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The propagat ion  of a plane heating and ionization wave through a gas is considered;  the wave 
is sus ta ined by a s t rong flow of monochromat ic  optical radiat ion (traveling in the opposite 
direction) through energy  t r a n s f e r  a t t r ibutable  to the emiss ion  of a continuous s p e c t r u m .  In 
the range of radiat ion flux densi t ies  under  considerat ion,  a si tuation a r i s e s  in which the ex-  
panding hot l a y e r  genera tes  a shock wave t r anspa ren t  to the incident radiat ion.  The radiat ion 
wave is subsonic .  The p r e s s u r e  within the hot l aye r  is smoothly  distr ibuted,  so that  i ts  
p a r a m e t e r s  may  be de te rmined  by consider ing the equations of energy and t r anspo r t  of the 
monochromat i c  source  radiat ion and the r a d i a t i v e - t r a n s f e r  equations fo r  var ious  f requencies  
and d i rec t ions .  The t rue  spec t r a l  composi t ion and distr ibution of the radiat ion a r e  cons idered  
in detail ,  using ref ined tables  of the the rmodynamic  and optical p rope r t i e s .  The resu l t s  of 
numer ica l  calculat ions re la t ing  to a i r  a r e  presented;  so a r e  ce r ta in  detai ls  of the methods 
used  in averag ing  the t r a n s f e r  equations, which prove  ve ry  efficient for  the r ad i a t i on -gas -  
dynamic prob lem under considerat ion and great ly  reduce the volume of calculat ions.  

1. Powerful  sources  of monochromat ic  optical radiat ion a r e  widely employed for  heating gases  to 
high t e m p e r a t u r e s ~  In addition to the question of achieving t he rmonuc l ea r  t e m p e r a t u r e s  of the o rde r  of 1- 
10 keV [1], which r equ i re s  ve ry  high radiat ion flux densi t ies  there  is a lso  the prob lem of heating p l a sma  
to lower  t e m p e r a t u r e s  such as 1-10 eV as requi red  in var ious  fields of technology. The production of 
p l a sma  with t e m p e r a t u r e s  of this o r d e r  under l abo ra to ry  conditions faci l i ta tes  a number  of physical  and 
gasdynamic  invest igat ions,  in pa r t i cu l a r  those concerned with determining the optical  and the rmodynamic  
p rope r t i e s  of ga s e s .  It is espec ia l ly  in te res t ing  to de te rmine  such p rope r t i e s  for  dense p l a sma .  In addition 
to this the heated gas  emi ts  s t rong radiat ion,  the long-wave pa r t  of this radiat ion being i r r e c o v e r a b l y  los t  
f rom the p l a sma  "cloud." This  makes  it poss ible  to c rea te  s t rong  sources  of radiat ion with a continuous 
s p e c t r u m .  

The quest ion a r i s e s  as to the re la t ionship  between the t e m p e r a t u r e  achieved and the density of the 
radia t ion  incident upon the p l a sma  space,  the t e m p e r a t u r e  and density distr ibution within this volume,  the 
r a t e s  of flow, and the spec t rum of the radiat ion genera ted  in the p lasma  which pas ses  outside the boundaries 
of the heated  volume,  i .e . ,  the question of the "optical  p lasmotron"  c h a r a c t e r i s t i c s .  

The ach ievement  of high densi t ies  in the p l a sma  is eased  when the p l a sma  cloud is sur rounded by a 
fa i r ly  dense gas which r e s t r i c t s  d is integrat ion ("high-pressure  p lasmot ron" ) .  The s imp le s t  conditions for  
c a r ry ing  out physical  invest igat ions and also for  theore t ica l ly  predic t ing the p a r a m e t e r s  and subsequently 
compar ing  them with expe r imen t  a r i s e  when the motion and t r a n s f e r  of the energy take place under  pIane 
condit ions.  It is the plane case  which we shall be considering in this paper .  

Le t  us a s s u m e  that a plane ionized l aye r  capable of absorbing the optical radiat ion of the externa l  
sou rce  ve ry  s t rongly  is f i r s t  c rea ted  in the gas .  Le t  us cons ider  the evolution of the p a r a m e t e r s  in this 
layer~  
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One of the methods of creat ing such a layer  lies in the action of radiation on the surface of a solid 
target  placed in the gas.  Af ter  a certain holding period associa ted with the t r ans fe r  of heat into the in ter ior  
of the surface,  intensive evaporation begins, and if the radiation flux density exceeds a certain cri t ical  
value a "flash of absorption" a r i ses  in the layer  of vapor [2-4]; evaporation ceases ,  since the radiation is 
pract ical ly  all absorbed in the ionized layer  so formed.  

