




PREFACE 

The 1963 Elec t r ic  I n i t i a t o r  Symposium was attended by 334 
people from 36 government agencies and 105 i n d u s t r i a l  organizations. 
This symposium was sponsored by Picatinny Arsenal under contract 
DA-36-034-501-ORD-3ll5RD, t o  bring together those concerned with 
development, research, manufacture, and ult imate end product of e l ec t r i c  
i n i t i a t o r s  . 

The qua l i ty  of t he  papers made the: meeting a successful  one, 
under the  care fu l  hands of t h e  several  chairmen. The papers with t h e i r  
discussions a r e  given i n  these  Proceedings; of t he  twenty-eight papers 
(paper No. 20 having been omitted) t h r ee  were presentedlby t i t l e  only," 
appearing i n  t h e  Proceedings, although not presented oral ly .  Four 
c l a s s i f i ed  papers a r e  bound separately so t h a t  t h e  unclass i f ied papers 
can be handled with grea te r  freedom. 

It would not be p rac t i ca l  t o  l is t  individual ly  a l l  those s t a f f  
members of The Franklin I n s t i t u t e  who contributed t o  organizing and 
arranging t h e  Symposium. M r .  E. E. Hannum, Manager of t he  Applied Physics 
Laboratory, was general  manager. Sharing respons ib i l i ty  f o r  program 
arrangement and execution of the  many d e t a i l s  of planning and running 
the  Symposium were Raymond G. Amicone and Gunther Cohn. 

For addi t ional  copies of these  Proceedings, the  request should 
be sent t o  Defense Documentation Center, Cameron Stat ion,  Alexandria, 
Virginia, 22314. Proceedings o f e a r l i e r  Symposiums ( a l l  c l a s s i f i ed  
confident ia l )  can be obtained from t h e  same source, a s  follows: 

1st Detonator Symposium, 1954 - AD-66 001 

2nd Elec t r ic  I n i t i a t o r  Symposium, 1957 - AD-153 579 

3rd E lec t r i c  I n i t i a t o r  Symposium, 1960 - AD-323 117 
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WELCOME 

Francis L. Jackson, Director 

Laboratories f o r  Research and Development of 

The Franklin I n s t i t u t e  

It i s  my pleasure t o  welcome you t o  The Franklin I n s t i t u t e  and 

t o  t h e  Fourth E lec t r i c  I n i t i a t o r  Symposium. Contributors t o  t h i s  

Symposium include t h e  Army, Navy, and A i r  Force a s  wel l  a s  t h e  National 

Aeronautics and Space Administration and many contractors  of each of 

these  departments. We a re  a l so  happy t o  have a representat ive of t h e  

United Kingdom on t h e  program. 

We a r e  pleased t h a t  t h e  Laboratories fo r  Research and Development 

of The Franklin I n s t i t u t e  have been chosen a s  a meeting place f o r  these  

very important sessions. The s t imulat ion of ideas  and t h e  exchange of 

information t h a t  w i l l  occur here and t h a t  w i l l  be recorded in proceedings 

t o  be d i s t r ibu ted  i n  t h e  near fu ture  w i l l  c e r t a in ly  advance t h e  s t a t e  

of t he  a r t  of e l e c t r i c  i n i t i a t o r s .  

You probably h o w  t h a t  The Franklin I n s t i t u t e  was founded in 

1824 and i s  a completely independent, not-for-profit corporation. It 

includes a memorial t o  Benjamin Franklin, a science museum, a technica l  

l i b ra ry ,  a computing center ,  and t h e  labora tor ies  f o r  research and 

development which I represent . 
The laboratory s t a f f  of approximately 330 s c i e n t i s t  and engineers 

i s  engaged i n  research and development i n  the  so l id  s t a t e  sciences, 

mechanical, nuclear,  and e l e c t r i c a l  engineering, chemistry, operations 

research, applied physics, astronomy, and aerospace. We w i l l  soon 

acquire a new laboratory building which w i l l  be erected jus t  across  t h e  

s t r e e t  from here. 

Our f a c i l i t i e s  here a r e  a t  your disposal.  I f  any of you des i re  

t o  visit t h e  labora tor ies  o r  i f  you have any problems, please contact 

Gunther Cohn, who i s  i n  charge of t h e  arrangements o r  c a l l  upon any 

member of t h e  Laboratories. 

We a r e  honored t o  have you with us and hope t h a t  you w i l l  enjoy 

your stay. 



OPENING REMARKS 

Col. Henry H.  Wishart, USA 
Commanding Officer ,  Picat inny Arsenal 

We a r e  gathered today f o r  t h i s  E l e c t r i c  I n i t i a t o r  Symposium 
which i s  t h e  four th  such meeting held.  A s  most of you know, these  
sess ions  have been held every t h r e e  years  and a re  sponsored by one of 
t h e  m i l i t a r y  services .  The Army has t h e  p r iv i l ege  of sponsoring t h e  
meeting t h i s  year. 

These symposiums a r e  held f o r  t h e  purpose of exchanging informa- 
t i o n  and s t imula t ing new ideas  r e l a t i v e  t o  improving t h e  r e l i a b i l i t y ,  t h e  
v e r s a t i l i t y ,  and t h e  e f f i c i e n c y  of electroexplosive devices.  I personally 
f e e l  t h a t  we do not emphasize s t rong ly  enough t h e  importance of these  
devices:  they a r e  t h e  s t a r t i n g  point  of a l l  explosive ac t ions .  

I look forward t o  today 's  meeting a s  I am sure  a l l  of you a r e .  
The presenta t ions  f o r  today and tomorrow promise t o  be of r e a l  i n t e r e s t .  
I th ink  t h a t  t h e  l i s t  of papers i s  impressive and I am sure  t h a t  t h e  
papers a r e  going t o  make our gathering here worthwhile. 

I n  closing,  I would l i k e  t o  express my personal  appreciat ion 
t o  t h e  people here at  Franklin who have worked hard t o  make t h e  next two 
days a success. 



SESSION I - New Developments 

ABSTRACTS 

1. Development of an EBW Propellant Ign i t i on  System Joseph Pelphry 
f o r  D a v  Crockett 

This paper descr ibes  t h e  e l e c t r i c  i n i t i a t i o n  system developed fo r  
ac t iva t ing  t h e  propel lant  chal-ge of t h e  Davy Crcckett. B r i e f ly  t h e  
system cons is t s  of a converter s tcrage-f i r ing un i t  and an exploding 
bridgewire primer i n i t i a t o r .  

2. The Delay aetonators  MK 84 MOD 0 and MK 85 MOD 0 R.  M. Hi l lyer  
F. V. Lowry 

The delay detonators MK $4 MOD 0 and MK 85 MOD 0,  which have nominal 
delay times of 8 and 14 milliseconds respect ively,  have been developed 
f o r  use i n  penetrat ion type warheads. These devices have a to le rance  
on functioning time of +_ 15% over t h e  temperature range of -65F t o  
+ 200F. Physical construction, production techniques, and explosive 
compositions used a r e  discussed. 

3. The Apollo Standard I n i t i a t o r  Wm. H. Simmons 

One hot wire e l e c t r i c  i n i t i a t o r  i s  used on a l l  pyrotechnic devices and 
system throughout t h e  Apollo spacecraf t .  The concept and appl ica t ions  
of t h e  standard i n i t i a t o r ,  general design considerations,  fool-proof 
and r e l i a b i l i t y  aspects  a r e  presented, together  with t h e  development 
program and t h e  requirements f o r  complete t r a c e a b i l i t y  and co l l ec t ion  
of f i r i n g  data.  A method of indexing t h e  e l e c t r i c a l  connector end 
a f t e r  manufacture of t h e  i n i t i a t o r  i s  discussed. 

4. Develo~ment and Functional Charac ter i s t ics  of t h e  R.  E. Be t t s  
XM-6 and XM-8 Squibs 

This paper discusses  t h e  development and func t iona l  cha rac t e r i s t i c s  of 
two A r m y  exploding bridgewire squibs - XM-6 and t h e  XM-8. These squibs 
o f f e r  extreme protect ion against  t h e  hazards of acc identa l  i n i t i a t i o n  by 
extraneous energy sources such a s  RF, e l e c t r o s t a t i c ,  o r  induced high 
current.  Presented a r e  squib design, performance and safe ty  cha rac t e r i s t i c s .  

5. E x ~ l o d i m  Bridgewire I n i t i a t i o n  of RDX With 50 R.  M. Hi l lyer  
Mi l l i j ou le s  R. H. Stresau 

RDX has been r e l i a b l y  i n i t i a t e d  with a s  l i t t l e  a s  50 mi l l i j ou le s  i n  an 
exploding bridgewire detonator. Attainment of t h i s  l e v e l  of s e n s i t i v i t y  
required the  optimization of such parameters a s  confinement, s t a t e  of 
aggregation of explosive, bridgewire dimensions, and c i r c u i t  design. 
Such optimization, i n  t u rn ,  required development of detonator fabr ica t ion  
techniques, explosive preparation and loading methods, and spec ia l ly  
constructed c i r c u i t  components. 



6. Cha rac t e r i s t i c s  of a Small I n sens i t i ve  PETN Donald Baker Moore 
E l e c t r i c  Detonator 

This paper d i scusses  t h e  development of an all-PETN detonator  designed t o  
contain  a l im i t ed  quant i ty  of explosive,  0.1 gram, and t o  be e l e c t r i c a l l y  
i n i t i a t e d  with  one joule ,  but  which must be immune t o  very s t rong microwave 
rad ia t ion .  

7. High Tem~era ture  Percussion Primers f o r  PAD Systems T. Stevenson 
T. Q. Ciccone 

Percussion primers a r e  under development t o  meet projected requirements 
f o r  p r o p e u a n t  ac tua ted  devices a t  operat ion temperatures a s  high a s  400°F. 
I n  addi t ion ,  t h e  new primers and t h e  more common standard types  of l ead  
styphnate percussion primers have been evaluated a t  se lec ted  temperatures 
between 200°F and 500°F. 



1. DEVELOPMENT OF AN EXPLODING BRIDGEWIFE PROPELLANT 
I G N I T I O N  SYSTEM FOR DAW CROCKETT 

Joseph G .  Pelphrey 

Picat inny Arsenal,  Dover, New Je r s ey  

The purpose of the study conducted was t o  provide a s a f e r ,  more 

r e l i a b l e  and l e s s  cumbersome propel lant  i gn i t i on  system for  the Davy 

Crockett type weapons. 

The present method of propel lant  i gn i t i on  for  the Davy Crockett 

type weapons u t i l i z e s  a mild detonating fuse. The ign i t i on  system 

cons i s t s  of a mechanical f i r i n g  device which i n i t i a t e s  an M47 Detonator. 

The detonator then i n i t i a t e s  an 80 foot  length Mild Detonating Fuse (MDF). 

The MDF i n i t i a t e s  a length of pyrocore which i g n i t e s  black powder causing 

the propel lant  t o  burn. 

The Mild Detonating Fuse System has some undesirable q u a l i t i e s  which 

should be eliminated. 

On the other  hand and Exploding Bridgewire (EBW) propel lant  i gn i t i on  

system would have several  s ign i f i can t  advantages: It would be sa fe r  

because i t  el iminates  the use of primary explosives.  The r e l i a b i l i t y  of 

t h i s  type i n i t i a t o r  i s  extremely high. The spec i f i c  conditions required 

f o r  the normal functioning of the EBW make accidental  i n i t i a t i o n  l e s s  

l i ke ly  and adds t o  the safe ty  of the system. 

In  view of the above, an EBW Propel lant  Ign i t i on  Sys tem f o r  the Davy 

Crockett Weapon was proposed. 

Development of a su i t ab l e  EBW Propellant Igni t ion  Sys tem involved 



two major phases. One was the development of the detonator and the 

other was the development of a power supply. The problem of the power 

supply is basically one of designing an exceptionally small and light- 

weight power pack capable of sufficient output to initiate an EBW. 

The development of the detonator involved primarily design of 

certain critical areas in the internal configuration and making the 

external configuration compatible with the existing Davy Crockett System. 

