r e su l t s  of [13], in which ca lcula-  
t ions we re  c a r r i e d  out fo r  an explosion with and with- 
out taking account of radiat ion.  In both cases ,  c lose  
values  a r e  obtained for  the magnitude of the p r e s s u r e .  

The assumpt ion  concerning the weak effect  of 
radia t ion on the magnitude of the p r e s s u r e  highly s i m -  
pl i f ies  the problem,  as it p e r m i t s  the p r e s s u r e  to be 
calculated even by the well-known funct ion obtained 
f r o m  the solution of the gas -dynamic  equation, without 
taking radiat ion into account  or  with an approx imate  
e s t ima te  of the radiat ion.  

In o rde r  to calculate  the cooling of the f i rebal l  
with a specified law of change of p r e s s u r e  and known 
the rmodynamic  and optical  p rope r t i e s  of the gas,  it is 
n e c e s s a r y  jointly to cons ider  only the equation of con- 
serva t ion  of energy and radia t ion t r a n s f e r  [14]. 

The equation of conversa t ion  of energy  can be wri t ten in the f o r m  

OH OP = --  div F 
P ot ot 

(1.1) 

where  p is  the densi ty  of the medium,  H is the t h e r m a l  energy  of unit m a s s ,  p is  the p r e s s u r e ,  and F is the 
flux densi ty  of the radiant  e n e r g y .  

The t r a n s p o r t  equation for  a spec t r a l  rad ia t ion  intensi ty Iv, propagat ing in the d i rec t ion  S, in the case  
of quite slow p r o c e s s e s  [when the t e r m  e -1 (3Iv/Ot) can  be neglected, where  c is  the veloci ty of light] has 
the f o r m  

( 2by a i ) (1.2) 
0I~ = k~ (B ,  - -  L )  B~ = .  ~ e h ~ ; ~ r -  t 08 

H e r e  k v is the l inea r  coefficient of absorpt ion  of the substance  for  quanta with radia t ion f requency 
v, B v is  the I)lanck equi l ibr ium function, T is the t empe ra tu r e ,  and k is Bol tzmann ' s  constant.  

The radiant  flux densi ty  F has  the f o r m  

p = SI. (1.3) 
O 0 

where  8 is the angle f o rm ed  by the d i rec t ion  of propagat ion of the radia t ion S and the radius  vec to r  "r. 

The s y s t e m  of equations (1.1)-(1.3), together  with the known equation of s tate  of the gas  

H =  H(p,  r), p = p ( p , r )  (1.4) 

and the spec t r a l  coeff ic ients  of absorp t ion  k v =k v (p, T) given by the tables,  is a c losed in tegra l -d i f ferent ia l  
s y s t e m  of equations.  In this  paper ,  this  s y s t e m  of equations has  been solved numer ica l ly  without any s im-  
plifying assumpt ions  about the na ture  of the s p e c t r u m  and the d i rec t iv i ty  d i ag ram of the radiat ion.  

In o r d e r  to in tegra te  this sy t em of equations, the method of subdividing the region into l a y e r s  w a s u s e d  
whereby  the p rob lem is reduced to a s y s t em  of ord inary  di f ferent ia l  equations fo r  each layer .  This  method 
fo r  solving g a s - g y n a m i c  p r o b l e m s  was used in [15]. 
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We shall  now summar ize  the scheme of the calculation for  
the sys tem of equations (1.1)-(1.4). 

2. A spher ica l  zone of the hot gas is subdivided into spher -  
ical l ayers  (Fig. 1). The  state  of each layer  j bounded by radii  
r j  and r j +  I at every  instant of t ime t defines the following quan- 
t i t ies  averaged over  the layer ;  Hj is the enthalpy; pj is the p r e s -  

I , I 
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Fig. 5 

sure;  pj is the density; Tj i : : h t e27 : ; r ?v t~e : e ;  ~:d k ~ j ~ s  a se t  of 
spec t ra l  coefficients  of abs p " g" val s j and pj 
(v is the f requency index). 