Under conditions in which the disintegration of the vapor  is r e s t r i c t ed  by the gas medium, the absorb-  
ing l aye r  heats rapidly; it s tar ts  radiating very  s t rongly and heats the layers  of gas at the interface with 
the vapor.  Subsequently the process  develops in the gas surrounding the target .  Calculations based on the 
method of [2-4] for  the range of flux densities here  considered lead to comparat ively short  t imes of 

1 2 development of the absorbing layer .  Thus for a flux density of the order  of 0 MW/cm and an aluminum 
targe t  this t ime is 15 t~sec. The flash t ime may be still fur ther  shortened by using a br ief  pulse of 
initiating radiation. Since the screening t ime (according to [2-4]) diminishes rapidly with increasing flux 
density, the energy of the "igniting pulse" may be ext remely  low. Bearing in mind this mode of initiation 
we shall assume that the ionized l aye r  of vapor  lies above a s ta t ionary plane sur face .  

For  a sufficiently high tempera tu re  the main par t  of the radiation emitted by the plasma lies in the 
ul traviolet  range, a considerable  proport ion of this radiation belonging to quanta with energies g rea t e r  than 
the f i r s t  ionization potential.  This radiation is t rapped in the cold layers  of gas adjacent to the plasma 
cloud and heats them. The la t te r  in turn s tar t  absorbing the optical radiation of the source very strongly; 
they heat rapidly to a t empera tu re  close to the maximum, and themselves  s ta r t  emitting s t rong radiation, 
heating the following l ayers ,  and so on. A wave of absorption and heating s tar ts  moving throughthe cold 
gas in opposition to the flow of external radiation; behind the leading edge of this wave the gas is ext remely  
hot and radiates s t rongly.  The radiation fluxes with the continuous spectrum a re  of the same order  of 
magnitude as the source flux of radiation,  so that a wave of radiation develops. 

The propagation of a wave of radiation was considered in [5, 6]. Est imates  were  given for  the pa ra -  
mete rs  of radiation waves tpropagating in opposition to a flux of external radiation of very  great  intensity 
(flux density ~ 105 MW/cm or  over), leading initially to the breakdown of the cold a i r .  The tempera ture  
in these waves is ~ 50-100 eV, the velocity ~ 100 k m / s e c  and over.  Such radiation waves are  supersonic  
and constitute an al ternat ive to detonation waves [5-7]. 

The opposite limiting case of the very  slow supply of energy to a plasma cloud was considered in 
[8-12]. Fo r  a small  d iameter  of the beam the p re s su re  is able to level i tself  out and become equal to the 
surrounding a tmospher ic  p r e s su re .  Under such conditions not only p rocesses  involving the lateral  expan- 
sion of the plasma column but also energy losses  through the sides of the column play a significant par t .  
In estimating the rate of propagation of the spark allowance is made for the substantial role of molecular  
and e lectron heat conduction. The propagation velocit ies equal several  m / s e c .  

In the plane case here under consideration,  the expansion of the heated l aye r  in which the energy of 
the radiation is re leased  leads to the repulsion of the colder  and more  t ransparent  gases lying above it 
at velocit ies of N 1-5 k m / s e c  for  flux densities of 1-100 MW/cm 2. A shock wave t ravels  through the gas 
in opposition to the light beam; the p r e s s u r e  behind it (including the zone of energy re lease  may great ly 
exceed a tmospher ic .  The amplitude of the shock wave is not too great  and the heating of the gas behind 
the leading edge of the shock wave is not very  substantial - the gas remains  t ransparent .  The source  
radiation then penetrates  a lmost  without absorption to the edge of the plasma cloud (the front of the rad ia-  
tion wave), which as we shall l a te r  show lags with respec t  to the leading edge of the shock wave for flux 
densities of the external monochromat ic  radiation lower  than a certain l imit ,  remaining subsonic. 

This paper  is devoted to an analysis  of the propagation of such a subsonic radiation wave, using 
numerical  methods.  The solution of t rans ient  gasdyaamie  problems allowing for  the t r anspor t  of con- 
t inuous-spec t rum radiation, t raveling in different directions with different quantum energies ,  involves 
ser ious  difficulties (mostly of a technical charac ter ) ,  even under conditions of one-dimensional  geometry .  
Attempts at the direct  numerical  integration of the sys tem of equations of radiative gasdynamies ,  while 
keeping a fair ly s t r ic t  account of the spectra l  and angular  charac te r i s t i cs  of the radiation, a re  ser ious ly  
r e s t r i c t ed  by the l imited capabilities of modern electronic  computers .  

