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The mechanism for the formation of an e lec t r ic  impulse on the explosion of ordinary ex-  
plosive substances is analyzed. A double e lec t r ica l  layer  with voltage of the order  kT 
0.2-0.6 V is formed in the detonation wave. When the detonation wave passes  to the outer 
surface of the charge,  e lec t rons  adhere to molecules of air  and explosion p roduc t s .  As 
the charged explosion products  fly apart ,  the distance between the positive and negative 
charge s increases  and the voltage increases  to a magnitude of the order  of a kilovolt. The 
a symmet r i c  separation of the charged explosion products  is the cause of the impulse. 
Theoret ical  es t imates  are compared  with experiments  [1]. 

Recently a ser ies  of papers  has examined the e lectromagnet ic  perturbat ions associated with the 
explosion of high explosives [1, 2]. It has been shown [1] that the application of external fields does not 
change the nature of the signal reg is te red .  This means that the perturbat ions are caused by internal p ro -  
ce s ses  oeeuring in the explosion. Es t imates  of the time and scales of the phenomenon show that the ob- 
se rved  fields are quasistatie.  Thus, the magnetic and electr ic  components of the field can be considered 
independently. Es t imates  also show that the assumption concerning the magnetic nature of the impulse in 
the tests  of [1] leads to unreal is t ica l ly  large cur ren t s  (~ 108a in the course  of 1 msec) in the region of 
the explos[on. Thus, an e lec t ros ta t ic  mechanism for impulse formation seems the most  probable.  

Charge separat ion can occur  in the shock wave [3, 4]. However, at distances of about 10 radii  f rom 
the high explosive charge,  the shock wave becomes  spherical ,  independently of the form of the charge [5]. 
Spherically symmet r i ca l  motion of e lec t r ic  charges  cannot lead to the appearance of a signal. Moreover,  
the time of appearance of the signal in [1] gives us reason to assume that the signal is not connected with 
p roces se s  in the shock wave. Thus, we shall assume,  as in [1], that the appearance of a signal is de ter -  
mined by the a symmet r i c  motion of the charged ~xplosion products .  

The following considerat ions can be added to confi rm this assumption, in spite of those given in [1]. 
We can assume that the explosion products  stop dispersing when their  p ressu re  becomes  equal to a tmo-  
spher ical  p r e s su re .  In o rder  to es t imate  the time when they cease expanding we shall assume for s im-  
plici ty that the cloud of explosive substances has a spherical  form. Then the radius of the cloud at the 
moment when expansion ceases  is 

r ~ 4~pk ] 

where M is the mass of the high explosive charge and Pk is the density of explosion products under normal  
conditions. The time interval  between the moment when the detonation wave passes  out of the surface of the 
charge and the moment when the explosion products cease to expand is 
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where v is the mean velocity of expansion of explosive products, which can be g 
taken to be ~ 1000 m/see. Then for M = 1 kg, t ~ i msec., which approxi- 

u(f) ~ |  matelyeoincides withthetimetmbetweenthestart and the maximum amplitude 
] ] of the e l ec t r i ca l  signal of the explosion r e g i s t e r e d  in [1]. The functiont , .~ 

H---  

B -~(t)  (M)I/2 co r r e sponds  to the empi r i ca l  function obtained in [1]. 

Considerat ion of the fo rm of the s ignals  obtained on the explosion of 
~, ~(t) ~ z cyl indr ica l  cha rges  with different  ra t ios  of cyl inder  height to d i ame te r  [1] 

a lso  con f i rms  this assumpt ion  about the nature of the e l ec t r i ca l  impulse  of 
.._ __~ the explosion.  The point is that for a cyl inder  which is exploded f rom the end, 
- the backward  (in the direct ion opposite to that f rom which the explosion s ta r t s )  

Fig. 1 expansion of the explosion products  occurs  more  slowly the longer the path 
t r a v e r s e d  by the detonation wave along the explosive ,  i .e . ,  the th icker  the layer  

of c o m p r e s s e d  explosion products  behind the wave the s lower  the explosion [6]. On the o sc i i l og rams  given 
in Figs.  3 and 4 of [1], the posi t ive half-wave of the signal,  caused  by the motion of the explosion products  
in the di rect ion opposi te  to the direct ion of s tar t ing  (from cons idera t ions  of signal polar izat ion) ,  is sh o r t e r  
the s m a l l e r  the ra t io  of cyl inder  height to d iamete r ,  i .e . ,  the g r e a t e r  the veloci ty of motion of the explosion 
p roduc t s  in this direct ion.  