The development of a power supply would necessarily involve two 

units. One would be a small power pack. Design requirements were 

established that the power pack deliver four to six volts. The second 

unit would be a converter-transformer capable of building up the low 

voltage to approximately 2200 volts and discharging into an exploding 

bridgewire initiator. 

A satisfactory power source was developed which consisted of four 

"D" size, flashlight type batteries. These batteries were connected in 

series in a moisture proof aluminum box approximately 3" x 3" x 4". The 

box is equipped with a moisture proof push button switch and an output 

connector. (This slide gives a view of the top of the battery box). 

The development of a converter-transformer consisted essentially of 

fabricating in a small package, the necessary electronic equipment to 

transform, store and discharge an electric pulse of sufficient magnitude 

to explode the bridgewire. An important component of this electronic 

package was the spark gap tube. A number of spark gap tubes, each of 

which was used as a switch to discharge the capacitor, was tested by 



sabjecting to discharge at the rate of one discharge per 1% seconds for 

approximately 1000 times. The breakdown voltage was recorded on a brush 

recorder. In preliminary tests conducted the average discharge voltage 

was inconsistant, running considerably lower than the spark gap tubes 

were rated. After several unsuccessful attempts, however, a spark gap 

tube was obtained which recorded an average discharge voltage of 2200 

with all discharges being within 200 volts of the average. This type 

tube was installed in the converter-transformer, 

Several converter-transformer units were procured from General 

Laboratory Associates. These units were subjected to environmental and 

vibration tests. The converter-transformer unit was subjected to 

accelerations of around 20 g's at 500 and 400 cycles per second for 

approximately 10 minutes at each frequency. After the vibration tests 

were completed, the converter-transformer unit was satisfactorily run 

for about 1000 pulses. The converter-transformer also functioned satis- 

factorily at temperatures of -40°F and +125'F. However, at -40°F, the 

unit ran about 20 pulses and then shut off. The pulse rate was noticeably 

slower than when the unit was warm, but it was quite evident that the 

unit would operate an exploding bridgewire at -40'~. The converter-trans- 

former was run for 1068 pulses after 48 hours storage at 125'~. The 

pulse repetition rate was 5.85 pulses per second. The test results were 

considered entirely satisfactory. This is a schematic wiring diagram of 

the CT unit. 

The development of a detonator was the other major phase in producing 



an Exploding Bridgewire Propellant Igni t ion  System for  the Davy Crockett 

type weapons. The detonator assembly cons is t s  of an exploding bridgewire 

plug assembled t o  a detonator case which i n  turn  i s  assembled t o  a primer 

holder. The primer holder holds a mild end primer assembled t o  a pyro- 

core cord. This shows the EBW plug and the metal pa r t s  of the  detonator 

and the  pa r t s  assembled. The pyrocore cord extends in to  the black pow- 

der charge. The black powder i s  igni ted by the pyrocore which i n  turn 

causes the propel lant  t o  burn. The propel lant  supplies the force 

necessary t o  de l ive r  the p ro jec t i l e  t o  i t s  ta rge t .  

The detonator assembly i s  connected t o  the converter-transformer by 

a 10% foot  two-conductor cable. The cable conducts the high voltage 

pulse t o  the exploding bridgewire detonator i n  the  gun. (Show s l ide )  

This s l i d e  shows the detonator assembled t o  the 10% foot cable with 

connector on the  other end t o  the converter-transf ormer. The converter- 

transformer i s  energized by the power supply through an 80 foot  two- 

conductor cable. 

Based on previous experience a charge of 106-2 milligrams of PETN 

was used t o  give a desired densi ty of .948 t o  .907 gm/cc i n  the detonator.  

Using t h i s  design, Voltage Sens i t i v i ty  Tests were conducted with 

d i f f e r e n t  s i ze  capaci tors  t o  f i r e  the detonator. The average a l l - f i r e  

voltage using a 1 microfarad capaci tor  was about 620 v o l t s ,  and the 

average no-fire voltage was 600 vo l t s .  Twenty-five detonators were tested.  

A second group of 25 detonators were tes ted  using a 0.375 microfarad 

capacitor.  The average voltage of the a l l - f i r e  items was 968. From these 



t e s t s  it was concluded t h a t  a 0.375 microfarad capaci tor  was sa t i s f ac to ry  

and would be incorporated i n  the system. 

Voltage s e n s i t i v i t y  t e s t s  were conducted t o  compare the s e n s i t i v i t y  

of a bridgewire mater ia l  i den t i f i ed  a s  Secon Alloy # 443, with a 99.9% 

pure gold bridgewire. These t e s t s  showed no s ign i f i can t  difference i n  

s e n s i t i v i t y  between the two bridgewires. The average a l l - f  i r e  voltage 

was 945 v o l t s  with the Secon # 443 wire,  and 960 vo l t s  when the gold wire 

was used. 

Using the f i r i n g  u n i t  already described r e l i a b i l i t y  t e s t s  were con- 

ducted a t  ambient temperature on 178 detonators.  There was one f a i l u r e ,  

but  it was determined t h a t  t h i s  was due t o  wire damage. The detonator 

end of the 2-conductor cable  carrying the high voltage e l e c t r i c  pulse t o  

the detonator was exposed t o  the detonator explosions f o r  a good many 

f i r i n g s .  This destroyed the insu la t ion  and caused a sho r t  c i r c u i t .  Again, 

when 156 detonators were conditfoned a t  - 4 0 ' ~  and f i r ed , the re  was one 

f a i l u r e .  This f a i l u r e  was a l so  a t t r i b u t e d  t o  a damaged wire r e su l t i ng  i n  

a sho r t  c i r c u i t .  

Transportation-Vibration Tests were conducted using 25 detonators ,  

according t o  MIL-Std 303. A l l  25 detonators f i r e d  when energized by the 

f i r i n g  un i t .  

A no-fire t e s t  was conducted on 25 items by subject ing each detonator 

t o  a current  of 2.5 amperes fo r  a 21ninute pulse. None of the detonators 

f i r e d  o r  dudded. 

To fu r the r  t e s t  the r e l i a b i l i t y  of our Battery-Converter f i r i n g  u n i t  



t h e  maximum t o l e r a b l e  l i n e  r e s i s t a n c e  was determined. A f t e r  condi t ioning 

a t  -40°F f o r  24 hours t h e  maximum r e s i s t a n c e  a t  which t h e  conver te r  would 

func t ion  was approximately 1.5 ohms. Then, r e s i s t a n c e  t e s t s  conducted on 

80 f o o t  l eng ths  of 2-conductor wire  ind ica ted  t h a t  t h e  wire  must n o t  be 

smal ler  than  18 gauge. Eightyfoot  of 18 gauge 2-conductor wire  gave a 

l i n e  r e s i s t a n c e  of 1.02 ohms. This i s  approximately .50 ohm under t h e  

maximum r e s i s t a n c e  a t  which t h e  conver te r  o p e r a t e s ,  and should a s s u r e  

r e l i a b l e  func t ion ing  of t h e  conver te r .  However, t o  provide even higher 

funct ioning r e l i a b i l i t y  16 gauge wi re  was used. A 2-conductor c a b l e  

e s p e c i a l l y  made f o r  extremely cold c l imates  was procured from Hatf i e l d  

Wire and Cable Company, H i l l s i d e ,  New J e r s e y ,  and proved s a t i s f a c t o r y  

when t e s t e d  a t  -40°F. 

About 30 de tona tors  were assembled, 15 each,  wi th  XM77 and XM92 

p r o p e l l a n t  charges.  They were packaged, and shipped t o  t h e  Aberdeen 

Proving Ground, Aberdeen, Maryland t o  be t e s t e d  f o r  t h e  XM28 and XM29 

weapon systems. 

Eight  charges were f i r e d  from each system, h a l f  of which were tempera- 

t u r e  condi t ioned a t  -40°F and h a l f  a t  +125OF. A l l  of t h e  f i r i n g s  were 

conducted wi th  both  systems emplaced on t h e  ground us ing  a gun e l e v a t i o n  

of 45 degrees.  The conver te r  was placed on t h e  ground and located 

approximately seven f e e t  t o  t h e  s i d e  of t h e  weapons, and approximately one 

f o o t  i n  f r o n t  of t h e  muzzle f o r  a l l  rounds f i r e d .  The average ambient 

temperature was approximately 50°F throughout t h e  t e s t i n g  period.  A l l  

components funct ioned s a t i s f a c t o r i l y  dur ing t h i s  t e s t .  



A s  a  r e s u l t  of t e s t s  conducted it i s  concluded t h a t  an Exploding 

Bridgewire I n i t i a t o r  i s  a  s a f e ,  r e l i a b l e  and convenient way t o  i n i t i a t e  

the Davy Crockett Propel lant  Charge. 

The system has not found appl ica t ion  because of ob jec t ion  t o  the 

ba t te ry  type power supply. Work i s  continuing t o  e l iminate  b a t t e r i e s  

a s  the basic  power supply. The development demonstrates the appl ica t ion  

of t he  EBW i n  prope l lan t  i n i t i a t i o n  f o r  Davy Crockett  type weapons and 

might possibly be appl icable  t o  improve r e l i a b i l i t y  and sa fe ty  i n  other  

a r t i l l e r y  pieces.  

I 

Figure 1 Figure 2 

A -  - 
Figure 3 



COMPAFLATIVE VOLTAGE SENSITIVITY BRIDGEWIRES OF 
SECON ALLOY #433 AND OF GOLD, 99.9% PURE 

All-Fire Voltage 

Secon 

945 

No-Fir e Voltage 93 6 

50% F i r e  Voltage 940 

Figure 6 

Figure 4 

Figure 5 

Gold - 
960 
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2.  THE DELAY DETONATORS MK 84 MOD 0 AND MK 85 MOD 0 

R .  M.  H i l l y e r  

F .  V .  Lowry 

Naval Ordnance Laboratory,  Corona 

INTRODUCTION - 
The BULLPUP M i s s i l e  System allows t h e  launzhing p i l o t  t h e  s e l e c t i o n  

of t h r e e  warhead f i r i n g  modes. Depending upon t h e  type of t a r g e t ,  he may 

s e l e c t  ins tantaneous  f i r i n g  o r  one of two de lays .  Such delays  a r e  e f f e c -  

t i v e  i n  op t imiza t ion  of warhead e f f e c t i v e n e s s  a g a i n s t  va r ious  t a r g e t s .  

Pre l iminary  des ign  s t u d i e s  i n d i c a t e d  t h a t  a  pyrotechnic  delay system 

would be l e s s  expensive and more r e l i a b l e  than e l e c t r o n i c  delay systems,  

p a r t i c u l a r l y  i n  view of t h e  extreme shock environments of warhead pene- 

t r a t i o n  of such t a r g e t s  as  one inch armor o r  twelve inch concre te .  

The requirement f o r  pyrotechnic  delays  i n  BULLPUP has been s a t i s f i e d  

t o  d a t e  wi th  t h e  delay de tona to r s  Mk 73 Mod 0  and Mk 74 Mod 0 ,  which have 

de lays  of 6 . 5  and 12 .5  mi l l i seconds  r e s p e c t i v e l y .  Tnese de tona to r s  have 

performed s a t i s f a c t o r i l y  but  have s e v e r a l  shortcomings inc lud ing  (1)  '20% 

t o l e r a n c e  on de lay  t imes ,  (2) a  tendency f o r  delay times t o  grow longer  

wi th  s t o r a g e ,  and ( 3 )  d i f f i c u l t y  i n  assembly. 

Accordingly,  the  de lay  de tona to r s  Mk 84 Mod 0  and Mk 85 Mod 0  have 

been developed, through r e f e r e n c e  ( a ) ,  a s  replacements f o r  t h e  Mk 73 

Mod 0 and Mk 74 Mod 0 .  The delay t imes have been ad jus ted  t o  8 ms and 

14 ms t o  opt imize  warhead e f f e c t i v e n e s s  i n  t h e  more advanced BULLPUP B 

M i s s i l e .  