In view of this we shall use the method of averaging the radiat ion-transport  equations with respec t  to 
both angles and frequencies .  The effectiveness of angular  averaging (which was employed ea r l i e r  in [13- 
15]) for the case of plane geometry  is based on the fact that the average  cosine can only vary  over  a fair ly 
nar row range.  There  a re  considerably g rea te r  difficulties in allowing for  the true spectra l  composit ion 
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of the radiation, owing to the complicated frequency dependence of the spectral  absorpt ion coefficients.  The 
use of the mult igroup approximation [13-15], taking a fair ly prec i se  account of the spectral  composition, 
may require  too large a number  of groups.  Here we shall employ averaging over the true spectrum for a 
smal l  number  of groups [16]. Similar ideas were  recently expressed in [17]. Since the method of averaging 
[16] proved to be very effective in relation to the present  problem, we shall set  out the resul ts  of experience 
accumulated in the use of this method, providing useful guidance for the solution of other problems in 
radiative gasdynamics .  

The system of equations describing the motion of the gas (with both inflow and outflow of energy) in �9 
the one-dimensional  plane case takes the form 

au ap (1.1) 
a-T- + -E-Z-,~ = 0 

O~ ax (1.2) 

Oh Op , Oq 
Ot v W ~- ~ = 0 (1.3) 

h = pv 7 / (7--i), 7 = 7 (h, p), T = r (h, p) (1.4) 

Here t is the t ime, x the Euler  constant, m the Lagrange mass  coordinate,  u the velocity, v the 
specific volume (v = 1 / p ,  where p is the density), p is the p r e s su re ,  h the specific enthalpy,~ the effective 
adiabatic index, and T the tempera ture .  

We shall consider  that the energy is t r ans fe r red  solely by radiattion, including the radiation of the 
external  source  and the "intr insic" radiation (that generated in the hot gas), so that 

q ---- qz + q~ (1.5) 

where qi is the radiation flux density from the source and qr  is the flux density of the intr insic radiation. 

The radiation t r ans fe r  equation takes the form 
0I~ 
o,,, - • (I~ - -  B~), ~ = cos 0 (1.6) 

Here I~ is the spectral  intensity of the radiation, 0 is the angle between the direction of propagation 
of the radiation and the x axis, • is the spectral  mass  absorption coefficient of the radiatoin, g is the 
energy of the quanta, Be is the Planck function, defined by the equation 

B~ = 15 ~e 3 (1.7) 
a a exp  (e/T)--  l 

where  cr is the S te fan-  Boltzmarm constant. The relationships 

x~ = • (~, h, p) (1.8) 

charac te r iz ing  the optical proper t ies  of the bases in the range of variat ion of the pa ramete r s  under con- 
s iderat ion a re  usually specified in tabulated form.  

We shall consider  that the radiation of the source is directed along the x axis, for the sake of de ter -  
minacy in the negative sense 

Oql 
a,---~ = • (1.9) 

Here z l is the mass -abso rp t ion  coefficient of the source radiation Ul = •  (el), where e l is the 
energy of the source quanta. 

Subsequently we shall use the charac te r i s t i cs  of the cont inuous-spectrum radiation integrated with 
respec t  to both angles and spectral  energies 

?.~• I:,, • 

U~ +- =- f I~dFt, q ~ •  t I~l~d~ 
',*~• P,• 

~tl+ = O, [lz + = l ,  Pl- ~ -- 1,  ~ z -  = 0 

f q,• f q,• 

(1.1o) 

(1.11) 
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F o r  the sake  of convenience we shall  in future omit  the indices plus and minus at tached to the l imit ing 
cosines  #~ _+ and P2 + and the index i on the group l imi ts  el i and e2 i. 

