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In cons ider ing  the luminosi ty  excited in a i r  by a , / - ray  pulse ,  it is usual ly  a s s u m e d  [1-4] that the light 
energy  emit ted by an  e l e m e n t a r y  volume is p ropor t iona l  to the 3,-ray energy  abso rbed  in that  volume.  How- 
eve r ,  the ene rgy  l o s s e s  of Compton e lec t rons  in work  done agains t  the fo rces  of the c r ea t ed  e lec t r i c  field 
effect ively d e c r e a s e  the abso rbed  , / - r ay  ene rgy  [5]. Actually,  the re ta rd ing  field E can  reach  values of the 
o r d e r  of 105 V / m  in a i r  of normal  densi ty  [6] with the p a r a m e t e r  g = e E l / e  e (l and s a r e  the range  andkinet ic  
ene rgy  of a Compton e lec t ron ,  c e-~ 1 MeV, l = 2 m [7]), which c h a r a c t e r i z e s  the e lec t r i c  field, reaching  a value 
of 0.2; i .e . ,  the effect  is a l r eady  not iceable .  At lower  a i r  densi t ies  (~10 -4 g/cm3),  the p a r a m e t e r  g r eaches  
values  on the o r d e r  of 10 [8] and the  ene rgy  lo s ses  of e lec t rons  in the field become  a control l ing fac tor .  Thus 
the p r o b l e m  of a light f lash exci ted by a v - r a y  pu lse  mus t  be  cons idered  in conjunction with the p rob l em of the 
e lec t r i c  field.  Fo r  p r o p e r  evaluat ion of the e l ec t r i c - f i e ld  ampl i tudes  exci ted in a T - r a y  flux, it is n e c e s s a r y  
to cons ide r  the reduct ion in the cu r r en t  of Compton e lec t rons  and in the conductivity cu r r en t  because  of the 
r e t a rd ing  effect  of the  field [5] and a l so  the heating of secondary  e lec t rons  by the field, which leads to a change 
in conductivi ty [9]. In addition, it is n e c e s s a r y  to cons ide r  the s e l f - abso rp t ion  of light through photodetach-  
ment  of e l ec t rons  f r o m  negat ive oxygen ions fo rmed  during ionization of a i r  by T r ays  [1, 4] in o rde r  to f o r m u -  
la te  the t i m e  c h a r a c t e r i s t i c s  of a light f lash p r o p e r l y .  This  p a p e r  p r e s e n t s  a study of the effect  of a s t rong 
e lec t r i c  field on the c h a r a c t e r i s t i c s  of a light f lash  excited in a i r  by a pulsed v - r a y  source .  The v - r a y  source  
is a s sumed  to be a monochromat i c  point i so t ropic  sou rce  emit t ing N(t) T rays  p e r  unit t ime  (1~ = 0 for  t-< 0). 

The light f lash  exci ted by a v - r a y  pu lse  in a i r  is de te rmined  f rom the summat ion  of all  the f lashes  f r o m  
e l emen ta ry  volumes of a i r  with a l lowance fo r  the s e l f - a b s o r p t i o n  of light in a i r  excited by V r a y s .  The lumi -  
nosi ty of an  e l e m e n t a r y  volume of a i r  is de te rmined  by the energy  1~. (r, t) absorbed  p e r  unit volume and by the 
law governing the  luminescence  Ks(t) of  an  e l e m e n t a r y  volume under  the influence of a shor t  pulse  (5 pulse) 
of V r a y s .  A n effect ive reduct ion of the abso rbed  v - r a y  energy  propor t iona l  to the quantity (1 +g)-I  occurs  
because  of the  r e t a rda t ion  of Compton e lec t rons  by the  field [5]. The e lec t r ic  field is de te rmined  by the s y s -  
t e m  of equations fo r  e l ec t ron- - ion  ba lance  in a i r  subject  to the act ion of T rays :  