It is assumed that inside each layer  the spec t ra l  coeffi-  
cients a re  constant with r e spec t  to radius and that the t empera -  
tu re  is varying according to a parabola.  The Planck function in 
the l aye r  is given in the fo rm 

B, (r) = a~ d + b~sr ~ (2.1) 

Which cor respond  to the tern-  where  av, j and by, j a r e  constants  defined by the Planck function By, j and By, j+ t, 
pe ra tu res  at the boundaries  of the l aye r  

b,,~ -= (B,,j+I --  B,.s)/(rY+l --  rj ~) (2.2) 

With these assumptions,  the radiat ion t ranspor t  equation (1.2) is integrated.  The spec t ra l  intensity 
of the radiat ion at the point rj in the d i rec t ion forming an angle 0 with the radius vec to r  at this point is wr i t -  
ten in the f o r m  (we omit  the f requency  index v) 

_ _  2hi ~[ i j (O)=i~(~)e_k i~ tO)+Bj_Bse_~?to  ) .~__i ~krr  } (2.3) 

Here  a is the angle at which the radiat ion must  leave the point r S in o rde r  to a r r i v e  at the point rj  at 
the angle e; 6 (0) is the path t r ave r s ed  by the radiat ion in the l aye r  i along the ray  forming the angle e with 
the r ad ius -vec to r  at the point r j ,  

]cos zr = ]/ ' t  --(rj/rs)~sin2O, 5 ( O ) = r j c o s O - - r s c o s a  (2.4) 

Depending on the s ize  of the angle 0, the indexes S and i assume the following values: 

l ] -~] l  for  0<-~0<02, (O~=arcsin(rj-1/rJ) 
S =  for  0 ~ 0 < n / 2  

] I for  ~ / 2 ~ 0 ~  (2.5) 
] - - t  for  0 ~ 0 ~ / 2  

~=  j for  ~ / 2 ~ 0 ~  

The di rec t ion forming an angle 02 with the r ad ius -vec to r  at the point rj is the tangent to the boundary 
surface  of the adjacent (inside) layer .  

In calculating the radiat ion field, the spec t ra l  intensi t ies  must be de termined at every  point of the 
given set of radi i  fo r  all  fixed angles 0 (0-< 0-< ~r), fo rmed by the d i rec t ion of the radiation with the rad ius-  
vec to r  at every  point. 

If the intensity of the incident radiat ion is known at the boundary of the region defined by the radius R 
(in the case being considered,  it is equal to zero ,  I v (R, t, 0) = 0 when :r e - ~), then  according to Eq. (2.3)- 
(2.5), it is possible,  proceeding f rom the outside l aye r s  to the inside layers ,  to de te rmine  success ive ly  the 
intensity of radiat ion at all  points rj  for  the angles ~/2-< 0 -<~. 

The values obtained for  the spec t ra l  intensity at any point rj  fo r  the angles v / 2  _< 0 _<v a re  s imulta-  
neous ly the  s ta r t ingva lues  fo r  finding the radiat ion intensity at the same point rj in the r e v e r s e  di rect ion 
ove r  the range of angles 02 ~< 0 < ~/2 (the case  $=j )  which, in the i r  turn, a re  the s tar t ing values  for  the 
success ive  de terminat ion  of the radiat ion intensi t ies  at al l  points with radii  rp-> rj (j-< p-< j m + l ,  where  jm 
is a whole number  of layers)  in the angular  range  02 -< 0 < 01, where  

COS 01 = V :1 - (rj/rp) 2, cos 02 = ] / t  - (rj_l/rp) 2 (2.6) 
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tempera ture  drop exceeded 5-10%. 
40-50. 

A twofold increase  in the number  of points with respec t  to radius and angle changed such pa rame te r s  
as  the fract ion of emitted energy and the tempera ture  at the center  by not more  than 1%. 

The number of spect ra l  intervals was chosen equal to 60-80, so that approximately one-half  of them 
fitted into the spec t ra l  range f rom 6 to 7 eV, in which energy emiss ion takes place outwards. The i r  bound- 

When p=j ,  the angle e l = v / 2 ,  in accordance  with Eq. (2.5). The 
radiation intensity in the radial  direct ion (angle O = 0) at any point can 
be obtained if the radiation intensities at the outer boundary of the cen- 
t ra l  layer  with radius r 1 = 0 and r 2 a re  calculated. In this case 02 =0 for 
all radii r 2 _< r] __ R. 