DISCUSSION 

The Delay Detonators Mk 84 Mod 0 and W! 85 Mod 0 are identical with 

the exception of the composition and length of the delay charge. Table 

I gives the pertinent characteristics of these devices. Figure 1 is 

representative of both detonators. 

Physical Construction 

The basic design is hermetically sealed through a resistance weld 

at the flange. The flange wa.s incorpora.ted to improve the weldability 

in and to provide a mounting area for the detonator. The 

herinetic seal is required to .minta.in tolerance on the delay times as 

the burning rate of the delay coxposition is sensitive to moisture content. 

Previous detonators using this delay composition have depended upon an 

epoxy seal. A trend of increasing delay time with storage was noted. 

This has been attributed to the influx of small quantities of moisture. 

In addition the burning rate of the delay composition is so:nswl~at sensi- 

tive to back pressure. Maintenance of a hermetic seal during burning 

gives a control of pressure. A pinhole leak will release the back pressure 

and allow 50% to 100% increases in the delay time. 

The interior of the detonator is designed so as to prevent bypass 

around the delay charge. Interference fits between the Retainer and the 

Eyelet and between the Retainer and the Delay Charge Carrier confine all 

flame and products of combustion until th? delay composition has been con- 

s umed . 
A baffle and a wire mesh screen are included to assure that the delay 

charge is ignited non-violently and uniformly. 



Explosive Charges 

Table I1 lists the varioas explosive charge materials, quantities, 

and consolidation pressures. The intermediate and base charges are 

adjusted to give the same explosive output as the Mk 71 detonator. The 

igniter charge has been adjusted to reliably initiate the delay charge 

without bursting the case. Basic lead styphnate (milled to approximately 

5 microns) was chosen to attain the desired bridge sensitivity yet with- 

stand the upper temperature of 200°F. These charges are rather standard 

and require no further explanation. 

The delay composition has been adjusted to the optimum for each delay 

time in this configuration. Fine adjustment - for each lot of delay 

composition - is attained by adjusting column height. 

As mentioned previously the burning rate of the delay composition is 

sensitive to moisture content. Special precautions during manufacture are 

imperative to control moisture content of the explosives. The moisture 

content of all charges must be controlled to avoid migration of moisture 

from one charge to another after closure of the detonator. Moisture 

contents are limited to 0.1% by weight for all powders. In addition sub- 

assemblies are oven dried prior to closure. 

The delay composition is also sensitive to vibration prior to consoli- 

dation. Vibration will cause the molybdenum to separate from the potassium 

perchlorate. It is therefore important that the bulk delay charge be 

isolated from sources of vibration during storage and that no vibrational 

loading aids be used in loading the delay charge. 



Evaluation --- 
The design has undergone a formal laboratory evaluation; the results 

are reported as references (b) and (c). This evaluation demonstrated the 

ability of the design to satisfy the requirements specified in Table I 

and the requirements of the following environmental tests: 

MIL-STD- 300 

MIL-STD-301 

MIL-STD-302 

MIL- STD- 304 

Special Test 

Jolt Test for Use in the Development of Fuzes 

Jumble Test for Use in the Development of Fuzes 

Forty (40) Foot Drop Test for Use in the Development 

of Fuzes 

Transportation Vibration Test for Use in the Develop- 

ment of Fuzes 

Temperature and Humidity Test for Use in the Develop- 

ment of Fuzes 

Aircraft and Missile Vibration Test for the BULLPUP 

Missile System 

SUMMARY 

The Delay Detonators Mk 84 Mod 0 and Mk 85 Hod 0, having nominal delay 

times of 8 milliseconds and 14 milliseconds respectively with a tolerance 

of 215% over the temperature range, have been developed for use in the 

BULLPUP Guided Missile. These devices have initiation characteristics 

and explosive output similar to the Electric Detonator Mk 71 Mod 0. The 

development has been completed and the devices have been released to 

production. In the near future they will be characterized by the Franklin 

Institute, the resulting data to be included in the Electric Initiator 

Handbook. 
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TABLE I 

CHARACTERISTICS OF DELAY DETONATORS MK 84 MOD 0 AND MK 85 MOD 0 

Size (inch) 790 x 193 dia 

Bridge Resistance (ohms) 5 to 7 

Insulation Resistance (megohms at 325 vdc) 5 0 

Explosive output (dent in 1018 steel with detonator 9 min 
confined in polystyrene-mils) 12.5 nin ave 

Delay Time - milliseconds f15% (tolerance 
applies over temperature 
range of -65°F to +160°F) 

"All Fire" Pulse 1 ufd at 35.5 V 

"No Fire" Pulse 1 ufd at 18 V 

Applicable Specification NAVWEPS WS 1639 

TABLE 11 

EWLOSIVE CHARGES USED IN THE DELAY DETONATORS MK 84 MOD 0 AND MK 85 MOD 0 

Name - Material 
Quantity Consolidation 

(mg) Pressure - (psi) 

Flash Charge Basic Lead Styphnate 1.5 4,600 

Igniter Charge 20/80 Zirconium/Lead 
Dioxide 

Intermediate Lead Azide 
Charge 

Basic Charge RDX 50 12,000 

Delay Charge 
Mk 84 78/22 ~olybdenum/Potassium JC 60,000 

Perchlorate 

Mk 85 68/32 Molybdenum/Potassium * 
Perchlorate 

*Adjusted to obtain desired delay time. 

For Discussion Refer to Classified Supplement 



3 .  THE APOLLO STANDARD INITIATOR 

William H .  Simmons 

Apollo Spacecraft  Project  Office 
NASA Manned Spacecraft  Center 

CONCEPT DEVELOPMENT 

Pyrotechnic devices and systems have been se lec ted  t o  p e r f o m  maw of t h e  

most c r i t i c a l  f'unctions i n  t h e  Apollo spacecraf t  system because of t h e i r  

h igh power-to-weight r a t i o ,  t h e i r  small s i z e  and t h e i r  high r e l i a b i l i t y .  

These f a c t o r s  combine t o  permit t h e  achievement of t h e  extremely high 

r e l i a b i l i t y  apportioned t o  t h e  f l i g h t  s a f e t y  functions.  

The philosophy adapted f o r  t h e  Apollo spacecraft  i s  t h a t  the  crew s h a l l  

have t h e  capab i l i ty  o f  abor t  during any phase of t h e  f l i g h t  mission. Since 

t h e  electro-explosive i n i t i a t o r  i s  t h e  h e a r t ,  and probably the  most c r i t i c a l  

component of any e l e c t r i c a l l y  actuated pyrotechnic system, t h e  r e l i a b i l i t y  

apportioned t o  t h e  i n i t i a t o r  has been es tab l i shed  a t  99.9 percent wi th  a 

confidence l e v e l  of 90 percent.  To demonstrate t h i s  r e l i a b i l i t y  f o r  any 

i n i t i a t o r  requ i res  2,303 f i r i n g s  without f a i l u r e .  

Obviously, i f  a number of "makes and models" were used i n  t h e  spacecraf t ,  

t h e  r e l i a b i l i t y  demonstration of a l l  o f  them would be p roh ib i t ive  from t h e  

standpoints o f  both  time and cost .  I f ,  on t h e  o ther  hand, a s i n g l e  i n i t i a -  

t o r  could be used, t h i s  demonstration could be  more e a s i l y  a t t a ined .  By 

e a r l y  1964, over 4,000 i n i t i a t o r s  w i l l  have been f i r e d  i n  t h e  Apollo program. 



A t  the  time the  Standard I n i t i a t o r  concept was or ig ina l ly  es tabl ished for  

Project  Apollo, it was desired t o  obtain a s ing le  device capable of per- 

forming three bas ic  functions,  namely, (1) i n i t i a t e  propellent charges, 

(2)  i n i t i a t e  high explosive charges, and (3) operate d i r e c t l y  small hot- 

gas-operated devices. It soon became apparent t h a t  while such a device might 

be within the  s t a t e  of the  a r t ,  t he  time and cost  of development were la rge ly  

indeterminate. It was therefore  necessary t o  modify the  or ig ina l  concept and 

t o  use a conversion module fo r  the detonation of high explosives. The Apollo 

spacecraft ,  therefore ,  uses a standard i n i t i a t o r  which, by i t s e l f ,  performs 

two of t h e  desired functions and i s  assembled i n t o  a standard detonator car- 

t r i dge  (Figure 1) t o  perform the  t h i r d  function. 

A s  an independent pressure car t r idge t h e  i n i t i a t o r  d i r ec t l y  operates a few 

small devices such a s  explosive switches i n  the e l e c t r i c a l  power d i s t r ibu-  

t i o n  system and explosive valves i n  t h e  command module react ion control  

system. The appl icat ions a r e  r e l a t i ve ly  few however, and f o r  most appl i -  

cations i n  the  spacecraft  the  i n i t i a t o r  i s  factory assembled (welded) i n to  

a family of  general and spec ia l  purpose car t r idges (Figure 2) .  

Pressure Cartridges ( spec ia l  Purpose ) 

For appl icat ions where a high pressure and/or a la rge  volume of  high pres- 

sure propellent gas i s  required, the  standard i n i t i a t o r  i s  assembled (welded) 

i n t o  appropriately s ized pressure car t r idges.  A t  present,  th ree  such car t r idges 



a re  required: 

Type I: Drogue parachute mortar 

Type 11: Main parachute p i l o t  mortar 

Type 111: Forward heat shield separation system (a t h rus t e r  system). 

The output of these th ree  car t r idges ranges up t o  18,000 p s i  i n  a 10  cc 

volume. 

Ign i t e r  Cartridge (General Purpose ) 

This car t r idge converts the output of the i n i t i a t o r  t o  one su i tab le  f o r  

i gn i t i on  of pyrogen un i t s  and p e l l e t  baskets of  rocket motors. The output 

of t h i s  car t r idge i s  600 ca lor ies  (minimum) and 2,100 ps i  i n  a 10 cc volume. 

The car t r idge replaces t he  or ig ina l ly  used EBW i n i t i a t o r s  t o  i g n i t e  t he  

three rocket motors i n  the launch escape system. The physical dimensions 

o f  t he  car t r idge were selected t o  r e t r o f i t  d i r ec t l y  i n t o  ex is t ing  rocket 

hardware. I n  the conversion from EBW t o  hot-wire i gn i t i on  there  has been 

no discernable change i n  t h e  motor ign i t ion  charac te r i s t ics .  

Detonator Cartridge (General Purpose ) 

This car t r idge converts the  i n i t i a t o r  output t o  one having charac te r i s t ics  

m i t a b l e  fo r  r e l i a b l e  detonation of high explosive charges. Like the ini t i-  

a t o r ,  the  detonator car t r idge i s  both field-assembled i n t o  explosive systems 

and factory-assembled (welded) i n t o  specialized car t r idges.  A s  an independent 

u n i t  the  detonator car t r idge i s  used with various l i n e a r  shaped charge systems 

such a s  t h a t  used f o r  separating the service module from the  adapter a f t e r  

inser t ion  of the  spacecraft  i n t o  trans-lunar t ra jec tory .  The detonator, 



welded i n t o  specialized car tr idges,  i s  used fo r  such applications as  the 

launch escape tower separation bo l t .  

Overall Usage i n  the  Spacecraft. 

Figure 3 shows the presently defined applications of the i n i t i a t o r  and the 

ini t ia tor-based cartridges.  These applications do not include any of those 

for  the Lunar Excursion Module (LEM) since these have not ye t  been defined, 

however,all pyrotechnic functions i n  the  LEM w i l l  be i n i t i a t e d  by the Apollo 

Standard I n i t i a t o r .  Based on the experience of Projects  Mercury and Gemini 

i t  appears very l i k e l y  t h a t  the  t o t a l  number of i n i t i a t o r s  shown i n  Figure 3 

w i l l  a t  l e a s t  double during the course of development of the Apollo space- 

c r a f t  system. 