dg _ 4 ~ / ~  ~ - eK [E (s)] negl, (Z) - [% i + g  J 
dn e v~ f  ~ 
- ~  = t + g - -  Y [E (s)] n e - -  a e [E (8)] n e ( n  8 -f- N _ ) ,  (2) 

d N  
dt = ~ [ E  (8)1 n e - -  a~N_ (he -{- N_) (3) 

with ze ro  init ial  condit ions.  Toge the r  with e lec t ron  a t tachment ,  e l e c t r o n - i o n ,  and i o n - i o n  recombinat ion,  
Eqs .  (1)- (3) take into account  the r e t a rd ing  effect  of the e lec t r i c  field by the introduct ion of the fac tor  (1 +g)-I  
in Eqs .  (1) and (2) [5] and the heat ing of secondary  e lec t rons  by the field leading to a change in the coeff icients  
T, C~e, and K (as in [5, 9], we a s s u m e  that  the conductivity of a i r  r e su l t s  f r o m  the secondary  e lec t rons  c rea ted  
by the Compton e lec t rons) .  In the s y s t e m ( I ) - ( 3 ) ,  g = e E l / e  e is the d imens ion less  e lec t r ic  field; n e is the e l ec -  
t r o n  densi ty;  N_ is the densi ty  of negat ive oxygen ions; T(e) is the a t tachment  coeff icient  fo r  secondary  e l ec -  
t rons :  K(e)= (e/m)v(r is the mobi l i ty  of s econda ry  e lec t rons  [10]; e and m a r e  the cha rge  and m a s s  of the 
e lec t ron;  v (e) is the effect ive  e lec t ron  col l i s ion frequency;  c~ i and ~e a r e  the i o n - i o n  and e l e c t r o n - i o n  r e c o m -  
binat ion coeff ic ients ;  ~e =3"  10 -7 (e0/r cm2/sec  [11]; /a -1 is the effect ive v - r a y  range;  v = 3-104 is the num-  
b e r  of s econda ry  e lec t rons  fo rmed  by the absorp t ion  of 1 MeV of energy  in a weak field; fT is the , / - ray  flux; 
r is the m e a n  ene rgy  of secondary  e lec t rons ,  which is connected with the e lec t r i c  field E by the re la t ion  [10] 

8 - -  eo = e2F~/mS(e),~'z(e)~ 
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%= 0.025 eV; d(e) is the relat ive energy loss by an e lec t ron in a collision. Note that the quantities it, ai, and 
1-1 a re  proport ional  to the a i r  density and for  normal  density a re  # - l =  300 m, l= 2 m [7], and ~i = 2" i0 -6 cm3/ 
sec.  The resul ts  of experimental  measu remen t s  of the quantities v(e), 6(e), and T(e) were  interpolated by 
means of the analytic relat ions given in [12]. 

The quantity K6(t) is determined f r o m  the radiat ive decay t ime ~-1 for  excited molecu la r  states (several 
units pe r  10 -8 sec [13]), 

Ks(t) ---- a exp (--at)~ 

and the absorbed energy is 
(r, t) = ~te~lV (t - r/c) 

t q- g (r, t) exp (-- I~r)/4nr ~, (4) 

where e ' /= 1 MeV is the "/-ray energy.  In cont ras t  to [1], the quantity g(r, t) appears  in Eq. (4), which takes 
into account the reduction in absorbed "/-ray energy because of the re tarding effect of the electr ic  field and 
which is determined by the sys tem (1)-(3)o Note that the quantities g(r, t) and l~(r, t) differ f rom zero  when 
t > r / c ,  which ref lects  the effects of re tardat ion.  

After  considerat ion of the differential  cha rac te r i s t i c s  Ka(t) and E (r, t) of the luminosity, we discuss the 
integral  (over volume) cha rac te r i s t i c s  of the luminosity of a i r  excited by an T- ray  pulse at distances R 0 less 
than, o r  comparable  with, the mean range of a light quantum in unperturbed air ,  which is 10-20 km at normal  
density [ 1]. 