The proposed scheme of calculation of the transport equation per- 
mits the volume of computer storage necessary for a precise calcula- 
tion to be reduced considerably, as in this case the total (with respect 
to spectrum and angles) set of spectral intensities is stored only for a 
single point of the radius; for all the remaining points along the radius, 
the values integrated over the spectrum and angle-  the radiation fluxes - 
are stored. 

The radiation flux densities, calculated by Eq. (1.3), at every point 
are substituted in the energy equation (1.1). 

Euler's method with recalculation was used for solving the energy 
equation. 

3. The results are presented in this paper of a calculation of a 
laser explosion with a total energy of 5.3 J at normal initial air density 
(P0 = 1 .29-10 -3 g/era3). 

The instant to= 0.56 psee  was taken as the start ing time for  the 
calculation, which is close to the instant of breakaway of the shock front 
f rom the fireball.  

The distribution of the physical  pa r ame te r s  [ temperature - for 
this instant of time, and p r e s s u r e -  for  different instants of time (Fig. 2)] 
are  obtained by the method descr ibed in [11], but taking account of the 
actual equation of state of air .  

Tabular  values were used in the calculation for  the equation of 
state [3] and the spec t ra l  absorption coefficients of a ir  over '  a wide f r e -  
quency range (0.06 eV_  hv -< 250 eV) [16]. F o r  t empera tures  of T > 
20, 000~ the absorption coefficients were  calculated by Yu. P. Vysotskii  
and V. A. Nuzhnii by the procedure  in [16], but without taking account 
of absorption lines. 

At the s tar t  of the calculation, the heated volume was subdivided 
into 20-30 spherical  layers  with a t empera ture  drop between adjacent 
layers  of not more  than 10%. The scheme of the calculation was de- 
signed to include additional computational points along the radius if the 
The number of points over  angles in the range 0 - O -< 180 ~ amounted to 
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a r i e s  we re  chosen by taking account  of the na ture  of the 
change of the absorp t ion  coeff icient  with f requency.  Com- 
p a r i s o n s  with the ca lcu la t ions  of the e m i s s i o n  s p e c t r u m  for  
va r ious  ins tan t s  of t ime,  c a r r i e d  out with subdivis ion into 
655 s p e c t r a l  i n t e rva l s  (600 of these  as  in the tab les  [16] and 
55 fo r  quantum ene rg ie s  e > 19 eV),showed that the e r r o r  in 
the in tegra ted  c h a r a c t e r i s t i c s ,  such as the rad ia t ion  fluxes,  
did not exceed 10-20%. 

The t ab les  in [16] did not take account of the fine s t r u c -  
tu re  of the spec t rum,  as  the absorp t ion  coefficient  in them 

is  ave raged  ove r  in t e rva l s  of Av = 250 cm -1 (on the a s sumpt ion  of un i formi ty  of the s p e c t r u m  within the in-  
t e rva l ) .  We note that c a r r y i n g  through the ca lcu la t ions  fo r  the nons t eady - s t a t e  g a s - d y n a m i c  p r ob l e m with-  
out averag ing  ove r  s p e c t r a l  i n t e rva l s  is  e x t r e m e l y  difficult ,  in view of the l imi t ed  capac i ty  of the p r e s e n t -  
day compute r s .  

La te r ,  it is p roposed  to c a r r y  out the ca lcu la t ions  us ing averag ing  over  the t rue  form of the spec t rum,  
sugges ted  in [12]. 

However,  compar i son  of the r e s u l t s  of the ca lcula t ions  for  a d i f ferent  number  of points  and a n a l y s i s  
of the fo rm of the spec t rum (at quite high p r e s s u r e s ,  the l ines  a r e  s t rong ly  broadened,  lint the number  which 
mus t  be taken into account individual ly  is smal l )  give a b a s i s  for  supposing that  in the given case  this  does 
not lead to any not iceable  d i f fe rence  in the r e s u l t s  of the ca lcu la t ions .  