In consider ing the mechan i sm of signal format ion ,  the following questions a r i s e :  

1) Why does a microscopic  separa t ion  of e l ec t r i ca l  cha rges  occur  in a quas ineut ra l  medium like 
expanding explosion products  ? 

2) What causes  these expanding cha rges  to Spread to d is tances  over  which the f ields which a r i s e  a re  
so la rge  as  to be r e g i s t e r e d  at  com pa ra t i ve ly  large dis tances  ? 

3) Why are  the cha rges  which arise" not neut ra l ized  in spite of the large a t t rac t ive  e lec t r i c  field be -  
tween them ? 

We can cons ider  the fo rmat ion  of a double e lec t r i ca l  l ayer  in the detonation wave as one of the most  
p robab le  separa t ion  mechan i sms  for  e l ec t r i c  cha rges  in the ini t ial ly neutra l  high explos ive .  For  a shock-  
wave propaga t ing  in a p l a sma ,  the discontinuity of potential  at  a distance equal to the mean f ree  path (in 
the case  of incomplete  ionization, at a dis tance of Debye radius)  is ,-, kT/e [3]. As a r e su l t  of the i r  large 
mobil i ty ,  the e lec t rons  can outs t r ip  the shock wave.  A s i m i l a r  mechan i sm can also occur  in the p ropaga -  
tion of the detonation wave.  In this case ,  the explosion products  fur thes t  r emoved  f r o m  the center  of the 
explosion will be negat ively charged.  The c o m p a r a t i v e l y  low t e m p e r a t u r e  in the front  of the detonation 
wave (~ 103~ cannot be the r eason  why this t r ea tmen t  is unsuitable,  since the e lec t r i ca l  conductivity of 
the explosion products  according to [7] is  de te rmined  bas i ca l ly  by the density and p r e s s u r e  in the front  of 
detonation wave and exceeds  by s e v e r a l  o r d e r s  of magnitude the corresponding values de te rmined  by t h e r -  
mal  ionization.  It was a lso  shown in [7] that the zone of high e l ec t r i ca l  conductivity is s i tuated in a c o m -  
pa ra t i ve ly  na r row l aye r  adjacent  to the wavefront .  

At the moment  when the detonation wave p a s s e s  out to the surface  of the charge ,  the e l ec t r i ca l  conduc- 
t ivi ty of the explosion products  falls  sharp ly .  This is caused,  f i r s t ly ,  b y t h e f a l l  in p r e s s u r e  at the sur face  
of the charge ,  and secondly,  by the adherence  of f ree  e l ec t rons  to oxygen, m o l e c u l e s , f o r m i n g  negative ions, 
which can occur  both in the a i r  as well as inside the contact  l ayer  between the explosion products  and the 
a i r .  Under these conditions,  a pecu l i a r  "hardening" of state apparent ly  o c c u r s , c h a r a c t e r i s t i c  for  a double 
e l e c t r i c a l  l ayer .  

When the detonation waves passes to the surface of the high explosive charge, the explosion products 
begin to disperse into the atmosphere. The outer layers of explosionproducts expanding in the air carry 
away with themselves the excess negative charges. The velocity of the explosion products decreases to the 

�9 �9 ~ 3 

veloelty of sound m a time i0- sec, while the corresponding decrease of velocity for explosion products 
behind the detonation wave front occurs after a time ~ I0 -6 - 10 -5 sec [8]. Consequently, the time for the 
charges to be dispersed coincides in order of magnitude with the time observed in [I] for an electrical 
signal to arise from the explosion. 

The process of negative ion formation plays an important part in the mechanism under consideration, 
since the conductivity is strongly dependent on the mass of the charge carr iers .  The characteristic time 
for electrons to adhere to oxygen molecules in air at normal pressure does not exceed ~-+ = 4-10 -8 sec [9]. 