An e lementary  volume of a i r  at  a dis tance r f rom the source  (Fig. 1) luminesces  under the action of Y 
rays  in accordance  with the law 

t 

i (r, t) = ~1 S K6 (t - -  t') E (r, t') tit', 
r/r 

where ,7 is the luminescence efficiency (ratio between the energy re leased in the optical range and the ab- 
sorbed ' / - r ay  energy).  A ssuming that the light is emitted isotropical ly  by an e lementary  volume of air ,  the 
intensity of the light flux produced by an e lementa ry  volume of a i r  at 9: distance R 0 f rom a y - r a y  source  with- 
out al lowance for  light absorpt ion is given by the express ion  

t-~/c 
i(Ro,  t ) =  ~-~2n S K s ( t ] - - t : - - - ~ ) E ( r , t ' ) d t ' .  (5) 

r/r 

For  p rope r  considerat ion of the effects of se l f -absorp t ion  of light, it is necessa ry  to introduce in Eq. (5) a 
factor  describing the reduct ion in light flux because of photodetachment of e lect rons  f rom negative oxygen 
ions, which is determined by an integral  over  the space and t ime distr ibution of the density of negative oxygen 
ions along the t r a j ec to ry  of a light quantum: 

where cr; 2 .8 .10  .28 cm 2 is the photodetachment c ross  section [1] and the density N_(r, t) of negative ions is 
determined f rom the equation sys tem (1)-(3). Allowing for  (5) and (6), the t ime dependence of the inten- 
sity of the light flux at a distance R 0 f rom a ~/-ray source including the se l f -absorp t ion  of light and retardat ion 
effects is determined at the t ime t by the summat ion of flashes f rom elements dv of the volume V t bounded by 
the sur face  of the ellipsoid r + R = c t :  

747 



/ i (  :/}'~ I(t)--X-~ j--~exp - -~ N_ y , t - - R  dx f j K6 t - - t ' - -  E(r,t ')dt' .  (7) 
V t ~ 0 r/e 

We invest igate Eq. (7) fo r  a T - ray  source  with the t ime dependence 

{~1 exp (~xt), t < T, 
~r (t) = Pl exp { P l r -  P.. ( t -  r)}, t > r ,  (8) 

at la rge  dis tances  f rom the source .  The constants in Eq. (8) have typical  values fli =108 sec - t ,  f2 "~ 0.0281, 
fliT ~50-60 [6]. 

We cons ider  the leading edge {t<T) of the luminosity.  The T- ray  flux fT in the sys t em (1)-(3) is 

fv = 131 exp (--pr + ~it)/4~r ~'. 

A numer ica l  calculat ion of the sys t em (1)-(3) shows that the quantities g and N_ at la rge  flit depend strongly 
on the single p a r a m e t e r  r = exp ( - t t r  +fl i t ) / r  2 alone, while the dependence on the other  p a r a m e t e r s  is ex t remely  
weak. This  s impl i f ies  the numer ica l  analysis  of Eq. (7) considerably .  Note also that because  of strong heat-  
ing of secondary  e lec t rons  by the field {for example,  the rat io  e / e  0 is on the o rd e r  of 50-100 for  t imes  flit ~50), 
e l e c t r o n - i o n  recombinat ion  will be suppressed  in compar i son  with e lec t ron  a t tachment  s ince the e l e c t r o n -  
ion recombir~t ion  coefficient  ~e ~ (s0/e)3/2 [ 11]. 

At shor t  t imes ,  the quantity g(t) repea ts  the functional t ime dependence (8) of the T source ,  but the 
values of g(t) themse lves  a r e  small  in compar i son  with unity. At long t imes  (flit~ 40), the quantity g (t) r eaches  
values of the o r d e r  of unity and above but then goes to sa tura t ion and changes l i t t le in compar i son  with exp(flit) 
for  changes in t of the o r d e r  of 1/fli. Numer ica l  calculat ion of the sys tem (1)-(3) also shows that in the in te r -  
media te  region,  the quantity 1 +g(t) changes l i t t le .  This c i rcumstance  s implif ies  the calculat ion of the integral  
ove r  t '  in Eq. (7); the quantity 1 +g(r,  t ' )  can  be taken out of the integrat ion over  t '  by assuming t '  =t  - R/c  in 
it. At la rge  dis tances  (R0>>/~-l), the approximate  equality r cos 0 + R - R  0 can be used. Af ter  in tegrat ion of 
Eq. (7) over  t ' ,  we ob ta in  

t exp - - ~  N _ ( T )  d z - - ~ t r +  ( ~ - - i )  