Typ ica l  values  of the p a r a m e t e r s  in these  ca lcu la t ions  a r e  T ~ 20,000~ and p ~3  aim, i .e. ,  the e l ec -  
t ron  dens i ty  N e =3 �9 1016 cm -3 (degree of ionizat ion ~e ~ 2). E s t i m a t e s  of the t imes  fo r  the e s t ab l i shment  
of local  t he rmodynamic  equ i l ib r ium [2, 17] show that the use  of the loca l  t he rmodynamic  equi l ib r ium hypoth- 
e s i s  as  a f i r s t  approx imat ion  in this range of the rmodynamic  p a r a m e t e r s  with c h a r a c t e r i s t i c  t imes  fo r  the 
p r o b l e m  of o r d e r  10-100 # s e c  is  quite r easonab le .  

In the tab les  used [3], no account was taken of the lowering of the ionizat ion potent ia l  AL E s t i m a t e s  
[2, 17] show that in the given range  of p a r a m e t e r s  A I ~  2 �9 10 -3 eV, i .e. ,  negl ig ib ly  smal l .  

The quant i t ies  shown in the g r a p h s  a r e  e x p r e s s e d  in the following m e a s u r e m e n t  units:  p r e s s u r e  p in 
atm; rad ius  r in mm; t e m p e r a t u r e  T in 105~ dens i ty  p in 10 -5 g/cm3; t ime t in #sec ;  r ad ian t  flux dens i ty  
F in kW/cm2; quantum energy hv in eV; s p e c t r a l  flux dens i ty  F v in k W / c m  2 -eV; and e m i s s i v i t y  W in %. 

F i g u r e  3 shows the t e m p e r a t u r e  d i s t r ibu t ion  with r e s p e c t  to r ad ius  fo r  ce r ta in  ins tants  of t ime, and 
Fig .  4 d e m o n s t r a t e s  the behav io r  of t e m p e r a t u r e ,  p r e s s u r e ,  and dens i ty  with t ime at the cen te r  of the f i r e -  
ba l l .  In the f i r s t  ins tants ,  quite rap id  cooling is observed  of the hot co re  of the f i r e b a l l  down to a t e m p e r a -  
ture of o r d e r  50,000~ Then the cooling p r o c e s s  be c om e s  s lower  and the na ture  of the t e m p e r a t u r e  p r o -  
f i l e s  c h a n g e s -  t e m p e r a t u r e  s teps  appear .  The appea rance  of these s teps ,  obviously,  is r e l a t e d  with the 
r ecombina t ion  p r o c e s s  of n i t rogen and oxygen ions, which is  conf i rmed by the concent ra t ion  of the p r i m a r y  
components  of a i r  for  c h a r a c t e r i s t i c  va lues  of T =45,000 and 30,000~ on the t e m p e r a t u r e  p ro f i l e  at  the in- 
s tant  t = 5.17 p see.  

T- i0 -s p N o N 1 N 2 N s 

0.45 0.408 -- 0.0368 i .3139 0.2116 
0.30 0. 725 0.0047 t. i026 0.4550 -- 

T.i0-~ 00 01 02 O a 

0.45 -- 0.0200 0.3793 0.0197 
0.30 0.0020 0.3677 0.0493 -- 

Here ,  N i and O i a r e  the concent ra t ions  of the i - th  mul t ip lyr ionized  a t o m s  of n i t rogen and oxygen (con- 
cen t ra t ions  a r e  no rma l i zed  to the und i s soe ia t ed  s ta te  of a i r  at T = 293~ and p =Po). 

When the t e m p e r a t u r e  i s  i n c r e a s e d  f rom 30,000 to 50,000~ and dens i t i e s  of o r d e r  p= 0 .3 .10  -5 g / c m  3, 
the p r o c e s s  of second ionizat ion of n i t rogen and oxygen a toms  takes  p lace .  

The s teps  at l o w e r  t e m p e r a t u r e s  co r re spond  to a sha rp  change of absorp t ion  coeff ic ients  of a i r  at a 
t e m p e r a t u r e  of o r d e r  20,000~ We note that the scheme of calcula t ion p rov ides  for  the introduct ion of ad-  
d i t ional  computa t ional  points  along the rad ius ,  at loca t ions  of sha rp  change of t e m p e r a t u r e  grad ien t .  