We have 

qr  = ~1  (qi  + ~-~ q l - )  ( 1 . 1 2 )  
2 

2. The cont inuous-spec t rum radiat ion may  be cha rac t e r i zed  at every  point by a spec t r a l -d i r ec t i on  
d iagram r a spec t ra l  a v e r a g e  cosine c~+. 

ix.. 
~+- = IdU~• c~+- = f Ix$~+-d'Lt (2.1) 

and a lso  by a radiat ion s pec t rum  ((Pa-+)i in each group, a uni la teral  ave r age  group cosine ci_+ , and a uni-  
l a t e ra l  ave rage  group absorpt ion  coefficient  <•177 

(%) +_ _= U~/Ui+- (2.2) 

ci• = I c~+ (~)~-+ de (2.3) 

e2 

(• = t u~ (~)~+-d8 (2.4) 

When the radia t ion spec t rum approaches  the Planck form 

Ez 

(%)i p = B~/BI, B~ = f B i le  (2.5) 

El 

the absorp t ion  coeff icient  <• ave raged  ove r  the t rue  spec t rum approaches  the a v e r a g e  Planck group ab-  
sorpt ion  coefficient  B i (T) defined thus 

$$ 

ui" = l • ((P~)IP d8 (2.6) 
el 

Tables  of the Planck group absorp t ion  coeff icient  ~ i p and the function Bi(T ) may  be se t  up before  
solving the p rob lem.  

Having in tegra ted  the t r a n s p o r t  equation (1.6) with r e spec t  to # and a we obtain [16] 

Oq~+- ~i+ (ui~ + qi -+ q- 2• (2.7) 
dm ci+- 

~i• = <n>~• / •176 (• -= • (h, p) (2.8) 

where  ~i+is the "dis tor t ion"  coefficient  and x i~ the " r e f e r ence"  absorp t ion  coefficient ,  averaged ,  for  
example ,  ove r  the Planck or  some  o ther  s tandard  spec t rum.  Fo r  the sake  of convenience,  we omit  the 
plus and minus indices on x i*, on the r ight-hand sides of (2.8) and subsequently.  We note that the definition 
of xi  ~ may  differ  in different  regions of the p rob l em.  

The d i rec t  solution of t r ans ien t  p rob lems  using the complete  s y s t e m  of equations of radia t ive  gas 
dynamics ,  i .e . ,  in tegra t ing  the t r a n s p o r t  equation (1.6) a t  each t ime  step,  is p rac t i ca l ly  imposs ib le  if  a 
suff icient  numb er  of e and/~ points a r e  to be taken.  

However ,  in many  ea se s  the re  is  no need to a t tempt  this .  Usually the a v e r a g e  c h a r a c t e r i s t i c s  of the 
field of radiat ion change m o r e  slowly than the direct ional  d iagram and the radia t ion spec t rum at individuaI 
P and e points .  The g a s - d y n a m i c  p rob lem may  the re fo re  be soIved by using ave raged  t r a n s p o r t  equations,  
fo r  example ,  in the fo rm (2.7) and (2.8), the solution of (1.6) being c a r r i e d  out m o r e  r a r e ly  - at  ce r ta in  
speci f ic  instants  of t ime  (the instants  of "averaging")  - with the aim of de termining the spec t ra l  and angular  
c h a r a c t e r i s t i c s  of the radiat ion,  if  these  a r e  of independent in t e res t ,  and finding the coeff icients  ~i +, ci+ 
in the a v e r a g e d  equations (2.7). 

The difficulties a r i s ing  in a speci f ic  rea l iza t ion  of the averag ing  method a r e  due to the fact  that the 
a v e r a g e  coefficients  a r e  functions of two va r i ab le s  (m and t), while at  the instant  of averag ing  they a r e  
functions of one va r iab le .  It was p roposed  to de te rmine  the t ime  dependence by a recaIcuIa t ion  p roce s s  
in [16]. 
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The ~i + relationship, for  example, may be expressed  in the form ~i+(wi +, t), where wi+(m, t) is a 
cer tain new variable  chosen in such a way as to make the t ime dependence (dependence on t) as weak as 
possible .  If we make a successful  choice of zi~ and the "principal variable" r the t ime variation of ~i + 
for  ~i + = eonst will be insignificant, and the averaging may be ca r r i ed  out quite infrequently. The choice 
of z i ~ and wi + is not unique. A final choice has to be made on the basis of a pre l iminary  analysis  of the 
specific problem, and may be co r rec ted  during the actual calculations.  

This is also t rue of the choice of the number  of groups,  Too great  an increase  in the number of 
groups increases  the amount of information to be s tored and the volume of calculations based on the 
averaged t ranspor t  equations, ult imately leading to the necessi ty  of solving the spectral  problem in every 
t ime layer .  The number  of groups must nevertheless  not be so low as to be incapable of allowing f~)r the 
specific charac te r i s t i cs  of the problem and depicting its qualitative aspects cor rec t ly .  

