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The mechanical breakdown of transparent polymers that have absorbed millisecond laser radia- 
tion on inclusions present in the working material is considered. It is shown that the distribu- 
tion by dimension of absorbing particles in the polymer obeys a cubic law corresponding to the 
aerosol distribution in the atmosphere. The process by which an inclusion is heated by laser 
radiation and by which a gas cavity forms around it due to pyrolysis around the material is studied. 
A mechanism is proposed for light absorption based on carbon black formation from gas-phase 
hydrocarbons both in the breakdown zone and in the growing macrocrack. The use of macro- 
kinetic parameters of high-temperature pyrolysis for describing laser-induced mechanical 
breakdown yields satisfactory agreement between the experimental and calculated data. 

INTRODUCTION 

The zonal nature of laser-induced mechanical breakdown of transparent dielectrics is due to local light 
absorption associated with the presence of absorption centers in the raw materials [1-3]. Foreign particles 
contained in the material may constitute such centers. In particular it has been noted [4] that the presence of 
such inclusions as carbon black and metallic particles in transparent polymers is associated with the entrap- 

ment of atmospheric aerosols in the material in the course of industrial processes. The typical dimensions 
of the aerosol are about 10-5-10 -3 cm [5]. 

A model has been proposed [6] for the mechanical breakdown process of such transparent polymers as 
polymethyl methaerylate (PMMA) and polystryrene (PS) due to laser radiation in the visible and near-infrared 
ranges. This model described mechanical breakdown macrokinetics and takes into account the rupture time of 
the loaded material. The resulting dependence of the time at which mechanical breakdown begins, i.e., the for- 
mation of a macrocrack, on light flux q reasonably corresponds to the experimental dependence. It has been 
shown [2,7, 8] that the brittle failure process precedes the stage at which the gas cavity filled with polymer 
decomposition products forms about an absorption inclusion. The experimentally measured cavity tempera- 
ture is on the order of 2-3 �9 103~ [9] ; its rate of growth according to previous [2] data and averaged over the 
period of the effect of the threshold flux amounts to ~ 1 cm/sec, while the characteristic cavity dimensions are 
about 10-3-10 -2 cm [8]. 

The high temperature and growth rate of the cavity indicated intensive pyrolysis of the material accom- 
panied by heavy cracking of the decomposition products, since these products did not drain from the thermal 
effect zone. This is confirmed, for example, by the predominant hydrogen content in the gas fraction of the de- 
composition products, whose composition is determined by laser irradiation of PMMA powder [i0]. 

The current work is devoted to a study of the process by which a gas cavity forms in a polymer as well 
as to an investigation of the light absorption mechanism in a high-temperature breakdown zone and of the grow- 
ing crack. 
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1.  I n v e s t i g a t i o n  o f  t h e  A b s o r p t i o n  o f  L a s e r  

R a d i a t i o n  on  I n i t i a l  I n c l u s i o n s  

The zonal nature of l ase r - induced  breakdown of po lymers  implies that the formation of a c rack  is 
associa ted with the p resence  of an initial absorption center  at the given spot. The concentration of given 
par t ic les  on which a c rack  fo rms  as a given light flux acts  on the polymer  can be est imated from the final 
breakdown resul t  by identifying a c rack  and an inclusion in this way. 

Fo r  this purpose  the dependence of the concentrat ion of inclusions (cracks) on q was experimental ly 
determined.  Exper iments  were ca r r i ed  out on specimens made of PMMA irradiated by f reely  generated 
pulses.  

The laser  r ay  measured  2.5 cm in d iameter  and the volume V irradiated was varied by varying the 
thickness h of the specimens,  i.e., these two pa ramete r s  were  made proport ional  in the experiments (V~ h) 

Figure  1 depicts dependences of inclusion concentrat ion N on light flux q [sample thickness h as fol- 
lows: 4) h=0 .5 ;  3) h = l ;  2) h=5 ;  1) h=10 cm2]. 

A weak variat ion of N(q) at fluxes slightly exceeding the threshold value* q0 and its sharp increase  
with increas ing q is the mos t  cha rac te r i s t i c  p roper ty  of these dependences. This course  of N(q) can be 
qualitatively explained by the fact that breakdowns form on the finest inclusions with increasing light flux, 
and this de termines  a substantial  increase  in concentrat ion,  since the number of fine centers  is g rea te r  
than the number  of large centers .  The value of N increases  with decreas ing  sample thickness or dec reas -  
ing irradiated volume for given q. This is due to the fact that the relat ive screening of the cracks  in the 
case of a short  optical path of the light beam in the mater ia l  (thin specimens) is insignificantly small  in 
compar ison  with specimens  possess ing  a g rea t e r  length. 