~tt% ~1 eP't'Y dr t" d~ t + g ( ~ )  ' (9) I (ti) =SztR2Ct +~l o -i 

where  t l - - t  - R0/c. 

It is immediate ly  c l ea r  f rom Eq. (9) that the light f lash repea ts  the functional t ime dependence (8) of 
the source  if the  field and se l f -absorp t ion  effects  a r e  smal l .  Numerica l  evaluation shows that the quantity 

t R ~ l  

~xp/--o*~-/~-( ,)d,~l/[ l-~ g(q~)] changes l i t t le  in compar i son  with exp ~ l r , / c ) f o r  changes i n ,  of the o rde r  of 
~ t/ j$  

c/flir so that it can  be taken out of the integrat ion over  ~ by setting ~ = 1 in it. Af ter  integrat ion over  ~, we 
have 

i exp - -  e y N _  (~) dx  - -  lir t ~ exp - -  2 
_ ~cs. e ~ e~t~ o 

I(tl) = ' 1 8 " ~  r162 + 13 ~ o dr l -~ g (~) r 

Figure  2 gives the resu l t s  of numer ica l  calculat ions of the quantity I(ti) in units of ~(#c~v/8~R02) [a/ 
(~ +fli)] exp q~ltl) [1) p = l ;  2) p =0.3; 3) p =0.1; p is the a i r  density in units of normal  density].  Calculations 
show that a deviation f rom an exponential law begins at t imes  flitl~ 40 and is produced by the re tard ing  effect  
of the e lec t r ic  field. At normal  p r e s s u r e ,  the e lec t r i c  field reduces  the luminous energy  re la t ive ly  l i t t le  {by 
roughly 20~ but at low p r e s s u r e s ,  the reduct ion of the light signal is quite significant (by a fac tor  of four,  
fo r  example,  at p = 0.1). At t imes  flitl~ 50, the effects  of se l f -absorp t ion  begin to be felt,  leading to a sti l l  
g r e a t e r  reduct ion in the light signal.  

The e lec t r ic  field has re la t ive ly  l i t t le  effect  on the T-raY absorbed energy in calculating the t ime cha r -  
ac t e r i s t i c s  of the t ra i l ing edge of the luminosi ty  {t I > T). Indeed, at t imes  t I > T, the T- ray  flux (8) begins to 
fall  exponentially in t ime  and rapid re laxat ion  of the e lec t r i c  field occurs  as a resu l t .  The re laxat ion  t ime 
can be es t imated  f rom the express ion  tr~(41teKne )-I [see Eq. (1)], which yields  t r ~10 -9 sec for  typical  values 
of the s e c onda ry -e l ec t ron  density n e ~ 1 0  i2 c m  -3 .  

The e lec t r ic  f ie ld ,  heating the secondary  e lec t rons  [9], changes the coeff icients  for  e l emen ta ry  p r o c e s s e s  
in a i r  under  the influence of T rays  and the reby  influences the se l f -absorp t ion  effect  [see Eqs.  (1)- (3)]. How- 
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ever ,  an  exact  ca lcu la t ion  of the t i m e  c h a r a c t e r i s t i c s  of a light f lash is made  e x t r e m e l y  compl ica ted  because  
of m a r k e d  computa t ional  diff icult ies  (numerical  solut ion of the s y s t e m  (1)-(3) for  a T - r ay  flux varying in 
space  and t ime) .  Fo r  t imes  of the o r d e r  of T, it is genera l ly  n e c e s s a r y  to cons ider  the t i m e  dependence of 
/31 and fl~ [14]. The influence of s e l f - abso rp t ion  on the t ime  c h a r a c t e r i s t i c s  of a light f lash exci ted by a 
T - r a y  sou rce  decaying exponential ly in t i m e  was evaluated in [4] but s e c o n d a r y - e l e c t r o n  heating by the e l ec -  
t r i c  field was neglected.  