3. Let  us consider  the expansion of the gas in which the energy of the source radiation is released,  
and also its redistr ibut ion by vir tue of the t rans fe r  of radiation from the continuous spect rum.  Let  the 
velocity of sound in the hot gas be high and let the expansion of the boundary of the plasma cloud take place 
fair ly slowly. During the period of energy inflow the sound perturbations will therefore  be able to t ravel  
repeatedly through the hot volume, equalizing the p re s su re  in the lat ter ,  i.e.,  in the hot region we may put 

~ = 0, p = p~ (t) (3.1) 
Om 

This enables us to avoid accounting for  the high-frequency p r e s s u r e  perturbations (acoustic vibrations),  
which, as direct  numerical  calculations show, travel rapidly through the heated layer ,  without changing the 
average  p re s su re  and other  charac te r i s t i cs  of the radiation wave. The amplitude and position of these 
perturbat ions are  to some extent random and there  is no need to take an exact account of them. 

Subsequently we shall solve the problem subject to the assumption (3.1). Let  us now set out the 
method of solving the problem. 

Let  the p re s su re  p~ be given. Then the sys tem in which Eqs. (1.1) and (1.2) a re  discarded enables 
us to solve the problem of radiative energy t r ans fe r  and find h(m, t) and v(m, t). F rom Eqs~ (1.2) we find 
the Euler  coordinate x(m, t) and the velocity u(m, t) of all the par t ic les ,  including the boundaries of the hot 
volume, i.e., the velocity of the "piston" u~ By solving the comparat ively simple problem of the motion 
of the cold layers  under the action of such a piston, aUowing for a possible fall in p r e s su re  and the motion 
of the shock wave, i .e. ,  by using (1.1) but not taking account of the energy evolution in these t ransparent  
l ayers ,  we may find the values of the p ressu re  everywhere,  even in the piston, and hence in the hot region. 
The solutions of the external and internal problems have be be matched ot one another.  

When the external flux of radiation and the p res su re  are  constant in t ime, the gas velocity u0 at the 
boundary of the absorbing l aye r  (the leading edge of the radiation wave) also remains constant. Then the 
velocity of that par t  of the gas which is cold and t ransparent  to the source radiation remains  constant up 
to the leading edge of the shock wave, which moves at a constant velocity a and frontal p r e s su re  Ps (u ~ = Us 
and p~ = Ps). If the shock wave is strong,  we obtain 

pO _ A (7, 7s) qo 2/3 61/3, ~~ = B (7, 7~) qo 1/3 6 -l'a (3 .2)  

where Y is the adiabatic index in the hot layer, Ys is that in the cold layer behind the leading edge of the 
shock wave, 5 is the density of the gas in front of the leading edge, referred to the normal density P0 of 
air, q0 is determined by the equation 

qo -~ ql ~ + q,~ (3.3) 

Here ql ~ is the flux density of the external radiation incident upon the leading edge of the radiation 
wave, qr  ~ is the flux density of the intrinsic radiation (continuous spectrum) moving away from the leading 
edge. 

If p is in bar,  u in km/ sec ,  q in M%V/cm 2, ~/= 1.18 and Ys = 1.4, then A ~ 13 and B ~ ! .  

Thus to an accuracy  disregarding the radiation losses  qr  ~ (which a re  not known in advance) we may 
use Eqo (3.2) to es t imate  the p res su re  in the l ayer  without solving the t ranspor t  problem.  As we shall 
l a te r  show, qr  ~ is small  compared  with ql ~ 

The tempera ture  and radiation fluxes in the radiation wave and the mass  velocity of the propagation 
of its leading edge depend only slightly on the p re s su re .  Hence subsequent correc t ions  make little differ-  
ence to the initial est imte of p~ 
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In accordance with the general presentat ion of the problem, 
the propagation of the radiation wave is calculated on the assumption 
that a plasma layer  opaque to incident radiation has a l ready formed 
at t = 0. The t ime required for the formation of this layer ,  measured  
from the initial action of the source,  is determined by the theory of 
[2-4]. In solving (1.6) and (2.7) we assume that no cont inuous-spec-  
t rum radiation falls on the boundaries of the volume under cons ider-  
ation from outside. 