To eliminate the influence of screening the curves were extrapolated to low V for fixed q and the de-  
pendence N/N0(q/q0), charac te r iz ing  the concentrat ion of inclusions on which cracks  form at given fluxes, 
was constructed.  Here No ~ 0.04 cm -3 was the experimental ly  determined concentrat ion of the " larges t"  
centers .  

The resul t ing  dependence is depicted in Fig. 2 and is described by an exponential function of the form 
N/N0,~ (q/q0) ~, while when q/q0~ 2, ~ =  3. An increase  in the rat io q/q0 leads to a sharper  increase  in N/N 0. 

In o rder  to simplify the analysis  of our data we will assume that the most  charac ter i s t ic  absorption 
inclusions, includIng metall ic and carbon black par t ic les ,  a re  spherical  and that their  distribution in the 
polymer  by dimension roughly cor responds  to the aeroso l  distribution in the surrounding air .  

Absorpt ion of light by such a par t ic le  will heat it, its maximal  t empera tu re  approaching a s tat ionary 
value. A s ta t ionary  t empera tu re  is established within t ime t c > r02/3a, where r0 is par t ic le  radius and a 
is the thermal -conduct iv i ty  coefficient of the polymer .  This coefficient can be estimated as a function of 
light flux using the equation [11] 

T =  %q (1.1) 
4nra K ' 

* The breakdown threshold is understood as the statistically reproducible minimal mean-pulse light flux q0 
inducing the formation of a single characteristic crack in the polymer. 
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where a0 is the absorption c ross  section of light by the par t ic les  and K is the thermal-conduct ivi ty  coef-  
ficient of the polymer .  The c ross  section a0 depends on the relat ion between radiation wavelength k and 
par t ic le  radius [12] : 

fS~ "~T 1 - - m  2 3 2~ro 
J-'E-. lmm--~--~--fm2r~ ~"~-< ' (1.2) 

U o | 
2 2~ro 

[(1 - -  Ro) ~r0 when T > 1. (1 .3)  

The var iables  m and ~ in Eqs. (1.2) and (1.3) are  the complex index of ref rac t ion of the part icle  sub- 
stance and the radiation wavelength in the medium, and R 0 is the mean reflection coefficient of the par t ic le  
substance. 

Equation (1.3) is valid beginning with r 0 > 10 -5 cm, i.e., for most  typical  inclusions. For  absorption 
par t ic les ,  the value of a0 corresponding to large inclusions is always g rea te r  than the value of a0 de ter -  
mined by Eq. (1.2) for fine centers .  

Equations (1.2), (1.3), and (1.1) imply that t empera tu re  reaches  a maximum on large par t ic les  at l e ss -  
er  light fluxes, so that a c rack  forms on the larges t  inclusions in the polymer  under the influence of a 
threshold flux q = q0~ 

Since the evaporation t empera tu re  of these types of inclusions T o is about 3-4 10a~ we may use Eqs. 
(1.1) and (1.3) to est imate the dimensions of the larges t  par t ic les  on which a threshold c rack  develops. 

We obtain r0 ~ 10-3 cm by substituting the value q0 ~ 2 �9 10 4 W/cm2 for  PMMA and taking into account 
the fact that ( l -R0)  ~ 1 for absorbing par t ic les .  The time within which tempera ture  becomes s tat ionary 
on this par t ic le  ts > 0.3 "10 -3 see, i.e., T attains its maximal  value T 0 at the end of the light pulse, which agrees 
with the t ime  at which a breakdown forms in the case of threshold fluxes. 

Equations (1.1) and (1.3) imply that the light flux q required for heating large inclusions to the evapo- 
r a t i on t empera tv re  is about 1 / r  0. Then, using the experimental  cubic dependence of the concentrat ion of 
such inclusions on light flux, we obtain 

11.4) \ ro /  

Equation (1.4) charac te r i zes  the distribution of large absorption centers  by dimension in the polymer.  

The l a rge - sca l e  branch of the distribution of a tmospher ic  aerosol  is described,  according to previous 
[5] data, by an exponential function of the form N ~ (l/r0) fl, where fi ~ 2-5 ; 5 = 3 for par t ic les  with r0 > 4 - 
10 -4 cm, which coincides with Eq. (1.4). 