197 



The kinks  in the t e m p e r a t u r e  curves  co r respond  to l aye r s  of gas  spaced f r o m  the edge of the f i reba l l  
at an optical  d is tance 

R 

= f k (r) dr 
r 

of o r d e r  unity. Here  k(r) is  the ave rage  absorp t ion  coefficient (over the t rue  spec t rum at the given point r) 
fo r  the "outgoing" radiat ion 

where  Ju is the integrated intensi ty (with r e spec t  to angle) of the outgoing radiat ion.  

It can be seen that even with cons iderable  cooling of the f i rebal l ,  it cannot be assumed to be comple te ly  
t r ansparen t .  

F igure  5 demons t r a t e s  the dependence of the optical  thickness  T on the radius  for  the emergen t  r ad ia -  
tion at cer ta in  se lec ted  instants  of t ime.  The optical  thickness  of the f i rebal l  initially inc reases  somewhat  
with t ime,  but then it fa l ls  again and becomes  a value of o rde r  unity. During the whole t ime of cooling, the 
f i reba l l  f rom the explosion being considered is optically semi t r anspa ren t .  Compar i son  with Fig.  3 shows 
that the sharp  i nc r ea s e  of optical  thickness  along the radius  co r re sponds  to l aye r s  of a i r  heated to a t e m -  
p e r a t u r e  of o rde r  30,000~ and the hot core  of the f i rebal l  is a lmos t  t r ansparen t  to radiation.  F o r  subse-  
quent instants  of t ime,  the prof i le  of the optical  thickness  becomes  f la t ter ,  its value is reduced, and the spa-  
t ial  emiss ion  of the f i rebal l  begins.  

F igure  6 shows the dependence on t ime  of unidirect ional  flows of radia t ion at the center  (upper curve) 
and at the edge of the f i rebal l .  

The p r e sence  of l a rge  f luxes at the cen te r  (especially in the f i r s t  instants  of t ime) poss ib ly  is one of 
the r easons  for  the absence  of cooling waves .  The theory Of cooling waves  [2] does not take account of these 
fluxes.  

The spec t r a l  radia t ion fluxes Fu, emerg ing  f rom the sur face  of the f i rebal l ,  a r e  shown in Fig.  7 fo r  
ce r ta in  se lected instants of t ime and Fig.  8 shows the br igh tness  t e m p e r a t u r e s  T e corresponding to them, 
found f r o m  the re la t ion  Fu =~B(Te) .  The re la t ive ly  nar row frequency range  of the emergen t  radiat ion 
should be noted. Quanta with hu > 6.6 eV a re  a lmos t  absent .  

F igure  9 d e m o n s t r a t e s  the dependence of the radius  of the f i reba l l  boundary R and the luminescence  
W on the t ime.  F o r  the radius  of the f i reba l l  boundary R, we take the radius  of the sphere  bounding the r e -  
gion with T > 2000~ The nature of the re la t ion  for  the boundary radius  is a ssoc ia ted  with the change of 
p r e s s u r e  inside the f i rebal l .  At the instant t ~  30 p see, the p r e s s u r e  fal ls  to a m in imum value of o rde r  0.8 
atm, but the radius  r e aches  i ts  m a x i m u m  value. Subsequently, a tmospher ic  p r e s s u r e  is es tabl ished and the 
radius  of the boundary becom es  ahnos t  constant.  The f rac t ion  of the total  explosion energy  emit ted f r o m  
the su r face  of the f i reba l l  ( luminescence) inc reases  compara t ive ly  rapidly  in the f i r s t  instants  until the t e m -  
pe ra tu re  at the center  of the region is quite high (T0~ 50,000~ The growth of the luminescence  then de-  
c r e a s e s  marked ly ,  which co r r e sponds  to the s t a r t  of a slow p roces s  of spat ia l  emis s ion  of the f i rebal l .  Dur -  
ing cooling of the f i rebal l  fo r  t ~ 50 p sec, the magnitude of the luminescence  amounts  in al l  to 6% of the 
total  explosion energy.  

The authors  a r e  g ra te fu l  to Yu. P.  Vysotski i  and V. A. Nuzhnii fo r  the i r  cooperat ion in this pro jec t .  
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