We cons ide r  the poss ib i l i ty  of expe r imen ta l  obse rva t ion  of the effect  of the in t r ins ic  e lec t r ic  field on 
the luminosi ty  excited in a i r  of normal  densi ty at  the beam exit of an e lec t ron  a c c e l e r a t o r  [15]. We a s s u m e  
the e lec t rons  t r a v e r s e  a path l, producing un i form ionizat ion ove r  the range.  Let  the t i m e  dependence of the 
e l ec t ron  b e a m  be r e p r e s e n t e d  by a r ec t angu la r  pulse of length At. The e lec t ron  energy  ee  -~ 1 MeV. The 
equations fo r  the field and the conductivi ty have the f o r m  

d!g = 4~ [ e~l i -- eKneg]; (I0) 
dt ( e e J 

d% ~,z: vn~, (11) 
dt l 

where  i is the cu r r en t  dens i ty .  At values  of At andi ,  where  g-< 0.5, the quanti ty g in Eqs.  (10), (11) is neglected 
in c o m p a r i s o n  with unity.  The s e c o n d a r y - e l e c t r o n  densi ty  n e i nc rea se s  l inear ly  with t ime  for  t imes  t < y  -1 - 
10 -8 sec .  Consider ing  this ,  we obtain for  the field g 

t 

g ----- b S exp {a (x 2 - -  t2)} dx, (12) 
0 

where  a = 4 x e K i / l ,  b = 4 x e 2 l i / a e  . Using the equali ty x 2 - t 2 = f l t ( x -  t), where  1< fl< 2, we obtain fo r  Eq. (12) 

b exp ( - -  [~at2)]. (13) g = ~--~ [i -- 

Equation (13) has a maximum at t ~i/V~a. Hence, we obtain an estimate for At ~ I/]/~. The valueg m ~ 
b/vra is reached at these times. Substituting the numerical values of the constants and expressing the current 
density i in A/cm 2 and At in units of 10 -8 sec, we obtain an estimate for the pulse duration At and the electric 
field gm attained: 

At ~ 1/-[/10---/, g,, .-~ i 0VZ 

The effect  can  be obse rved  fo r  shor t  pu lses  with At< 10 -8 sec  and cu r r en t  densi t ies  i ~0.1-1 A / c m  2, which 
a r e  comple te ly  achievable  in m o d e r n  e lec t ron  a c c e l e r a t o r s .  With constant  pulse  l eng thAt ,  an  i nc rea se  in 
a c c e l e r a t o r  cu r r e n t  will lead to a reduct ion in the ra t io  of luminous energy  to total  energy  in the e lec t ron  
beam.  It is advisable  to m e a s u r e  the ra t io  of light signal to a c c e l e r a t o r  cu r r en t  in tegrated ove r  a pulse  in 
o r d e r  to avoid random fluctuations in a c c e l e r a t o r  cu r r en t  o r  e lec t ron  energy .  

Thus the effect  of a s t rong  e lec t r i c  field at low p r e s s u r e s  marked ly  d e c r e a s e s  the luminous energy  and 
changes  the t ime  behav io r  of the luminescence .  The effect  of s t rong e lec t r ic  fields on the luminosi ty  of a i r  
excited by fas t  e lec t rons  can  be obse rved  under  l abo ra to ry  condit ions.  