Thus, the resul t ing correspondence  between aerosol  distribution and distribution of inclusions clarif ies 
the experimental  resul ts  and confirms the hypothesis regarding the way in which absorption centers  appear 
in po lymers  f rom an a tmospere .  
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2 .  H i g h - T e m p e r a t u r e  L a s e r - I n d u c e d  

P y r o l y s i s  o f  P o l y m e r s  

The absorption of radiation by par t ic les  leads to overheating of the surrounding polymer.  A solu-  
tion of the heat-conductivi ty equation in spher ica l  coordinates yields a tempera ture  distribution in the me-  
dium with r e spec t  to radius in the form [13] 

r = 2coo~ (ro + r) ,~b ( g - -  b)-~q~* ~ - -  (g - -  b ) -~  

2ro 4r 2 2 - ~  -'~" 2ro - -  (g -~ b)--l(I)* 

X 2 - ~  -~- (g 21- b ) - I  exp [ 2r ~ 4r~ J ~ -t- 2r ~ , (2ol) 

where @* (y)= e-~' dy is an e r r o r  function. 

A calculation was car r ied  out for a carbon black inclusion with typical dimension ro = 10 -4 cm in PMMA 
with the following values of the thermophys ica l  pa rame te r s  occurr ing in Eq. (2.1} ; C o = 0.72 J / g .  ~ par t ic le  
heat capaci ty;  P0 ~ 2 g / c m  2, par t ic le  density; C = 1.5 J / g .  ~ medium heat capacity;  b = ~ ,  g= 3C/C 0. 
A given carbon black par t ic le  attains its evaporation tempera ture ,  according to Eq. (3.1), for a flux q= 2 �9 
106 W/cm 2 within time t ~ 10 -6 sec.  The cha rac te r i s t i c  t ime for the heat to level off in an inclusion is about 
r02/ao, where a 0 = 1.6 cm2/sec is the thermal-conduct iv i ty  coefficient of the part icle and is much less than 
the t ime for heating to T o . The t empera tu re  distribution on an inclusion and in the polymer  is depicted in 
this case by Fig. 3. The ambient t empera ture  reaches  500~ at some distance from the part icle,  which c o r -  
responds to the s tar t  of evaporation of the polymer .  A gaseous monomer forms about an absorption center,  
since evaporation of PMMA and PS occurs  as a depolymerizat ion react ion until t empera tures  of about 1000~ 
[141. 

It should be noted that the solution (2.1) is approximate in this case ,  since it does not take into ac-  
count phase transi t ion in the medium. However, the latent evaporation heat for PMMA is low (Q ~ 540 J/g) 
and the variat ion of the phase state (part icularly at high temperatures)  does not substantially change the 
nature of the t empera tu re  distribution. The broken curve in Fig. 3 corresponds  to the approximate t empe r -  
ature distribution, taking into account formation of the gas phase at the front of the thermal  wave. 

Layers  of gas bounding an inclusion were heated to t empera tures  near the par t ic le  tempera ture .  This 
led to decomposition of the monomer  on finer hydrocarbon compounds. For  example, cracking of PMMA 
occurs  with the formation of methane, unsaturated hydrocarbons,  carbon monoxide, and carbon dioxide; such 
la rger  a romat ic  compounds as benzene and toluene are  charac te r i s t ica l ly  found in the gases in the case of 
PS [14]. We may approximately est imate the t ime within which the t empera tu re  in a cavity of charac te r i s t ic  
dimension r ~ 10 -s cm leveIs off by using experimental  data on the composit ion of the decomposit ion products 
of l a s e r - i r r ad i a td  PMMA [10]. A calculation of the predominance of hydrogen in the  gas mixture demon- 
s t ra tes  that this t ime is about r2/a *, where a*~ 0.6 cm2/sec is the thermal-conduct iv i ty  coefficient of the 
mixture,  amountingto about 2 �9 10 -6 sec.  