261 



Rough e s t i m a t e s  give ~-+ ~ 10 -9 s e c  f o r  e l e c t r o n s  wi th  T e ~ 2 �9 103~  the a i r  c o m p r e s s e d  by  the 
shockwave  (p = 8p 0, w h e r e  P0 i s  the d e n s i t y  of a i r  u n d e r  n o r m a l  c ond i t i ons ) .  The r e l a x a t i o n  t ime  f o r  f r ee  
c h a r g e s  i s  % = (4~r(r) -1.  Dur ing  t h e e x p a n s i o n t i m e , t h e  p r e s s u r e  of e x p l o s i o n  p r o d u c t s  i s  s m a l l ,  and so 

= m ~  ' ~ '  = / ' w q ,  /3 = - -  

Here  m is  the m a s s  of the c h a r g e  c a r r i e r ,  N i s  the c o n c e n t r a t i o n  of c a r r i e r s ,  v i s  the e f f ec t ive  c o l -  
l i s i o n  f r e q u e n c y ,  q i s  the e f f ec t i ve  m o m e n t u m - t r a n s f e r  c r o s s  s e c t i o n ,  and  n i s  the c o n c e n t r a t i o n  of m o l e -  
c u l e s .  F i n a l l y ,  fo r  % we have 

nq (2mkT) % V-m 
To - -  4ue2N N 

The r a t i o  of the " ion" ( s u b s c r i p t  i) and  " e l e c t r o n "  ( s u b s c r i p t  e) n e u t r a l i z a t i o n  t ime  i s  

"ror _ ( mi 1'/2 N e ( rnr \'/2 N e 

Consequently, the formation of negative ions increases the lifetime of free electric charges, and 
affects the process leading to the appearance of free charges. Thus, the signal amplitude from the ex- 
plosion of a high explosive charge in a gas atmosphere (or in a material envelope) which readily forms 
negative ions should be larger than in air. 

The macroscopic separation Of electrical charges,after the electrons expand into the air, is apparently 
impossible, since the ratio of the density p, in the shock wave to that in air P0 is P./P0 = 8. At the same 
time, considerations of the structure of the detonation wave-front show that the region of high electrical 
conductivity cannot reach the surface of the high explosive charge as the result of the finite width of the 

front (.~ 0.i mm [I0]). Thus, the dispersion of charges will be determined by the ratio of densityp**/p k 
10 3 -- 10 4, where p** and Pk are the density of explosion products in the detonation wave and at the moment 

when expansion ceases, respectively. (The density of explosion products at the moment when expansion 

ceases can be noticeably lower than the density of normal air.) 

The electrical processes involved in the formation of the impulse can be described with the help of 
the equivalent circuit given in the figure. In Fig. i, B and B' are the plates of the variable condenser 
formed by the expanding explosion products, C a is the capacity of the link with the antenna A, Z is the 
impedance of the device registering the voltage U at the point D, and R is the leakage resistance of the 
capacitance C b due to the conductivity of the explosion products~ An analysis of this circuit shows that for 
R = ~ the maximum value of the registered voltage is attained roughly at the time when the expansion of 
explosion products is greatest, which agrees well with the considerations given above and with experimental 
results [I]. As the capacitor plates are separated, the voltage on the capacitor increases. For a plane 

capacitor 

. ~ t (t) k T  e 
U (t)  = Uo--~o = Uo p** Uo - -  U ~ =  U ( t m )  ? (t) ' e ' 

F o r  T e = 2000~ ~ 0.2 V and so U k -~ 0.2 (103 - -  104) V. H o w e v e r ,  i n t h e  c a s e  u n d e r  c o n s i d e r a t i o n  the 
the e l e c t r o n  gas  in the de tona t ion  wave i s  a p p a r e n t l y  d e g e n e r a t e  [3]. Rough e s t i m a t e s  b a s e d  on da t a  con -  
cern~ng e l e c t r i c a l  c o n d u c t i v i t y  [7] g ive  a F e r m i  e n e r g y  of Ef ~ 0.6 eV.  In th is  c a s e ,  U 0 ~ 0.6 V and 
Uk ~ 0.6 (10 3.- i0 4) V. 

These estimates refer to the case of two-dimensional e.x-pansion of explosion products. In any real 
case the values of U k will be less because of the three-dimensional nature of the expansion~ The values 
of U k obtained characterize only the maximum values of the voltage. 