GENERAL DESIGN CONSIDERATIONS 

Size and Weight 

As fo r  a l l  spacecraft  devices, the s i ze  and weight of the i n i t i a t o r  a r e  

extremely important. By i t s e l f  the weight of the i n i t i a t o r  i s  almost in -  

s ign i f icant ,  however, the aggregate weight of a l l  i n i t i a t o r s  carr ied i n  the 

spacecraft  can be important. Every Apollo component i s  careful ly  analyzed 

t o  determine i f  even ounces can be eliminated, fo r  1 pound added t o  the  

spacecraft ,  requires carrying an addi t ional  1.37 pounds of propellant fo r  

t he  spacecraft  propulsion system. The s ize  of the  i n i t i a t o r  i s  a l so  c r i t i -  

cal ;  where it i s  not pract icable  o r  possible t o  provide redundant pyrotechnic 

devices the next bes t  approach i s  t o  provide redundant i n i t i a t o r s  on each 



device. I f  t h e  s i z e  of t h e  i n i t i a t o r  i s  not s u f f i c i e n t l y  small then t h e  

device may have t o  be enlarged. 

Bridgewire Iiedundancy 

Based on t h e  experience o f  Pro jec t  Mercury it i s  very probable t h a t  addi-  

t i o n a l  pyrotechnic funct ions  w i l l  be added and the  l o c a t i o n  and configura- 

t i o n  of now defined devices w i l l  be a l t e r e d  during t h e  course of Pro jec t  

Apollo. It may become necessary t o  provide f o r  contingencies wherein only 

a s i n g l e  i n i t i a t o r  can be used i n  a device and where redundancy of devices 

i s  impossible. I n  such ins tances  t h e  redundancy of t h e  electro-explosive 

i n t e r f a c e  i n  t h e  i n i t i a t o r  i s  e s s e n t i a l ,  even though it would requ i re  

rou t ing  of t h e  f i r i n g  l eads  from both  power sources through a s i n g l e  i n i t i -  

a t o r  connector. To provide f o r  such contingencies,  a dual  bridgewire system 

(four  p i n s )  was se lec ted  f o r  t h e  Standard I n i t i a t o r .  

Environmental Conditions 

The environmental condit ions experienced by t h e  i n i t i a t o r s  i n  t h e  spacecraf t  

w i l l  vary according t o  t h e i r  loca t ion  and t h e  degree of p ro tec t ion  afforded 

by t h e  spacecraf t  s t r u c t u r e .  No s p e c i f i c  degree of p ro tec t ion  can be a s -  

sumed s ince  a l l  loca t ions  o f  t h e  i n i t i a t o r  a r e  not y e t  defined.  It i s  there-  

fo re  imperative t o  e s t a b l i s h  "worst conditions" a s  t h e  environmental require-  

ments. The environments se lec ted  a s  t h e  operat ing,  o r  mission, environments 

f o r  t h e  i n i t i a t o r  a r e ,  e s s e n t i a l l y ,  those a n t i c i p a t e d  f o r  equipment mounted 

on the  ex te rna l  su r face  o f  a l u n a r  mission spacecraf t  wi th  minimum spec ia l  

p ro tec t ion .  The more r igorous  environments a r e  ou t l ined  i n  Figure 4. 



Naturally,  t he  device must a l s o  meet t h e  normal environmental requirements 

and those assoc ia ted  with s torage,  handling, and shipping. 

Fool-proof ing  

An extremely important consideration i n  t h e  design of i n i t i a t o r s ,  i n  f a c t  

i n  t he  design of a l l  pyrotechnic devices,  i s  the  prevention of mis insta l -  

l a t i o n  of t h e  device and misconnection of f i r i n g  leads .  This problem f r e -  

quently receives  a l l  too  l i t t l e  consideration i n  t h e  design of devices and 

systems. It must be assumed t h a t ' i f  it i s  physical ly  possible  t o  i n s t a l l  

t h e  device i n  the  wrong place,  o r  t o  connect t h e  wrong f i r i n g  leads ,  some- 

where o r  sometime this w i l l  be done. 

A s  a r e s u l t  of previous spacecraf t  experience t he  Apollo philosophy i s  t o  

design every pyrotechnic device and system so  t h a t  a person with  very lit- 

t l e  t r a i n i n g  can i n s t a l l  t h e  devices properly (while wearing mit tens ,  i f  

poss ib le )  and, a l so ,  t o  design it so t h a t  he cannot i n s t a l l  it elsewhere 

or  connect t h e  wrong f i r i n g  leads.  

Note (Figure 2)  t h a t  t he  output ends o f  a l l  threaded devices d i f f e r  i n  

s i z e  and thread with one exception, t h a t  of the  detonator and i g n i t e r  car-  

t r idge .  This s i t u a t i o n  was unintent ional  and i s  being corrected.  Since 

t h i s  example i l l u s t r a t e s  a dangerous t r a p  f o r  t h e  unwary, an explanation 

i s  appropriate.  A t  f i r s t ,  each systems design group had r e spons ib i l i t y  

f o r  procuring t he  pyrotechnic devices t o  be used i n  i t s  systems; under these  

circumstances, t he  coordination and configuration con t ro l  of t h e  pyrotechnics 

was very d i f f i c u l t .  The propulsion group procured EBW i n i t i a t o r s  f o r  t h e  



motors i n  the  launch system and the  mechanical devices group procured the  

detonators fo r  separation systems - and both groups specif ied 9/16-18UNF 

threads. When motor ign i t ion  was changed t o  hot-wire it was desired for  

the  new i g n i t e r  car t r idge t o  r e t r o f i t  ex is t ing  rocket motor hardware i n  

order t o  prevent delay of t he  motor f i r i n g  program. When it was discovered 

t h a t  the two devices were interchangeable it was decided t h a t  t he  points of 

i n s t a l l a t i o n  of the i g n i t e r  and detonator car t r idges were suf f ic ien t ly  sep- 

arated t o  reduce the poss ib i l i t y  of mis ins ta l la t ion  t o  an acceptable mini- 

mum, especial ly  since the  physical configuration of the two devices differed 

from each other. While this was acceptable a s  an inter im solution, the  

thread s i ze  of t he  i g n i t e r  car t r idge i s  being changed f o r  spacecraft hardware. 

Two posi t ive act ions have been taken by the  prime contractor t o  preclude 

s imilar  s i tua t ions  from developing i n  t he  future,  namely, (1) consolidation 

of the responsibi l i ty  f o r  a l l  pyrotechnic devices and systems (except rocket 

motors) under a cent ra l  "Ordnance Systems" group reporting t o  t he  Manager of 

Structures Design, and (2) establishment of formal configuration control fo r  

a l l  pyrotechnics within the  Ordnance Systems group. 

The prevention of connecting the  wrong f i r i n g  leads t o  a pyrotechnic device 

i s  another source of concern t o  t he  Apollo Spacecraft Project Office. An 

obvious solution t o  such problems i s ,  of course, t he  indexing, o r  clocking, 

of t he  e l e c t r i c a l  connectors. Indexing low density items, however, intro-  

duces l o g i s t i c s  and cost problems and, i n  e f f ec t ,  converts general purpose 

t o  spec ia l  purpose items. The ign i t e r  car t r idge i s  a low density item which 

w i l l  i l l u s t r a t e  the problem and i t s  solution. 



I n  the  launch escape system of the Apollo spacecraft ,  two rocket motors 

a r e  mounted so t h a t  the in s t a l l a t ion  points of the ign i t e r  cartridges are 

only 8 inches apart  (Figure 5 ) .  I n  t h i s  s i tua t ion  it i s  physically possible 

for  the four f i r ing  leads t o  be connected i n  a number of combinations re -  

s u l t h g  i n  one of the following a t  abort i n i t i a t ion :  

1. Launch escape motor f i r e s  (normal, desired action). 

2. Tower je t t i son  motor f i r e s  (catastrophic f a i lu re  because of insuf- 

f i c i en t  thrus t  t o  l i f t  the  command module from the service module). 

3. Both motors f'ire (catastrophic f a i lu re  because the capability t o  

je t t i son  the  tower and release the  parachutes has been l o s t ) .  

I n i t i a t o r  connector indexing could solve t h i s  problem, however it would in-  

troduce log i s t i c s  problems since only s i x  ign i t e r  cartridges are required 

per spacecraft ,  using the  principle  of commonality. Specializing the i n i t i -  

a tors  for these cartridges during i n i t i a t o r  manufacture would aggravate the 

log i s t i c s  problem. It may be necessary t o  accept t h i s  solution because of 

the importance of the functions involved, hawever, the proposed solution out- 

l ined  below seems t o  be acceptable from both safety and log i s t i c s  aspects and 

i s  being considered. 

Post-manufacturing System of Indexing 

As indicated i n  Figure 6a, the i n i t i a t o r  body ( e l ec t r i ca l  end) can be manu- 

factured with a number of undercut indexing s lo t s ,  e.g., of trapezoidal cross- 

section, so t h a t  keys, e i the r  f lush with the inner surface (Figure 6b) or 

protruding inwardly (Figure 6c) ,  can be f i t t e d  in to  a l l  s l o t s  except one. 



The keys and keyways can be of such r e l a t ive  s ize  tha t  any key can be with- 

drawn by a special too l ,  but not without the tool .  The resu l t ing  configu- 

ra t ion  (Figure 6d) i s  t ha t  of the standard i n i t i a t o r .  A t  t h i s  point,  the 

i n i t i a t o r  i s  a common item and can be assembled in to  any device. 

The i n i t i a t o r  can then be asseribled i n t o  detonator and ign i t e r  cartridges. 

The one o'clock key i s  withdrawn from the  detonator assemblies and the two 

oTclock key from the ign i t e r  assemblies (Figures 6e and 6 f ) .  A gage i s  

used t o  insure t h a t  the proper keys have been withdrawn. Similarly, a l l  

pyrotechnic cartridges can be indexed a s  indicated i n  Figure 7a; when deto- 

nators are assembled in to  special  cartridges the connector can be f'urther 

indexed (Figure n). 

Returning now t o  the spec i f ic  problem of ign i t e r  car tr idges,  since commonality 

i n  the  manufacture of i n i t i a t o r s  i s  achieved, the major log i s t i c s  problem has 

been solved. Igni te r  cartridges received a t  any launch s i t e  (for  example, 

Cape ~ a n a v e r a l )  a r e  a l l  indexed 12-2 and a re  interchangeable between the 

three  motors. When a f l i g h t  k i t  i s  assembled for  a specif ic  spacecraft any 

s i x  cartr idges (plus spares) can be withdrawn from storage. The s i x  f l i g h t  

a r t i c l e s  can be indexed a t  t h i s  time t o  convert them for  specif ic  motors a s  

shown i n  Figure 8 and the  spares l e f t  a s  common items t o  be indexed a s  may 

be required l a t e r .  

The indexing technique explained above does not depend on a twelve s l o t  

system; it i s  readi ly adaptable t o  any current indexing or  polarizing sys- 

tems such a s  the Bendix ET ser ies  adopted for  the Apollo spacecraft. 



Once the  connectors a r e  indexed f o r  spec i f i c  motors it i s  e s s e n t i a l  t h a t  

one of  t he  i g n i t e r  ca r t r idges  be converted t o  a d i f f e r e n t  thread s i z e  t o  

insure  t h a t ,  f o r  example, t he  ca r t r idge  indexed f o r  t he  tower j e t t i s o n  

motor cannot be i n s t a l l e d  i n  t he  launch escape motor. I f  the  mating hole 

i n  t he  launch escape motor i s  s l i g h t l y  l a r g e r  than t h a t  i n  t he  tower j e t -  

t i s o n  motor, t h e  common i g n i t i o n  ca r t r idge  can be adapted t o  f i t  t h i s  hole. 

To adapt the  ca r t r idge ,  a threaded adapter can be i n s t a l l e d  on the  appro- 

p r i a t e  ca r t r idge  a t  t he  time t he  connector i s  indexed; with both ends of 

t he  ca r t r idges  now indexed, fool-proofing can be achieved. Indexing and 

i n s t a l l a t i o n  of adapters  can, of  course, be performed a t  t he  ca r t r idge  ven- 

do r ' s  f a c i l i t y  a s  wel l  a s  a t  the  launch s i t e .  This technique of indexing 

i s  now being s tudied f o r  appl icat ion t o  a l l  Apollo spacecraf t  pyrotechnics. 