Consequently, the tempera ture  in the cavity levels off and reaches  about 2-3 �9 103~ within the period 
during which severa l  radiation beams act;  this value agrees  with the experimental ly measured  value [9]. 
High- tempera ture  pyrolys is  of PMMA and PS is charac ter ized  by immediate decomposition of the side 
branches  of the po lymer  molecule,  which are  then cracked to acetylene,  forming la rger  hydrocarbon f rac -  
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t i ons  a s  a r e s u l t  of a s e r i e s  of d e h y d r o g e n i z a t i o n  r e a c t i o n s  [14, 15]. Th i s  d e c o m p o s i t i o n  p roces s~  a c c o r d -  
ing to  s o m e  da ta  [16], o c c u r s  wi th  a c t i v a t i o n  e n e r g y  of 70-80 k c a l / m o l e ,  i . e . ,  c l o s e  to the  va lue  c o r r e s p o n d -  

ing to r u p t u r e  of the  C - C  bonds  (E0=83 k c a l / m o l e ) .  

i n t e n s i v e  c a r b o n  b l a c k  f o r m a t i o n  f r o m  g a s - p h a s e  h y d r o c a r b o n s  beg in s  a t  a c av i t y  t e m p e r a t u r e  of 
2000-3000~ The amoun t  of c a r b o n  b l a c k  ob ta ined  in the  c o u r s e  of the d e c o m p o s i t i o n  of s i m p l e  and a r o -  
m a t i c  h y d r o c a r b o n s  i n c r e a s e s  in the  l a t t e r  c a s e  by a f a c t o r  of s ix  to seven  [17]. Th is  c i r c u m s t a n c e  e x -  
p l a i n s  the  e x p e r i m e n t a l l y  o b s e r v e d  s i g n i f i c a n t l y  g r e a t e r  c a r b o n  b l a c k  f o r m a t i o n  f r o m  l a s e r - i n d u c e d  b r e a k -  
down of PS in c o m p a r i s o n  with  PMMA.  

As  we a l r e a d y  noted ,  PMMA c r a c k i n g  l e a d s  to the  f o r m a t i o n  of g a s e o u s  a c e t y l e n e  a s  a by~produc t .  
H i g h - t e m p e r a t u r e  a c e t y l e n e  d e c a y  ( a c c o r d i n g  to s o m e  da ta  [17]) into c a r b o n  and hydrogen  i s  a c c o m p a n i e d  
by the f o r m a t i o n  of s p h e r i c a l  c a r b o n  b l a c k  p a r t i c l e s  with mean  r a d i u s  ~ 5 �9 10 -6 cm.  The  p r o d u c t i o n  of a 
c a r b o n  b l a c k  p a r t i c l e  i s  c h a r a c t e r i z e d  by high a c t i v a t i o n  e n e r g y  and r a t e  of the p r o c e s s :  E a ~ 150 k c a l /  
m o l e  and u ~  2 �9 1018 s e c  -1 �9 c m  -3, r e s p e c t i v e l y .  E n l a r g e m e n t  of p a r t i c l e s  due to  c a r b o n  e n r i c h m e n t  as  they  

co l l i de  with the gas  m o l e c u l e s  is  a c c o m p a n i e d  by a r a t h e r  low a c t i v a t i o n  e n e r g y  in c o m p a r i s o n  with E a. 
Tha t  i s ,  e v e r y  c o l l i s i o n  event  l e a d s  to a h y d r o c a r b o n  d e c a y  r e a c t i o n .  

The  c o n c e n t r a t i o n  of c a r b o n  b l a c k  p a r t i c l e s  s h a r p l y  g r o w s ,  and t h e r a d i a n t  e n e r g y  inc iden t  on the 
b r e a k d o w n  zone is  c o m p l e t e l y  a b s o r b e d  wi thin  t he  c a v i t y .  

In fac t ,  the  e n e r g y  a b s o r b e d  by  a s i ng l e  p a r t i c l e  wi th in  t i m e  t is  g iven  by qa0t. S ince  4 / 3 ~ r 3 u i  p a r -  
t i c l e s  f o r m  wi th in  th i s  t i m e ,  w h e r e  r = 10 -3 cm is  the  c h a r a c t e r i s t i c  c a v i t y  r a d i u s ,  the  t o t a l  e n e r g y  a b s o r b e d  
in the  b r e a k d o w n  zone  is  d e t e r m i n e d  by E = 4 /37  r3ut2(~0q. We m a y  a p p r o x i m a t e l y  a s s u m e  tha t  the  l igh t  is  
t o t a l l y  a b s o r b e d  wi thin  the  c a v i t y  when the e n e r g y  inc iden t  on the  zone ~r2qt  ~ E o r  when 