To obtain a rough estimate of the emf induced in a vertical antenna of effective height b, we can treat 

the field which arises as a dipole [I] field of moment D 0. This leads to the expression 

Dob S b 

w h e r e  S i s  the  h o r i z o n t a l  c r o s s  s e c t i o n  of the c l o u d  of e x p l o s i o n  p r o d u c t s ,  and  R i s  the d i s t a n c e  to  the 
an tenna~ F o r  H 0 ~ 5  m a n d S ~  1 m 2 ,we  obta in  U 0 ~  ( 0 . 1 - -  4)V. 
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The appearance of a double electric layer in the detonation wave can also be regarded as the result 
of the formation of a distinctive "contact potential difference." The sharp change in conductivity behind the 

detonation wave-front [7] creates conditions close to those occuring at the boundary between a metal and 

a semiconductor (with electron eond.flctivity)o Estimates of U k in this case roughly coincide with those 
given above. However, this treatment reveals an effect which can be varied experimentally~ 

The ex te rna l  e lec t r i c  field affects  the dimensions and the r e s i s t ance  of the contact  l ayer .  If the ex-  
te rna l  e lec t r i c  field is in the direct ion f rom the l ayer  with the s m a l l e r  e l ec t r i ca l  conductivity to that with 
the l a rge r  e l ec t r i c a l  conductivity,  the th ickness  of the double l ayer  and its r e s i s t ance  inc rease .  If the 
ex te rna l  f ield is in the opposite direct ion,  the thickness  of the double layer  and its r e s i s t ance  dec rease .  
Thus,  it follows t, hat if the charge  }~ exploded in the direct ion of the e a r t h ' s  e l ec t r i c  field, the amplitude of 
the signal r e g i s t e r e d  should be somewhat  l a rge r  than for  an explosion in the opposite direction~ 

The authors  are  grateful  to Ya~ B. Ze l 'dovich  and Yu. P.  Ra izer  for  useful  d iscuss ions .  

LITERATURE C I T E D  

1. L. Mo Gorshunov,  Go PoKononenko ,andE.  I. Sirotinin, "Elec t romagnet ic  pe r tu rba t ions  in explos ions ,"  
ZhI~TF, 5--3, N o . 3 ,  9, 1967. 

2. W. Ho Andersen and C. L. Long, "Elec t romagnet ic  radia t ion f rom detonating solid exp los ives , "  J .  
Applo Phys .  3__6_6, No. 4, 1965. 

3. Ya. Bo Ze l 'dovich  and Yu. P. Ra izer ,  The Phys ics  of Shock Waves and H igh -Tempera tu r e  Hydrodyna-  
mic Phenomena  [in Russian] ,  Nauka, Moscow, 1966o 

4. Yao B. Zel 'dovich ,  "The emf  a r i s ing  f rom the propagat ion of a shock wave through a d ie lec t r i c , "  
Zh]~TF, 53._, No. 1, 7, 1967o 

5. Yao Bo Zel 'dovich ,  The Theory  of Shock Waves and an Introduction to Gas Dynamics [in Russian],  
Izd-vo AN SSSR, Moscow, 1946. 

6o Yao Bo Zel 'dovich  and Ao S. Kompanee ts ,  The Theory  of Detonation [in Russian],  Gostekhizdat ,  
Moscow, 1955. 

7~ A. Ao Brish ,  M. So Ta ra s ov ,  and V. A. Tsuke rman ,  "The e lec t r i c  conductivity of explosion products  of 
condensed exp los ives , "  Zht~TF, 377, No. 6, 12, 1959. 

8o Vo N. Zubarev ,  "The motion of explosion products  behind the f rom of a detonation wave,"  PMTF,  
6 ,  No. 2, 1965. 

9o V. Eo Brodski i  and S. E.  Zagik,  "The m e a s u r e m e n t  of the adherence  coeff icient  for  t he rma l i zed  
e l ec t rons  in oxygenmd a i r , "  Zh. Tekh. Fiz . ,  3__.66, No. 4, 1966. 

10. L . B .  Al ' t shu le r ,  "The applicat ion of shock waves in h igh -p re s su re  phys i c s , "  Ups. Fiz.  N., 8_5, 
No. 2, 1965. 

263 