Although the  foregoing has  departed somewhat from the  spec i f i c  subject  of 

i n i t i a t o r s  t he  importance of fool-proofing both ends of a l l  pyrotechnic 

devices j u s t i f i e s  t h i s  r a t h e r  lengthy discussion.  

Shorted Mating E l e c t r i c a l  Connector 

From t h e  previous experience on Pro jec t  Mercury, shor t ing  spr ings ,  c l i p s  

and o ther  devices of s imi la r  nature a r e  considered inadequate from t h e  

standpoints of sa fe ty  i n  handling and pro tec t ion  of  the  i n i t i a t o r  pins .  

Shorted, mating e l e c t r i c a l  connectors w i l l  be used on t h e  Apollo Standard 

I n i t i a t o r .  It may be des i rab le ,  when using indexed connectors, t o  provide 

shaped, color  coded and insc r ibed  caps f o r  t h e  shorted connectors t o  f a c i l i -  

t a t e  i d e n t i f i c a t i o n  of t he  specia l ized devices. 



INITIATOR DESCRIPTION 

Because of i t s  developmental s t a t u s  t h e  i n t e r n a l  conf igurat ion o f  t h e  

i n i t i a t o r  w i l l  not be described a t  t h i s  time; t h i s  desc r ip t ion  w i l l  be 

confined t o  a few of t h e  s a l i e n t  features .  

The i n i t i a t o r  s p e c i f i c a t i o n  con t ro l  drawing i s  shown i n  Figure 9. The 

body s i z e  has been minimized cons i s ten t  with o ther  requirements. The 

washer i s  used t o  weld t h e  i n i t i a t o r  i n t o  other  assemblies and may be 

e i t h e r  i n t e g r a l  with t h e  i n i t i a t o r  body o r  welded the re to .  Provis ion i s  

made f o r  t h e  use of an  O-ring i n  the  f i e l d  assembly o f  t h e  i n i t i a t o r  t o  

o ther  devices.  A goal of 60,000 p s i  i n t e r n a l  pressure  c a p a b i l i t y  has been 

es tab l i shed  s ince  some of  t h e  Apollo pressure devices operate  a t  over 18,000 

p s i  a t  t h e  present  time. 

The i n i t i a t o r  w i l l  meet t k ~ e  A t l a n t i c  Miss i le  Range no-f i re  requirement o f  

0 
1 ampere and 1 wat t  f o r  5 minutes ( a t  165 F) and has an a l l - f i r e  current  

of 3.5 amperes. The bridgewire system cons i s t s  o f  two f i r i n g  c i r c u i t s  

( four  p i n s ) ,  each with a s ing le  bridgewire o f  1.0f 0 . 1  ohms r e s i s t a n c e  welded 

t o  t h e  pins  and f l u s h  aga ins t  t h e  ceramic header. 

RGIABILITY ASPECTS OF THE STANDARD INITIATOR 

The Apollo Standard I n i t i a t o r  i s  p resen t ly  being developed by two sources 

t o  a performance spec i f i ca t ion .  These two competitive designs a r e  both 

being used i n  t h e  development o f  t h e  var ious  spacecraf t  systems and both  

w i l l  undergo q u a l i f i c a t i o n  and extensive o ther  evaluat ion t e s t s .  When 



s u f f i c i e n t  data  a r e  ava i l ab le ,  one o f  t h e  designs w i l l  be  se lec ted  a s  the  

spacecra f t  design. A design,  manufacturing and qua l i ty  assurance s p e c i f i -  

ca t ion  w i l l  probably be w r i t t e n  around t h e  se lec ted  design t o  assure  iden- 

t i t y  of a l l  production items. 

Since l a r g e  numbers of i n i t i a t o r s  a r e  being f i r e d  i n  supporting t h e  develop- 

ment and q u a l i f i c a t i o n  o f  t h e  various pyrotechnic devices and systems f o r  

t h e  spacecraf t ,  design def ic ienc ies  w i l l  be rap id ly  discovered. Fur ther ,  

ana lys i s  of t h e  performance of t h e  two i n i t i a t o r s  i n  these  development 

programs w i l l  a s s i s t  i n  t h e  evaluat ion o f  t h e  competitive designs. Since 

t h e  performance and ex te rna l  conf igurat ion of t h e  two i n i t i a t o r s  a r e  iden- 

t i c a l  it i s  a l s o  poss ib le  t o  exchange a v a i l a b l e  i n i t i a t o r s  from one system 

development program t o  another a s  required.  

Other advantages a l s o  accrue through s tandardizat ion.  The Apollo Space- 

c r a f t  P ro jec t  Off i c e  considers t h e  electro-explosive i n t e r f a c e  t o  be t h e  

most c r i t i c a l  p a r t  o f  any pyrotechnic device. Because t h i s  i n t e r f a c e  i s  

i d e n t i c a l  on a l l  i n i t i a t o r s  t h e  f i r i n g  of t h e  i n i t i a t o r  i n  one device can 

provide data which can be d i r e c t l y  r e l a t e d  t o  f i r i n g s  i n  o ther  devices 

thereby bu i ld ing  confidence i n  t h e  i n t e r f a c e  and i n  both  devices a t  t h e  same 

time. The use of a standard "header" was considered b u t  was discarded i n  

favor o f  t h e  complete standardized u n i t  because of the  c a p a b i l i t y  of per-  

forming l o t  acceptance f i r i n g  t e s t s  on t h e  i n i t i a t o r s  p r i o r  t o  t h e i r  

i n s t a l l a t i o n  i n  ca r t r idges  and o ther  pyrotechnic devices. Of course, i n  

e i t h e r  t h e  standardized header o r  complete i tem concepts, a f a i l u r e  i n  one 

device r e f l e c t s  unfavorably on t h e  r e l i a b i l i t y  of o ther  devices.  With the  



standard i n i t i a t o r  there  i s  a b r igh t  side t o  t h e  picture  even i n  t h i s  case, 

f o r  subsequent f i r i n g s  i n  a number of  devices w i l l  r ebui ld  confidence qui te  

rapidly.  

One technique t h a t  can be used t o  bu i ld  confidence i n  the  r e l i a b i l i t y  of 

a spec i f ic  pyrotechnic device i s  t o  procure a l l  devices f o r  qua l i f ica t ion ,  

r e l i a b i l i t y  assurance, device and systems t e s t s ,  f l i g h t  t e s t s ,  and opera- 

t i o n a l  f l i g h t s  from a s ingle  l o t .  The various l o t  acceptance and systems 

t e s t s  preceding the f i r s t  f l i g h t  w i l l  consume a large percentage of the 

devices; and this percentage (of devices f i r e d )  w i l l  increase with each 

succeeding f l i g h t  u n t i l  t he  l a s t  one, during which the  l a s t  of t he  l o t  w i l l  

be f i r ed .  I n  e f f ec t ,  t h i s  technique r e s u l t s  i n  an extremely la rge  sample 

s i z e  fo r  l o t  acceptance tes t ing .  This technique i s  being used on Project  

Gemini and would probably be benef ic ia l  f o r  many pro jec t s  having a r e l a t i ve ly  

short  l i f e ,  one within the  normal storage l i f e  of  pyrotechnic devices. 

Pro jec t  Apollo, because of i t s  extended l i f e  expectancy, cannot adopt t h i s  

technique i n  i t s  en t i r e ty  although a modification of the  technique can be 

used. It i s  feas ib le  t o  procure a l l  i n i t i a t o r s  t o  be used on a given fl ight 

from the  same l o t  and thereby enhance the r e l i a b i l i t y  of the most c r i t i c a l  

area - the electro-explosive in te r face .  Figure 10 i l l u s t r a t e s  t h e  use of 

this s ingle- lot  technique fo r  a s ingle  f l i g h t  of t he  Apollo spacecraft  ( l e s s  

t he  LEM) - f o r  example, i n  an extended o r b i t a l  mission. The f i r s t  column 

shows the  numbers of t he  various devices required f o r  f l i g h t ,  the  second 

column an a rb i t r a ry  but  r e a l i s t i c  and experience-based number of spares,  

and the  t h i r d  column the  number of devices expected t o  be f i r e d  by the 

launch f a c i l i t y  i n  p re f l i gh t  t e s t s ;  the  t o t a l  of these columns i s  the  number 



of devices required a t  the  launch s i t e  t o  support a s ing le  mission. Simi- 

l a r l y ,  t he  next group of  columns i nd i ca t e s  the  numbers o f  devices fo r  l o t  

acceptance t e s t s ,  v e r i f i c a t i o n  t e s t s  ( i f  de s i r ed ) ,  and t h e  t o t a l  number of 

devices which m w t  be manufactured. Assuming t h a t  each device incorporates 

one i n i t i a t o r ,  t he  t o t a l  number of  i n i t i a t o r s  a r e  indicated i n  the  next 

column. Again l o t  acceptance and ve r i f i c a t i on  t e s t  quan t i t i e s  a r e  indicated,  

r e su l t i ng  i n  a minimum l o t  s i z e  of  414 i n i t i a t o r s  t o  support the  s ing le  mis- 

sion. 

Now, working from r i g h t  t o  l e f t  and considering only t he  l o t  acceptance and 

launch a c t i v i t y  t e s t s  i n  which i n i t i a t o r s  a r e  used, a t o t a l  of  238, o r  67.6 

percent of  t h e  manufactured i n i t i a t o r s  w i l l  have been f i r e d  p r i o r  t o  f l i g h t  

of  t h e  spacecraf t .  It should be noted here  t h a t  t h e  quan t i t i e s  required f o r  

"ve r i f i c a t i on  t e s t s "  have been deducted from the  t o t a l  manufactured devices 

and i n i t i a t o r s .  It seems reasonable t h a t  these  t e s t s ,  i f  performed, should 

be included i n  t h e  t o t a l s  s ince every i n i t i a t o r  and device i s  s e r i a l i z ed  

and complete t r a c e a b i l i t y  required; thus  the re  can be no "behind-the-scenes" 

t e s t s  of production items. I f  a l l  t e s t s  indicated a r e  considered then the  

t o t a l  f i r e d  r i s e s  t o  72.5 percent of t h e  manufactured i n i t i a t o r s .  These 

f igures  do not include t e s t s  of systems and sub-systems a t  prime manufacturer 

f a c i l i t i e s ;  they  would a l s o  be included i f  performed. 

The s ing le - lo t  technique can be used t o  cover more than one f l i g h t ,  provided 

t h a t  the  s torage l i f e  of t he  devices i s  not exceeded. This,  a s  i n  Pro jec t  

Gemini, w i l l  r e s u l t  i n  progressive buildup of  demonstrated r e l i a b i l i t y  and 

confidence. On the  other  hand, should each vendor of  pyrotechnic devices 



use d i f l e r e n t  i n i t i a t o r s ,  t he  confidence and r e l i a b i l i t y  demonstration would 

be based only on tile devices themselves and would be considerably l e s s  than 

when using the  Standard I n i t i a t o r  concept. 

TRACEABILITY AND DATA COLLECTION 

To achieve t he  maximum benef i t s  f'rom t h e  standard i n i t i a t o r  concept t race-  

a b i l i t y  of a l l  pyrotechnic devices and co l lec t ion  of data  f'rom a l l  f i r i n g s  

o f  a l l  devices a r e  e s s en t i a l .  The Apollo pyrotechnics program provides 

f o r  complete and immediate t r a c e a b i l i t y  of  every i n i t i a t o r  manufactured. 

These records show, by l o t  and s e r i a l  number, a l l  shipments of t he  i n i t i a t o r s ,  

t h e i r  marriages i n t o  next higher assemblies ( f o r  example, i n t o  detonators)  

and a l l  shipments of  these  assemblies, with t h e  r e s u l t  t h a t  t h e  current  

loca t ion  of every i n i t i a t o r  i s  known a t  a l l  times. Should it be necessary,. 

every i n i t i a t o r  and/or device from any given l o t  can be r eca l l ed  o r  s e t  

as ide  f o r  re-examination very rapidly .  