4 -~  ~%rut ~ 1. (2.2) 

The  a b s o r p t i o n  c r o s s  s e c t i o n  a0 for  a c a r b o n  b l a c k  p a r t i c l e  of r a d i u s  5" 10 -6 c m  is  ~ 2 . 7 . 1 0  -1~ c m  2 as  
c a l c u l a t e d  u s i n g  Eq.  (1.2),  l e t t i ng  m = 2 . 5 - i  [18]. Subs t i tu t ion  of the c o r r e s p o n d i n g  v a l u e s  in Eq.  ( 2 . 2 ) d e m -  
o n s t r a t e s  tha t  t o t a l  a b s o r p t i o n  r a d i a t i o n  on c a r b o n  b l a c k  p a r t i c l e s  wi l l  o c c u r  wi th in  the  c a v i t y  in t ~ 5 �9 10 -5 
s e e .  

Thus ,  c a r b o n  b l a c k  f o r m a t i o n  d e t e r m i n e s  the  m e c h a n i s m  by which  l a s e r  r a d i a t i o n  is a b s o r b e d  in a 
b r e a k d o w n  zone ,  s i n c e  the  o t h e r  p o l y m e r  d e c o m p o s i t i o n  p r o d u c t s  a r e  t r a n s p a r e n t  wi th in  t h i s  r a n g e  of w a v e -  
l eng ths .  A c a r b o n  b l a c k  p a r t i c l e  of c h a r a c t e r i s t i c  d i m e n s i o n  5 "10 -6 c m  a t  a t e m p e r a t u r e  of  a t  l e a s t  2 - 3 .  
103~ wi l l  be hea ted  by r a d i a t i o n  to  the  e v a p o r a t i o n  t e m p e r a t u r e  wi th  f luxes  q ~ 4 �9 106 W / c m  2. The  h y d r o -  
c a r b o n  v a p o r  thus  f o r m e d  can  s e r v e  as  a s o u r c e  f o r  n u c l e i  of new c a r b o n  b l a c k  p a r t i c l e s .  The  g r o w t h  of a 
nuc l eus  i s  a c c o m p a n i e d  by  an i n c r e a s e  in l a s e r  r a d i a t i o n  a b s o r p t i o n  and is  l i m i t e d  by hea t ing  to the  e v a p o -  
r a t i o n t e m p e r a t u r e .  Consequen t ly ,  a d y n a m i c  p r o d u c t i o n ,  c o n s o l i d a t i o n ,  and e v a p o r a t i o n  p r o c e s s  of the  c a r -  
bon b l a c k  p a r t i c l e s  o c c u r s  in the  cav i t y .  We m a y  a s s u m e  tha t  a l l  the  e n e r g y  a b s o r b e d  by a p a r t i c l e  is  t r a n s -  
m i t t ed  to  the  c a v i t y  wa l l s  and d e t e r m i n e s  the  p y r o l y s i s  r a t e  for  a m e a n  hea t  r a t e  of about  2 �9 106 c m / s e c .  

W h e n e v e r  the  mot ion  of the d e c o m p o s i t i o n  f r o n t  i n t h e  p o l y m e r  is  d e t e r m i n e d  by the  t h e r m a l  c o n d u c -  
t i v i t y  of the  m e d i u m ,  we m a y  u s e  an equa t ion  ob ta ined  by  so lv ing  the  s t a t i o n a r y  t h e r m a l - c o n d u c t i v i t y  p r o b -  
l em f r o m  a mov ing  b o u n d a r y  on which  a c h e m i c a l  r e a c t i o n  o c c u r s ,  in o r d e r  to c a l c u l a t e  the  p y r o l y s i s  r a t e  
of PMMA [19]: 
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where k 0 ~ 1024 sec -1 is the react ion ra te  constant corresponding to h igh- tempera ture  pyrolysis  [6, 16], R 
is the universal  gas constant,  T = 2.5 �9 103~ is the mean experimental  cavity tempera ture ,  and E = E0+ E.a = 
233 kca l /mole  is the total activation energy. 

The pyrolysis  rate v ~ 0.4 c m / s e c ,  calculated using Eq. (2.3), also agrees  in o rder  of magnitude with 
the mean experimental  cavity growth ra te  with a threshold light flux. This resu l t  indicates that the m a c r o -  
kinetics of laser- induced decomposit ion is (basically) determined by two success ive  react ions:  decay of 
the polymer  molecule into hydrocarbon compounds as a resu l t  of the breaking of the C - C  bonds, and the 
format ion from the gas phase of carbon black part icles  ensuring absorption of light energy in the cavity. 