4. By way of example let us give the results  of some numerical  
calculations relaing to a subsonic radiation wave traveling under the 
influence of monochromat ic  radiation with a quantum energy of e l = 
1.16 eV in a i r  of normal  density. For  this case (P0 = 1.29 o 10 -8 g / cm ~) 
with ql ~ = 5, 10 and 20 MW/cmZ respect ively,  according to Eq. (3.2) 
we obtain p~ = 30, 50, and 80 bar  (allowing for  the radiative energy 
losses  determined in the calculation). 

The thermodynamic  propert ies  of the a i r  were  determined 
from tables [18]. 

In calculating the t r ans fe r  of radiation in hot a i r  we used the 
tables of [19]. For  t empera tures  of over  20 o l0 s ~ and quantum 

energies e > 18.5 eV (at all tempera tures)  these tables were  supplemented by the resul ts  of calculations 
based on the method of [19], but without allowing for  the l ines.  In o rde r  to reduce the amount of calculations 
these tables were  t r ans fo rmed  by uniting mutually adjacent spectra l  in tervals .  The number  of spectral  
intervals  was thus reduced to 175. 

The intensity of the radiation was determined for  24 rays .  

Averaging was ca r r i ed  out in three groups.  The f i rs t  group incorporated quanta with energies of 
e < 6.51 eV (long-wave radiation). The third group contained radiation with e > 7.75 eV. The second group 
was intermediate .  

F igure  1 i l lustrates  the t empera tu re  dependence of the average  Planck absorption coefficients and 
also the monochromat ic - rad ia t ion  absorption coefficient for  a p r e s s u r e  of pO = 50 bar .  The figures 1-4 
denote the curves  of ~IP, u2P, u~P, and • remain large;  the quanta of these groups cannot travel  to very  
great  dis tancse from the hot zone. These provide for the heating of the cold layers  and the forward motion 
of the radiation wave in the opposite direct ion to the radiation flux of the source .  The qualitatively differ-  
ent type of behavior of ~ e(T) for  soft and hard  quanta as T - -  0 necess i ta tes  the introduction of at  leas t  
two groups.  

Actually the boundary separat ing those par ts  of the spectrum with relat ively long and relatively short  
ranges  changes with tempera ture  [19]. This may best  be allowed for by introducing an intermediate group. 
By comparing • ~ind • 3P with • we may convice ourselves  of the fact that the region with low t empera -  
tures  is t ransparent  to the external radiation, but s tar t ing from a t empera tu re  of 1-2 eV this radiation is 
intensively absorbed in the radiation wave. 

F o r  all t empera tures  • p < •176 The quanta of the intermediate  group thus form heating " tempera ture  
tongues" in front of the leading edge of the radiation wave. Such tongues may clear ly be seen in Fig. 2, 
which gives the tempera ture  distributions at  various instants of t ime (up to 7 #sec) for the case in which 
the flux density ql ~ = 10 MW/cm 2 (the following figures also relate to this case).  The numbers  0-4 c o r r e -  
spond to the instants of t ime 0, 2.8, 4.3, 5.8, 7.3 Psec. We see from Fig. 2 that the leading edge of the 
radiation wave t ravels  toward the flow of radiation from the source at an a lmost  constant velocity (the 
mass  flow through the leading edge is m r = 25 g /cm2/sec) .  In addition to this, a trai l ing edge develops, 
moving in the opposite direction at a lower  velocity and gradually becoming slower~ The maximum tem-  
pera ture  ~ 3.5 eV var ies  slowly with t ime. 

Figure  3 shows the distribution of the unilateral group flux densities of the radiation qi-+(i = 1, 2, 3) 
with respec t  to the same coordinate at the instant of t ime t = 2~ Psec. The numbers  1-3 denote the 
relat ionships for  ql +, q2 +, q3 +, I - I I I  those for  ql- ,  q2-, q3-. We see that the quanta of the f i rs t  ("soft") 
group pass out of the hot zone and cease being absorbed.  The quanta of the third ("hard") group generated 
in the hot a i r  a re  a lmost  completely absorbed in the narrow layers  constituting the "fronts" (leading and 
t ra i l ing edges) of the radiation wave. 
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The flux density of the intrinsic radiation emerging 
from the hot zone through the leading and trailing edges 
of the radiation wave is relatively low, 1 MV/cm 2, or 
only 10% of ql ~ 

Figure 4 presents a detailed distribution of the 
parameters h (curve I) and -q (curve 2) with respect to 
mass close to the leading edge of the radiation wave at 
the instant t = 2.8 # see. The nominal position of the 
leading edge, defined as the point at which the absolute 
value of 0h/Ore reaches a maximum, is indicated by the 
broken line. The distribution of the computed points 
with respect to mass was nonuniform; for a total number 
of such points equal to 240 (in the present version) some 
40 points with a mass interval five times smaller than in 
the hot region were placed at the leading and trailing edges. 