The authors  thank E. V. Metelkin fo r  valuable d i scuss ions .  
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P L A S M A ;  H I G H - S P E E D  E X P L O S I V E  C I R C U I T  B R E A K E R S  
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A p l a s m a  with an e l ec t r i ca l  conductivi ty of ~1 ~2-1. cm-1 f o r m s  behind the detonation f ront  (DF) of con-  
densed explos ive  m a t e r i a l s  (EM) [1]. The conducting reg ion  is divided into two pa r t s  [2, 3]: nonequi l ibr ium 
(the c h e m i c a l - r e a c t i o n  zone with a width of ~1 ram) and equi l ibr ium.  The equi l ibr ium e lec t r i ca l  conductivity 
can  be on the o r d e r  of the nonequi l ibr ium value or  much lower  and it decl ines rapidly  in the expansion waves .  

The mot ion  of the conducting zone behind a DF with a veloci ty  of 5-8 k m / s e c  can be used to b r e a k  a high- 
cu r r en t  c i rcu i t  in a t i m e  of ~ 1 #sec .  Such c i rcu i t  b r e a k e r s  can  find appl icat ion in powerful  energy  sou rces .  
The speed of the exis t ing methods  of explosive  c i rcu i t  breaking  (~10 ~sec [1]) is l imi ted by the fo rmat ion  of 
a r c s  during the b reak ing  of the c i rcu i t .  

In the p roposed  method the conducting zone m o v e s  behind a DF be tween  two e l ec t rodes .  The cu r r en t  
flows through the p l a s m a  and c e a s e s  when the EM between the e lec t rodes  has reac ted  and the e lec t r i ca l  con-  
ductivi ty dec l ines .  The cons ide rab le  e l ec t r i c  s t rength  of the detonation products  [5] p reven t s  the breakdown 
of the gap and the fo rma t ion  of an  a r c .  The re fo re ,  the b reak ing  t i m e  is de te rmined  by the decline in e l ec t r i ca l  
conductivity behind the DF, and with a m i numum conducting zone (the r eac t i on  zone) it c o m p r i s e s  ~0.1 ~sec.  
The v o l t - a m p e r e  c h a r a c t e r i s t i c s  of the p l a s m a  at  high cu r r en t  dens i t ies  a r e  requi red  for  the appl icat ion of 
the new method of c i rcu i t  b reaking .  These  data can  a lso  be useful in c lar i fy ing  the m e c h a n i s m  of p l a s m a  con-  
duction. 

E x p e r i m e n t s .  The vol tage sou rce  was a c a p a c i t o r  ba t t e ry  (25 #F, 30 kV). The midpoint  of the ba t t e ry  
was grounded and the two halves  we re  charged  to vol tages  of opposi te  po la r i ty .  Such a s cheme  made  it pos -  
s ible  to reduce  the demands  on the voltage leads to the explosive c h a m b e r .  

A c r o s s  sec t ion  of the cha rge  is shown in Fig.  1. The explos ive  m a t e r i a l  1 (3 x 5 ram, length 12-15 cm) 
lay between coppe r  e l ec t rodes  2 with a length of 10 cm.  The voltage on the charge  and the c u r r e n t w e r e  osc i l lo -  
graphed with compensa t ion  of the inductive leads  [6, 7]. Photographic  record ing  was c a r r i e d  ou twi th  a high- 
speed photographic  sweep through the  p las t ic  wall .  

The cha rge  was connected to the ba t t e ry  by a r r e s t e r s  following the contact  of the e lec t rodes  with the 
conducting zone behind the DF. The e lec t rodes  were  p ro tec ted  f r o m  breakdown ahead of the DF by t w o t o f o u r  
l a y e r s  of Dacron  f i lm 25 # thick.  Under  the act ion of the high p r e s s u r e  the r e s i s t a n c e  of the f i lm b e c a m e l o w  
behind the DF in c o m p a r i s o n  with the r e s i s t a n c e  R of the p l a s m a .  

Novos ib i r sk .  T rans l a t ed  f r o m  Zhurnal  Pr ikladnoi  Mekhaniki i Tekhnicheskoi  Fiziki,  No. 6, pp. 19-23, 
N o v e m b e r - D e c e m b e r ,  1977. Original  a r t i c l e  submit ted  November  16, 1976. 

750 0021-8944/77/1806-  07505 07.50 �9 1978 Plenum Publishing Corpora t ion  