The data  system w i l l  a l s o  provide fo r  immediate repor t ing of data  taken 

during any f i r i n g  of  i n i t i a t o r s  o r  pyrotechnic devices. The reported data  

w i l l  be cont inual ly  analyzed t o  de t ec t  any deviat ion from spec i f i ca t ions ,  

and per iodic  repor t s  of  the  demonstrated r e l i a b i l i t y  of t he  l o t s  can be 

published. The t r a c e a b i l i t y  feature  of t he  system w i l l  permit ready de- 

termination of compliance with t he  f i r i n g  data  repor t ing  requirements. 

Thus the  t o t a l  f i r i n g  h i s t o ry  of any l o t  can eventually be determined. 

Fur ther ,  spec ia l  analyses of  the  recorded f i r i n g  data  i n  o f f  - l i m i t  condi- 

t i o n s  can be made whenever desired.  



A t  p resen t ,  t h i s  data  system i s  being es tab l i shed  f o r  t h e  Apollo program 

only. It w i l l ,  however, be r e a d i l y  expandable t o  include a l l  Apollo i n i t i -  

a t o r s  used by any a c t i v i t y .  It appears t h a t  an  expanded program would be 

o f  b e n e f i t  t o  a l l  concerned, f o r  t h e  f i r i n g  and t r a c e a b i l i t y  records obtained 

from each user o f  t h e  i n i t i a t o r  could support a l l  p a r t i c i p a t i n g  a c t i v i t i e s .  

FUTURE PLANS 

Several  years  ago t h e  NASA Manned Spacecraft  Center organized a "Pyrotechnics 

Panel" cons i s t ing  of represen ta t ives  o f  a l l  MSC Pro jec t  Off ices ,  t h e  research 

and development d iv i s ions ,  and t h e  organizat ional  elements concerned wi th  

s a f e t y ,  preflight and f l i g h t  operations of manned spacecrar t .  One goal  of 

t h i s  panel i s  t h e  establishment of t h e  performance and design requirements 

f o r  a Standard Manned Spacecraft  I n i t i a t o r .  Although a l l  t h e  requirements 

have not y e t  been formalized, many of t,he des i red  fea tu res  have been incor- 

porated i n t o  t h e  Apollo Standard I n i t i a t o r ,  which the re fore  represents  an 

MSC interim-standard device. 

Other panel committees a r e  studying o ther  aspects  o f  pyrotechnic devices 

and systems such a s  t e s t  philosophy, methods, and instrumentation; s torage 

and handling techniques; and i d e n t i f i c a t i o n  and t r a c e a b i l i t y  methods. The 

r e s u l t s  o f  panel a c t i v i t i e s  a r e  being incorporated i n t o  Pro jec t  Apollo pyro- 

technics  i n s o f a r  a s  t h e  p r o j e c t  schedule permits. The inc lus ion  o f  t h e  Apollo 

da ta  co l l ec t ion  system i n t o  an o v e r a l l  MSC da ta  system f o r  a l l  spacecraf t  com- 

ponents w i l l  probably be accomplished i n  the  r e l a t i v e l y  near future .  
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3. DISCUSSION 

M r .  Cameron of Douglas Aircraft  asked f o r  a comment on t h e  fac t  

t h a t  EBW devices were not used. 

M r .  Simmons sa id  t h a t  EBW system was or ig ina l ly  used i n  t h e  

launch escape system but was discontinued because of problems. Weight is 

another problem. There a r e  60 EEDs in t h e  command and service module t h a t  

consume precious weight allowance. It i s  our be l ie f  he added, t h a t  t h e  

development of EBhls i s  not a s  advanced a s  t h a t  of hot-wire devices. He 

pointed out fu r the r  t h a t  t h e  hot-wire devices a re  one-amp, one-watt and 

w i l l  meet AMR requirement f o r  no-fire sens i t iv i ty .  

M r .  Lipnick of Harry Diamond Laboratories asked i f  t h e  ef fec t  

of space radia t ion  had been taken i n t o  account i n  these  devices. 

M r .  Simmons affirmed t h a t  t h i s  could be a problem but cautioned t h a t  many 

f ace t s  of t h i s  problem were t o  t h i s  da te  undefined. S t a t i c  e l e c t r i c a l  

charges upon lunar o rb i t ,  separation, docking and re-entry ionizat ion 

f i e l d s  and other  problems have ye t  t o  be completely defined. 

The minimum a l l - f i r e  current a t  -200°F was affirmed t o  be 3 
t o  3.5 amperes and t h e  resis tance of the  E E D / ~  ohm, i n  answer t o  a 

request f o r  t h i s  information by M r .  Massey of t h e  Naval Weapons Laboratory. 

A person from AFMTC asked i f  some f l e x i b i l i t y  was being l o s t  

by going t o  t h e  coded system, f o r  example i n  emergency repa i r s  such a s  

may be required on t h e  moon. M r .  Simmons indicated t h a t  most of t h e  

components a r e  inaccessible f o r  repairs .  

M r .  Beard of Atlant ic  Research Corporation asked how many wires 

were planned t o  be used with f i r i n g  c i r cu i t s .  M r .  Simmons repl ied  t h a t  

two completely independent systems a r e  used, including f i r i n g  l ines ,  b a t t e r i e s  

and controls.  These b a t t e r i e s  never see anything but bridgewires. 

M r .  Rosenthal of STL asked i f  t h e  1 amp, 1 watt and functioning 

time a t  3.5 amperes and 200°F had been qual if ied.  M r .  Simmons sa id  t h a t  

these  were aims, and t h a t  current developments were not up t o  qual i f ica t ion  

a t  t h i s  t h e .  

M r .  Forbess of GLA asked i f  any s t a t ed  RF environments must be met. 

M r .  Simmons repl ied  t h a t  t h i s  a rea  must still be defined. The current 

assignment i s  t o  determine what problems exis t .  



M r .  Forbess then asked what weight assignment had been given t o  

t h e  power source f o r  t h e  low voltage squib compared t o  t h a t  required f o r  

an EBW. M r .  Simmons answered t h a t  t h e  b a t t e r i e s  a r e  small and t h a t  he has 

no comparative data on t h e  weights of one system against  t he  other.  

Mr. Bankston of Hi-Shear asked i f  t he re  were safe-and-arm devices 

f o r  t h e  EED. M r .  Simmons sa id  t h a t  t h e r e  a r e  none i n  t h e  launch escape 

system, and none i n  t h e  spacecraft  o r  command module. So f a r ,  none has 

been required on t h e  adaptor separation system. I f  t he re  i s  a service 

module system, we w i l l  probably have t o  safe-and-arm t h e  propulsion of 

t h a t  system. 

Mr. Bankston asked i f  t he re  were weight l imi t a t ions  here. 

Mr. Simmons sa id  the re  was, adding t h a t  ounces count. The launch weight 

i s  90,000 lbs .  and 6500 l b s  a r e  being brought back t o  earth. The weight 

penalty on I;EM o r  command and service module i s  heavy. 

Mr. Heinemann of Picatinny Arsenal sa id  t h a t  a building-block 

technique was being used on Apollo. He asked i f  t h i s  same technique i s  

being applied t o  other  spacecraft  areas,  and i n  pa r t i cu la r  t o  t h e  

i n i t i a t o r s  being used. 

M r .  Simmons repl ied  t h a t  t he re  i s  a Pyrotechnic Panel a t  MSC 

with wide representat ion from various a c t i v i t i e s  and pro jec ts  i n  MSC. 

Some c r i t e r i a  generated by the  panel have been used i n  t h i s  i n i t i a t o r .  It 

may be considered a f i r s t  s t e p  i n  standardization. The hope i s  t o  co l l ec t  

a g rea t  amount of performance and r e l i a b i l i t y  data on t h e  i n i t i a t o r .  

M r .  Beard of At lan t ic  Research asked i f  arming was t o  be remote 

o r  on t h e  pad. M r .  Simmons sa id  t h a t  the  main pyrotechnic buss i s  armed 

before launch, a s  i s  t h e  abort buss. The ear th  landing buss i s  not armed 

u n t i l  it i s  needed. A s  s o m  a s  a t a sk  i s  completed, t h a t  pa r t i cu la r  function 

i s  removed from t h e  buss t o  reduce chances of ba t te ry  drain. Single f a i l u r e  

philosophy i s  used, because double f a i l u r e  philosophy i s  just  too  rough. 

Mr. Rosenthal of STL sa id  t h a t  a Mi l i ta ry  Standard i s  being 

c i rcu la ted  t h a t  was generated by ASD of AFSC. I ts  purpose i s  

t o  ge t  s tandardizat ion and e s s e n t i a l  cataloging of a l l  ordnance items. 

He suggested t h a t  t h e  services and NASA should ge t  together on t h i s  and 

form an organization f o r  i n i t i a t o r s  s imilar  t o  t h e  SPIA current ly  ac t ive  

i n  rocket propellants.  



Mr. Brown of Bureau of Naval Weapons asked whether "in-house" o r  

vendor capabi l i ty  was being used. 

M r .  Simmons answered t h a t  vendors a r e  current ly being used i n  
two p a r a l l e l  programs. After exhaustive t e s t ing  one o r  t h e  other w i l l  be 

chosen. Perhaps a design o r  manufacturing specif icat ion wi l l  be wr i t ten  so 

t h a t  no changes can be made unless MSC o r  North American says so. 



4. DEVELOPMENT AM3 FUNCTIONAL CJ3AFUGTERISTICS 
OF THE XM-6 AM3 XM-8 SQUIBS 

R .  E .  B e t t s  

U.S. Army Miss i le  Command 
Redstone Arsenal, Alabama 

Pas t  observa t ions  and t e s t s  proved t h a t  conventional types of 

squibs a r e  s u b j e c t  t o  acc iden ta l  f i r i n g  by RF energy produced by radar  

and r a d i o ;  e l e c t r o s t a t i c  energy produced by a i r c r a f t ,  moving v e h i c l e s ,  

machinery, and humans; and energy from o the r  sources such a s  induct ions  

from high c u r r e n t  t ransmiss ion  l i n e s .  The squibs may be  i n i t i a t e d  n o t  

only by t ransmiss ion  of t hese  energy forms through t h e  br idgewire,  b u t  

a l s o  by e l e c t r o s t a t i c  d i scharges  which occur w i th in  o r  through t h e  

pyrotechnic.  

The inc reas ing  use  of h e l i c o p t e r s ,  more powerful r a d a r s ,  and o ther  

equipment producing h igh  e l e c t r o s t a t i c  and electromagnet ic  f i e l d s  

n e c e s s i t a t e d  t h e  development of squibs which would g i v e  t h e  maximum 

p r o t e c t i o n  a g a i n s t  acc iden ta l  i g n i t i o n  from these  sources.  This  devel-  

opment was of v i t a l  concern t o  t h e  Army Miss i l e  Command, a s  t h e r e  i s  a 

cont inuing need t o  maintain t h e  s t a t u s  of i g n i t i o n  technology i n  advance 

of m i s s i l e  requirements.  Consequently, a program was i n i t i a t e d  i n  t h e  

Command's Propulsion Laboratory t o  develop a s a f e  and r e l i a b l e  squib.  



The exploding br idgewire  techniques were chosen f o r  t h i s  work, 

s i n c e  a l l  p a s t  experience i nd i ca t ed  t h i s  type  of squib o f f e r ed  t he  

g r e a t e s t  s a f e t y  p o s s i b i l i t i e s .  The EBW squibs  a r e  supe r io r  t o  t h e  

convent ional  squibs  i n  t h a t  t h e  pyrotechnic  i s  r e l a t i v e l y  i n s e n s i t i v e  

t o  h e a t  and t h e  br idgewire  must l i t e r a l l y  explode t o  produce i g n i t i o n .  

The w i r e  explosion i s  brought about  by a  sudden surge  of very high 

e l e c t r i c a l  energy i n  t h e  br idgewire ,  and the  des ign  of t h e  squib can 

be  c o n t r o l l e d  by matching t h e  pyrotechnic  t o  t h e  w i r e  explos ion .  