The total number of computed layers in the problem was quite large (up to the instant of time 7 #sec)- 
about 700. 

Over this time four averaging were carried out (at the instants 1.8, 2.8, 4.8, and 7.3 #sec). In order 
to illustrate the influence of the recalculations procedure the results obtained in the preliminary stage of 
calculation are shown as a broken line in Fig. 2 for the latter instant of time. Satisfactory agreement with 
the results obtained after recalculation (continuous curves) was also obtained for the other instants of time, 
convincing us that the averaging frequency adopted in the present analysis was sufficient. The long inter- 
vals between averagings demonstrate the effectiveness of our use of the averaging method in connection 
with the present problem. 
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Let  us give some  m o r e  detai led attention to the choice 
of r e fe rence  coeff ic ients .  In the p re sen t  problem there  a r e  

.... ~ th ree  regions with different  p rope r t i e s :  a hot zone behind 
the leading edge of the radiat ion wave with a t e m p e r a t u r e  
close to max imum,  and two regions of cold a i r  in front of 
the cor responding  edges of the radiat ion wave ("tongues").  
In the f i r s t  region the r e fe rence  coeff icient  adopted was the 

J # ave r age  Planck absorp t ion  coeff icient .  In f ront  of the l ead-  
ing and t ra i l ing  edges of the radiat ion wave the spec t ra l  
composi t ion of the radiat ion va r i e s  l i t t le  by compar i son  

, with the spec t rum at  a "frontal  point" but differs consid-  
e rab ly  f rom the Planek spec t rum for  the t e m p e r a t u r e  

2.0 ~,cm Z• exis t ing in front  of the edge. Hence the value of ~i  p in the 
cold region is cons iderably  s m a l l e r  than the t rue  value of 
"<z~) (for the f i r s t  group by seve ra l  o rde r s  of magnitude).  

. 1 s 4 (Correspondingly ~1 wouIdbe of the o rde r  of 0 -10 .) 

The sharp  change in }i which occurs  on pass ing  through the leading edge of the radiat ion wave makes  
interpolat ion difficult and reduces  the accu racy  of numer ica l  calculat ions.  In the prob lem under  cons ide ra -  
tion we may  re l a t e  the r e f e r ence  absorp t ion  coefficient  in the tongues to,the spec t rum at  a cer ta in  depth i 
inside the leading edge of the radiat ion wave.  On pass ing  through the leading edge there  is a change in the 
r e f e r e n c e  absorp t ion  coefficient ,  and the value of ~i va r i e s  l ess  rapidly.  This may be seen f rom Fig.  5 
which gives the m a s s  dependence of ~i+at the instant  t = 2.8 #sec.  F igure  6 shows the ci+(m ) re la t ionship 
fo r  the s ame  instant  of t ime .  In the las t  two f igures  the s e r i a l  number  of i of the cor responding  group is 
denoted by an a rab ic  f igure for  the re la t ionships  with index plus and a Roman f igure  for  those with index 
minus .  We see  that  the range  of var ia t ion  of c i is sma l l .  

By way of "pr inc ipal"  va r i ab l e  ~oi+ we chose the group optical  th ickness ,  de te rmined  by the equations 

d.q++- ~_ ~ z~ f l m  

and reckoned f rom the leading and t ra i l ing  edges of the radiat ion wave.  

F igure  7 shows the t e m p e r a t u r e  dis tr ibut ion T and Fig. 8 shows the flux density distr ibution of the 
incident radia t ion ql at  di f ferent  instants  of t ime t in Eu Ie r  coordinates  x. Curves 1-4 co r re spond  to the 
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instants of time 2.8, 4.3, 5.8, 7.3 #sec. In these coordinates 

the edges are sharper than in Lagrange coordinates (Fig. 2), 

since as the temperature fails the density increases. The rate 

of propagation of the leading edges D ~ 2.5 km/sec. At the 

same time the hot zone, in which the density is low, is drawn 
out to relativelylong distances. The characteristic depth of 
penetration of the radiation (the distance in which the quantity 
qi fails by a factor of e as compared with ql ") is 0.3 era. 
The flux of radiation ql with an amplitude 10-20% of the value 
of ql o also exerts an influence to a considerable depth - layers 
of the order of 1.0-1.5 cm thick. The point of maximum tem- 
perature lies at about 0.3 cm from the leading edge; the tem- 
perature behind this varies very little throughout almost the 
while thickness of the radiation wave (~plateau"). 