The pyrolys is  ra te  increases  at g r ea t e r  light fluxes and is determined by the equation v ~ q/4p(cT+ Q) 
in pass ing  to s ta t ionary evaporation,  without taking into account heat dissipation. A calculation using this 
equation within the range q ~ 106-107 W/cm 2 gave good agreement  with experimental  data [6]. Such a laser  
radiation absorption mechanism was real ized throughout the entire mechanical  breakdown process ,  i.e., 
at the stage of development not only of the h igh- tempera ture  zone, but of the c rack  itself. 

The moment at which the mater ia l  is wedged is determined by the p re s su re  of the decomposition prod-  
ucts in the gas cavity. An increase  in volume at the initial stage of formation of the c r ack  leads to a drop 
of the p re s su re  and of the motion of the gas and carbon black molecules toward its boundaries.  Carbon 
black par t ic les  whose concentrat ion is ra ther  high (~ 1015 cm -3) even at threshold fluxes (when colliding 
with the "cold" surface  of the crack) induced decomposit ion of the surrounding polymer.  This leads to the 
formation of new gas zones and a corresponding growth in p r e s s u r e  within the closed volume. 

A subsequent inc rease  in c rack  dimensions also occurs  as a resul t  of the p re s su re  and is discon- 
tinuous. Each discontinuity may be cor re la ted  to a Walner plane corresponding to the position of the crack 
boundary in front of thediseont inui ty .  The Walner bands lead to a charac te r i s t i c  wavy s t ructure  of the 
c rack  surface.  

Scattering and stopping of carbon black par t ic les  at the c rack  boundaries will lead to their  buildup 
on protrus ions  concentr ical ly  situated on the surface.  

Such a distribution of carbon black on the walls is observed microscopical ly ,  as depicted in Figs. 4a 
and b (buildup of carbon black par t ic les  on the Walner band on the c rack  and buildup of carbon black p a r -  
t ic les  at the c rack  boundary, respect ively) .  The most  intensive absorption of radiation and, consequently, 
decomposit ion of the po lymer  will occur along these annular zones. Separate c r a t e r s  measur ing 1-50 p 
observed on the c rack  surface  under sufficient magnification indicate that polymer  pyrolysis  occurs  at points 
at which carbon black par t ic les  collide with the c rack  walls. 

In conclusion, the authors wish to express  their appreciat ion to Yu. G. Ivanov for ass is tance  in the 
exper iments.  
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ELECTRIC STRENGTH OF SCATTERED 

DETONATION GASES 

P. I. Zubkov, L. A.Luk'yanchikov, 

and Yu. V. Ryabinin 

UDC 537.527 

INTRODUCTION 

One of the most important characteristics in schemes used for the formation of high-powerpulses of a 
given shape by means of condensed explosives [i] is the current density that can be attained in the detonation 
wave. Whenever the electrical conductivity is determined directly by the detonation process~ the maximal 

current density depends on the maximal electric field strength at which breakdown of the detonation gases no 

longer occurs, i.e., on their electric strength. This magnitude also determines the characteristics of safety 
detonators opelating at high inverse voltages [2]. Prediction of the parameters of detonators maintained at a 
high voltage requires knowledge of the electric strength of the detonation gases as a function of pressure. This 

is because the gaps formed as current is switched off are found under conditions characterized by nonstation- 
arily expanding explosion gases, as a result of which their electric strength is time-dependent as a function of 
pressure. The required parameters of safety detonators can be obtained from a joint solution of the gasdynamic 
scatter problems for detonation gases and the motion of current-carrying elements and of electric circuit equa- 
tions if the dependence of electric strength on pressure is known. In the current work, fundamental results are 
set forth from an experimental study of the electric strength of expanding detonation gases from bulk density 
PETN and Hexegen charges. 

The scheme of a safety detonator with a gap in which the electric strength of detonation gases was studied 
is depicted in Fig. i. The safety detonator consists of cylindrical steel electrodes 1 measuring 42 mm in di- 
ameter, lateral surface insulators of the electrodes 2, a plastic plug-type fuse 3 with explodingbridgewire 4, 
a resistance ring made of Plexiglas 5, and a bulk density explosive 6. The Plexiglas resistance range eliminates 
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