The program produced two h ighly  s a t i s f a c t o r y  squibs  --  t h e  XM-6 

and t h e  XM-8. The XM-6 i s  a  "screw-in" type ,  which was designed 

p r imar i l y  f o r  use wi th  t h e  HERCULES Miss i l e .  The XM-8, a  "Phenolic 

plug aluminum case" type  s i m i l a r  i n  s i z e  t o  t h e  Mark-1 and M-3 squibs ,  

was developed f o r  genera l  i g n i t i o n  use .  The experimental work on t h e  

XM-6 was performed a t  Thiokol Chemical Corporat ion,  Redstone Div is ion ,  

under c o n t r a c t  from t h e  Army Mis s i l e  Command, whi le  t h e  XM-8 was 

devel oped in-house. 

DES I G N  REQUIREMENTS 

In  order  t o  e l imina t e  t h e  hazard of e l e c t r o s t a t i c  charges  through 

t h e  pyro technic ,  t h e  i n i t i a l  des igns  provided f o r  completely encasing 

t h e  mix ture  i n  a  Faraday s h i e l d  and keeping t h e  br idgewire  f r e e  of 

explos ive  m a t e r i a l .  The w i r e  explosion would be used t o  r u p t u r e  t h e  

s h i e l d  and i g n i t e  t h e  encased pyro technic .  



The f u n c t i o n a l  d e s i g n  requ i rement  (Tab le  1 )  s p e c i f i e d  t h a t  t h e  

squ ib  must o p e r a t e  w i t h  t h e  a p p l i c a t i o n  o f  2 ,000 v o l t s  from a  

1-microfarad c a p a c i t o r  when d i scharged  through 16 f e e t  of 52-ohm 

c o a x i a l  c a b l e .  T h i s  was t h e  nominal f i r i n g  v o l t a g e  and c a p a c i t a n c e  

t h e n  be ing  used by EBW f i r i n g  u n i t s  i n  t h e  f i e l d .  The nonfunc t iona l  

s p e c i f i c a t i o n s  r e q u i r e d  t h a t  t h e  squ ib  n o t  f u n c t i o n  w i t h  t h e  a p p l i c a -  

t i o n  of 1 ampere c u r r e n t  c o n t i n u o u s l y  applt.ed f o r  8  hours  ( i t  was 

unders tood a t  t h i s  t ime  t h a t  RF c u r r e n t s  o f  1 ampere had been measured 

i n  i g n i t e r  c i r c u i t s ) ;  t h a t  i t  n o t  f u n c t i o n  w i t h  t h e  a p p l i c a t i o n  o f  

30,000 v o l t s  from a  3,000-micromicrofarad c a p a c i t o r  d i s c h a r g e ,  e i t h e r  

through t h e  l e a d s  o r  c a s e  t o  l e a d s  ( t h e s e  v a l u e s  were  based on d a t a  

from h e l i c o p t e r  s t u d i e s  which gave t h e  maximum v o l t a g e  e v e r  measured 

a s  30 k i l o v o l t s  a t  a  20- foo t  working a l t i t u d e  and t h e  maximum c a p a c i -  

t a n c e  measured a t  2  f e e t ) ;  and t h a t  i t  n o t  f u n c t i o n  when 28 v o l t s  from 

a  low impedance s o u r c e  i s  a p p l i e d  t o  t h e  b r i d g e w i r e  ( t h i s  v o l t a g e  was 

e s t i m a t e d  t o  b e  t h e  maximum t h a t  would e x i s t  on t h e  m i s s i l e  o r  a i r c r a f t  

from b a t t e r y  s o u r c e s ) .  Also ,  t h e  squ ib  must n o t  f u n c t i o n  when exposed 

t o  220 v o l t s ,  400 c y c l e s ,  e i t h e r  c a s e - t o - l e a d s  o r  through t h e  l e a d s  

( t h i s  v o l t a g e  v a l u e  was s e l e c t e d  a s  t h e  maximum power a v a i l a b l e  a t  t h e  

HERCULES s i t e  f o r  which t h e  s q u i b  was i n t e n d e d ) ,  and i t  was proposed 

t o  u s e  e i t h e r  a r c  gaps  o r  d i o d e s  i n  t h e  l e a d s  t o  meet t h e  through-the-  

l e a d  requ i rements .  The s q u i b  must n o t  f u n c t i o n  when a  c u r r e n t  from 0 

t o  100 amperes dc  from low impedance s o u r c e s  i s  a p p l i e d  t o  t h e  b r i d g e .  



T h i s  v a l u e  was a r b i t r a r i l y  chosen because  o t h e r  EBW's were  meet ing 

t h i s  r equ i rement  and,  i f  t h e  v o l t a g e  requirement  cou ld  b e  met, a 

c u r r e n t  o f  a t  l e a s t  t h i s  v a l u e  would b e  a u t o m a t i c a l l y  o b t a i n e d .  

XM-6 SQUIB DESIGN 

F i g u r e  1 shows t h e  f i n a l  d e s i g n  of t h e  XM-6 s q u i b .  Among t h e  

f e a t u r e s  a r e  a ceramic  metal  header  h e r m e t i c a l l y  s e a l e d  a t  t h e  end, 

and a m e t a l l i c  diaphragm which i s  p a r t  of t h e  Faraday s h i e l d  and sepa- 

r a t e s  t h e  p y r o t e c h n i c  from t h e  b r i d g e w i r e .  You w i l l  n o t e  t h a t  we 

f a i l e d  t o  meet one of our  pr imary o b j e c t i v e s ,  i n  t h a t  an e x p l o s i v e  

compos i t ion  i s  i n  c o n t a c t  w i t h  t h e  w i r e .  It was found t h a t  w i t h  t h i s  

p h y s i c a l  shape  we cou ld  n o t  r e l i a b l y  r u p t u r e  t h e  diaphragm and s t i l l  

m a i n t a i n  t h e  s a f e t y  requ i rements .  Diaphragm m a t e r i a l s  of s t e e l ,  

aluminum, and l e a d  i n  t h i c k n e s s e s  of 1 m i l  were  t e s t e d  w i t h  v a r i o u s  

d i a m e t e r s  o f  b r i d g e w i r e s  of p la t inum,  g o l d ,  t h e i r  a l l o y s ,  and p y r o f u s e  

w i r e .  It was dec ided  t h a t  i f  t h e  f u n c t i o n a l  and s a f e t y  requ i rements  

could  b e  met w i t h  a n  i n s e n s i t i v e  composi t ion on t h e  w i r e ,  t h e  no- 

mate r ia l -on-br idgewi re  requ i rement  would b e  waived.  The composi t ion 

found t o  g i v e  s a t i s f a c t o r y  r e s u l t s  was p e n t a s i l ,  which i s  PETN d i l u t e d  

w i t h  sodium s i l i c a t e .  

It was found i n  e a r l y  exper imental  models t h a t  t h e  s q u i b  would 

f u n c t i o n  when exposed t o  t h e  3 0 - k i l o v o l t  e l L c t r o s t a t i c  d i s c h a r g e  c a s e  

t o  l e a d .  T h i s  d i s c h a r g e  occur red  on t h e  diaphragm b a s e  and caused 

f u n c t i o n i n g  e i t h e r  by l o c a l  h e a t i n g  o r  by p e n e t r a t i o n  o f  t h e  diaphragm. 



To overcome t h i s ,  a  metal r i n g  was placed a t  t h e  squib base  ( l abe l ed  

"gasket") s o  t h a t  t h e  pa th  of l e a s t  r e s i s t a n c e  would be between t h e  

r i n g  and the  br idgewire .  

The func t iona l  c h a r a c t e r i s t i c s  of t h e  XM-6 a r e  shown i n  Table 2,  

t h e  s a f e t y  c h a r a c t e r i s t i c s  i n  Table 3,  and t h e  environmental charac-  

t e r i s t i c s  i n  Table 4 .  

XM-8 SQUIB DESIGN 

F igu re  2 shows t h e  XM-8 squib des ign .  Here aga in  we have t h e  

pyro technic  encased i n  a  Faraday s h i e l d .  An aluminum cup holds  t h e  

charge and forms an  i n t e r f e r e n c e  f i t  w i t h  t h e  c a s e ;  a  p l a s t i c  spacer  

suppor t s  t h e  cup and c o n t r o l s  t h e  space around t h e  br idgewire ;  a  h o l e  

i n  t h e  spacer  permi ts  t h e  w i r e  explosion t o  be concentrated a t  a  p o i n t .  

I n  t h i s  de s ign  we were a b l e  t o  ach ieve  our o b j e c t i v e  of keeping t h e  

b r idge  f r e e  of m a t e r i a l .  

The g r e a t e s t  problem encountered was making t h e  diaphragm end of 

t h e  cup s u f f i c i e n t l y  t h i n  t o  g i v e  r e l i a b l e  func t ion ing  a t  t h e  requi red  

energy l e v e l  and y e t  remain w i t h i n  t h e  s p e c i f i e d  s a f e t y  l i m i t s .  It 

was found t h a t  t h e  requirements  could be met by co in ing  t h e  end of t h e  

cup from . 7  t o  1 . 0  m i l s  and adding a  focusing spacer  and a  shear  space r .  

The shear  spacer  s e rves  only t o  c o n t r o l  t h e  a r e a  of r u p t u r e :  wi thout  

t h i s  spacer  t h e  e n t i r e  end a r e a  of t he  diaphragm would be  deformed and, 

i n  some in s t ances ,  r up tu r ing  would no t  occur.  



A i r  gap holes  were pu t  i n  t h e  plug t o  meet t h e  high e l e c t r o s t a t i c  

requirement.  A high-energy spark  w i t h i n  t h e  space around t h e  br idge-  

w i r e  would hea t  t he  r e s i d u a l  a i r ,  causing a p re s su re  b u r s t  e f f e c t  a t  

t he  t h i n  end of t he  diaphragm, and t h i s ,  i n  t u rn ,  would i n i t i a t e  t h e  

squib.  The a i r  gap causes t h e  spa rk  t o  b e  ex t e rna l  t o  t he  space around 

t h e  br idgewire.  

The c h a r a c t e r i s t i c s  of t h e  XM-8 a r e  shown i n  Table 5 .  

RF PERFORMANCE TESTS 

Tes t s  performed on t h e  XM-6 indica ted  t h a t  t h e  squib  would not  

f i r e ,  b u t  could be dudded, by t h e  a p p l i c a t i o n  of 430 w a t t s  (3.65 mc) 

of RF power de l ive red  d i r e c t l y  t o  t h e  br idgewire.  Fu r the r  t e s t s  showed 

t h a t  t h e  dudded XM-6 squibs  could be  i n i t i a t e d  wi th  t h e  a p p l i c a t i o n  of 

high RF vo l t ages  ( s eve ra l  thousand v o l t s )  ac ros s  t h e  squib  ; undudded 

squibs ,  however, could n e i t h e r  be  dudded nor f i r e d  when exposed t o  

t h e  same high RF vo l t age .  

I n  s i m i l a r  t e s t s  on t h e  XM-8, the  squib  was f i r e d  w i t h  t h e  input  

of 430 w a t t s  of RF energy. I t  was found t h a t  w i th  t h i s  energy app l i ca -  

t i o n  t h e  br idgewire burned i n  two, forming a semi-conductive pa th  

a c r o s s  t h e  phenolic  plug wi th  r e s i s t a n c e s  i n  t h e  range of 1 0  t o  70 ohms. 

The continued a p p l i c a t i o n  of RF energy would thus h e a t  t h e  plug and 

cause squib func t ioning .  I n  no c a s e  could &.A XM-8 o r  an  XM-6 be  i n i t i -  

a t e d  by RF energy t r ansmi t t ed  by antenna coupling.  