Figure 9 shows the spectrum of the radiation emitted 
from the leading edge of the radiation wave in air at various 
instants of time t = 2.8, 4.8, and 7.3 gsec (curves i-3 respec- 
tively); it is quite smooth and approximately corresponds to 
the Planck distribution for a temperature of ~ 1.5 eV. Inside 
the radiation wave the spectra are more complicated, especially 

in the second group and close to the lower limit of the third 

group. 

The picture of radiation-wave propagation for slightly 
greater and smaller flows is similar to the foregoing for the 
case ql ~ I0 MW/em 2. The maximum temperature depends 
only slightly on the flux density; for ql ~ = 5 and 20 MW/em ~ it 
is respectively 3 and 4 eV. After the period of establishment 
the leading edge of the radiation wave moves at an almost 
constant velocity. This velocity varies approximately as in- 

dicated by Eq. (3.2). 

The  m a s s  flow m r t h rough  the  l e a d i n g  edge  of the r a d i a t i o n  w a v e  i s  much  s m a l l e r  in the  r a n g e  of f lux 
d e n s i t i e s  c o n s i d e r e d  than  tha t  t h rough  the  edge  of the  shock  wave  p r o p a g a t i o n  in  f ron t  of the  r a d i a t i o n  w a v e .  
Thus  fo r  q l  ~ = 20 M W / c m  2 we  have  m r = 60 g / c m 2 / s e c ,  w h e r e a s  m s = 340 g / c m 2 / s e c .  Thus  the  r a d i a t i o n  

wave  l ags  on the shock  w a v e .  

The  t e m p e r a t u r e  a t  the  l e a d i n g  edge  of the  shock  wave  is  3000 ~ K; a c c o r d i n g  to [19] such  a shock  

wave  is t r a n s p a r e n t  fo r  v e r y  g r e a t  t h i c k n e s s e s  of the  s h o c k - c o m p r e s s e d  l a y e r .  

F o r  a t e m p e r a t u r e  of ~ 35-45 �9 103 ~K ( ins ide  the  r a d i a t i o n  wave)  the  v e l o c i t y  of sound is  ~ 1 0  k m / s e c ,  
wh ich  c o n s i d e r a b l y  e x c e e d s  the l i n e a r  r a t e  of p r o p a g a t i o n  of the  l e a d i n g  edge of the  r a d i a t i o n  wave  and 
j u s t i f i e s  the  f o r e g o i n g  ( w 3) a s s u m p t i o n  as  to  the  u n i f o r m i t y  of the  p r e s s u r e  in the  hot  zone .  

F o r  f lux d e n s i t i e s  g r e a t e r  than those  c o n s i d e r e d ,  the  p r o c e s s  h e r e  d e s c r i b e d  i s  r e p l a c e d  by one of 
l i gh  de tona t ion  [5-7] when the a b s o r p t i o n  zone m o v e s  a t  the  s a m e  r a t e  a s  the  shock -wave  f ron t .  F o r  v e r y  
h igh  d e n s i t i e s  the f lux of the  r a d i a t i o n  wave  o v e r  t a k e s  the  shock  w a v e ,  b e c o m i n g  s u p e r s o n i c  [5, 6]. 

The  l a t t e r  c a s e  is  q u a l i t a t i v e l y  r e m i n i s c e n t  of the  r e p l a c e m e n t  of a t e m p e r a t u r e  wave  of the  s e c o n d  
k ind  (TW-tI)  by a t e m p e r a t u r e  wave  of the  f i r s t  k ind  (TW-I)  [2 0]. 

T h e  fo r ego ing  r e s u l t s  w e r e  c o m m u n i c a t e d  to the  Second Al l -Un ion  C o n g r e s s  R e g a r d i n g  the P h y s i c a l  

E f f ec t s  of Op t i ca l  Rad ia t ion  on Condensed  Media  in L e n i n g r a d  (1972). 

The  a u t h o r s  wi sh  to thank Yu. P .  V y s o t s k i i  and  V. Ao Nuzhnyi  f o r  p r e s e n t i n g  a dd i t i ona l  r e s u l t s  of 

a b s o r p t i o n - c o e f f i c i e n t  c a l c u l a t i o n s .  
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