DESIGN IMPROVEMENT CONSIDERATIONS 

It  was found t h a t  w i t h  two opposing d i o d e s  p laced  i n  t h e  s q u i b  

c i r c u i t ,  g i v i n g  t h e  220-vo l t ,  400-cps p r o t e c t i o n ,  b o t h  t h e  XM-6 and 

XM-8 could  b e  f i r e d  r e l i a b l y  from t h e  energy s o u r c e  of 1 m i c r o f a r a d ,  

2,000 v o l t s .  However, t h e s e  d i o d e s  could  b e  d e f e a t e d  i f  exposed t o  

e l e c t r o s t a t i c  spark ing  (7 ,000 v o l t s ,  500 micromicrofarad)  i n  t h a t  t h e  

d i o d e s  could  b e  s h o r t e d  c l o s e d .  I t  appeared t h a t  t h e  u s e  of a r c  gaps  

was t h e  b e s t  approach t o  p r o v i d i n g  220-400 c y c l e  a c  s a f e t y  through 

t h e  b r i d g e w i r e .  However, t h i s  problem was n o t  pursued ;  i t  was f e l t  

t h a t  i f  s p e c i f i c  m i s s i l e  systems r e q u i r e d  t h e s e  gaps  they  cou ld  b e  

made i n  a n  a d a p t e r  and a t t a c h e d  t o  t h e  s q u i b  o r  p laced  i n  t h e  s q u i b  

c i r c u i t  . 
With t h e  XM-8, e f f o r t s  were  made t o  c r e a t e  a  gap a t  t h e  b r i d g e -  

w i r e  by app ly ing  c o n s t a n t  c u r r e n t  o r  c o n s t a n t  v o l t a g e s  t o  t h e  w i r e  t o  

j u s t  over  t h e  f u s i o n  p o i n t .  However, i t  was found t h a t  t h e  gaps  were  

n o t  uniform and t h a t  r e l i a b l e  f u n c t i o n i n g  d i d  n o t  occur .  Another  

method t r i e d  was c r e a t i n g  gaps  i n  t h e  b r i d g e w i r e  by p u l s i n g  t h e  w i r e  

w i t h  c u r r e n t  t o  produce thermal c o n t r a c t i o n  and expansion.  S e v e r a l  

such p u l s e s  would r e s u l t  i n  a  f r a c t u r e  i n  t h e  w i r e ,  which would g i v e  

gaps  w i t h  v o l t a g e  breakdowns of approximately  300-500 v o l t s  . S i n c e  

t h e  w i r e  i s  n o t  r i g i d  and would undergo v i b r a t i o n s ,  i t  appeared 

imposs ib le  t o  keep t h e  gaps  uniform, and t h i s  approach was d i s c o n t i n u e d .  



E f f o r t s  t o  s e a l  t h e  gaps  w i t h  some d i e l e c t r i c  a d h e s i v e s  r e s u l t e d  i n  a n  

i n c r e a s e  i n  t h e  gap d i e l e c t r i c  s t r e n g t h  and a f f e c t e d  t h e  r e l i a b i l i t y  of 

t h e  s q u i b .  

Ordnance Corps drawings  and s p e c i f i c a t i o n s  a r e  a v a i l a b l e  f o r  t h e  

XM-6. The XM-8, a 1  though complete ly  developed,  i s  b e i n g  remanufactured 

f o r  proof  of p r o d u c t i o n .  



Table 1 

DESIGN REQUIREMENTS FOR XM-6 AND XM-8 SQUIBS 

Functional - Fire at 2,000 v; 1 pf; 16 ft of 52-ohm cable. 

Nonfunctional: 1. 1 amp for 8 hrs 

2. Discharge of 30,000 kv, 3,000 ppf 

3. 28 v, battery source 

4. 220 v, 400 cps 

5. 0-100 amp dc 

Table 2 

FUNCTIONING CHARACTERISTICS OF XM- 6 SQUIB 

Functioning time (2,000 v, 1 pf) unaffected from -65'~ to 
1 6 0 ~ ~  or altitude (250,000 ft) . 
Functioning time < 0.5 msec over temperature range and 
altitude. 

Recommended firing energy - 2,000 v from 1.0 pf through 
16 ft of 52- or 7-ohm coaxial cable. 

Capable of firing after bridgewire fusion from < 5 amp. 

Functioning probability: *50% - 770 v I 1.0 pf *95% - 880 v 
*99.9% - 1,000 v 16 ft cable 

confidence 



Table 3 

SAFETY CHARACTERISTICS OF XM-6 SQUIB 
4 

No-fire at: 1. 1 amp for 16 hrs at 1 6 5 ~ ~ .  

0 to 200 amp. 

0 to 36 v. 

500 vdc, 1.0 pf 

30 kv, 3,000 ppf (1350 mj) case to leads. 

25 kv, 3,000 ppf (937 mj) through leads. 

220 vac, 400 cps, case to leads. 

6 0 0 ~ ~  for 8 hrs . 

Table 4 

ENVIRONMENTAL CAPABILITIES OF XM-6 SQUIB 

Functions satisfactorily after: 

1. Mil-std-304. 

2. Mil-std-306. 

3. 240 days at 1 6 0 ~ ~ .  

4. Sequential exposure to temperature cycling, 
acceleration, shock, and vibration at 
extremes of temperature and altitude. 



* 

Table 5 

CHARACTERISTICS OF XM-8 

Functioning: 1. Functioning time < 4.0 msec from 2,000 v, 
1.0 pf. 20 ft of 52-ohm coaxial cable 
through - 1 0 0 ~ ~  to 2 0 0 ~ ~ .  

2. 50% probability 1,350 v, 1.0 pf. 

3. Average delay 1.3 msec - o 0.38 msec. 

No-fire safety: 1. 1 amp, 16 hrs, 165OF. 

I 2. 0 to 50 v, 0 to 350 amp. 

3. 220 vac, 400 cps; also 1,600 vac, 60 cps 
(case to leads). 

I 4. Dielectric strength case to leads, 4,000 vdc. 

Environmental - Satisfactory functioning after: 
1. Mil-std-304. 

2. -lOo°F to 212'~ thermal shock. 

3. 1.0 mm Hg (155,000 ft). 
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5. EXPLODING BRIDGEWIRE I N I T I A T I O N  OF RDX 
WITH 50 M I L L I J O ~ S  

R .  H .  S t resau 
R .  S t resau Laboratory, Inc .  

and 

R .  M. Hi l lyer  
Naval Ordnance Laboratory, Corona 

INTRODUCTION 

With t h e  r ap id  advancement i n  t h e  s t a t e  of t h e  a r t  of guided m i s s i l e  

design,  increased  emphasis i s  being placed on improving t h e  e f f i c i e n c y  of 

t h e  warheads and i n  p a r t i c u l a r  t h e  conventional  high explos ive  warheads. 

E f f i c i ency  i s  u sua l ly  considered t o  be a func t ion  of k i l l  p r o b a b i l i t y ,  f o r  

a  given s e t  of t a r g e t  i n t e r c e p t  cond i t i ons ,  and of t h e  weight and volume 

absorbed by t h e  warhead. Of t h e  schemes being considered t o  improve t h e  

e f f i c i e n c y  of  t he se  warheads one of t h e  most promising appears  t o  l i e  i n  

t h e  use of de tona t ion  wave shaping t o  con t ro l  f ragmentat ion and d i r e c t i o n -  

a l i t y .  Such shaping r equ i r e s  t he  use  of explos ive  l enses ,  b a f f l e  p l a t e s ,  

o r  mu l t i p l e  poin t  i n i t i a t i o n .  Of t hese ,  mu l t i p l e  poin t  i n i t i a t i o n  i s  most 

f l e x i b l e  . 
Because of t h e  mechanical problem of arming mul t ip le  explos ive  t r a i n s  

i n  one m i s s i l e ,  i t  i s  proposed t o  use e l e c t r i c  de tona tors  " in- l ine".  Although 

such i n - l i n e  use of de tona tors  i s  i n  d i r e c t  v i o l a t i o n  of c u r r e n t  s t a t e d  Navy 

Bureau of Naval Weapons s a f e t y  po l i cy ,  t h e  precedent has been wel l  e s t a b l i s h e d .  

E l e c t r i c  de tona to r s  which conta in  only secondary explos ives  i n i t i a t e d  d i r e c t l y  

by exploding bridgewire (EBW de tona to r s )  a r e  i n  c u r r e n t  use  i n - l i n e  wi th  t h e  

main charges of weapons used by a l l  t h r e e  s e rv i ce s .  



The safety of an EBW detonator derives not only from the elimination 

of primary explosives but also fros the resulting specialized electrical 

conditions necessary for firing; energy - about one joule, power - about 
9 a megawatt, and rate of rise of current - about 10 amperes per second. 

A firing energy source capable of simultaneously firing the large number 

of such detonators which would be required for shaping the detonation wave 

in the warhead main charge would, at the present state of the art, be too 

heavy and bulky to be carried in most missiles and would certainly out- 

weigh the gains in warhead efficiency attained through the use of multiple 

initiation in the first place. 

In view of this the feasibility of a detonator containing only secondary 

explosives, which is initiated with much lower energy, was investigated. 

Preliminary investigations and calculations indicated two possibilities: 

(1) detonators which use a burning-to-detonation principle, and (2) refined 

exploding bridgewire detonators (or other similar device with the exploding 

bridgewire replaced with a semiconductor or a spark gap). 

Safety considerations immediately eliminated the burning-to-detonation 

principle. This would not be acceptable in Navy weapons for obvious reasons. 

Further, the scatter in functioning time which is attainable through burning- 

to-detonation would be unacceptable in an application for detonation wave 

shaping. 

Preliminary calculations indicated that it should be possible to initiate 

RDX explosive high-order with less than 50 millijoules of energy. The explod- 

ing bridgewire appeared to offer the most effective means of delivering this 

energy to a concentrated area in the explosive. Accordingly a research 



program was i n s t i t u t e d  which inves t igated an i n i t i a t i o n  system with the  

following charac te r i s t i c s :  

(1) I n i t i a t i o n  by a medium energy pulse (0.05 joules as  a design 

goal) .  

(2) Only Secondary Explosives ( l e s s  sens i t ive  than standard t e t r y l  

as  a design goal, but consider pure RDX). 

(3) The design concepts t o  be adaptable t o  a detonator of minimum 

s i z e .  

( 4 )  A functioning time tolerance of 10.25 microsecond as  a design 

gdal . 
The sa fe  use of such a device i s  open t o  argument and discussion.  A t  

f i r s t  glance i t s  use would appear as  a regression.  It might be argued t h a t  

the primary motive f o r  the use of EBW detonators i n  conventional ordnance 

i s  the  improbability of accidenta l  i n i t i a t i o n  from spurious s ignals  such 

as  those derived from s t a t i c  charges o r  electromagnetic radia t ion.  There- 

fo re ,  the argument continues, safe ty  i s  being compronised by the reduction 

of required f i r i n g  energy. It should, however, be noted t h a t  the joule or 

so required t o  f i r e  the usual  EBW detonator i s  not mxh  energy, only a watt 

second o r  a quar ter  of a gram-calorie. It i s  therefore not  the t o t a l  energy 

requireaent which makes the  properly designed EBW detonator sa fe  t o  use i n  

the i n - l i n e  condit ion.  It i s  r a t h e r  the  spocial ized manner i n  which the 

pulse must be delivered,  i . e . ,  the shor t  r i s e  time and high peak power. 

The same c r i t e r i a  apply t o  the  lower energy EBW. Further the  lower energy 

device would, i n  a l l  probabi l i ty ,  require  a pulse of even more special ized 

wave form than does the usual one-joule detonator.  As w i l l  be shown, the 



c i r c u i t r y  design i s  most c r i t i c a l  i n  the i n i t i a t i o n  of RDX with 50 m i l l i -  

joules. A second consideration i s  t h a t  these devices are  being considered 

f o r  multiple use. I n  appl icat ion i t  should be possible t o  design the 

ordnance package i n  such a manner as t o  connect the detonators i n  s e r i e s  

o r  p a r a l l e l ,  ins ide  a Faraday sh ie ld ,  i n  such a manner tha t  they w i l l  

equally divide the energy of spurious signals (as well as the f i r i n g  s ig-  

nal)  and so t h a t  any mechanical f a i l u r e  would cause the  device to  " f a i l -  

safe". 

I n  view of the above the Naval Ordnance Laboratory, Corona i n s t i t u t e d  

the invest igat ion of such devices. The R. Stresau Laboratory, Inc . ,  Spooner, 

Wisconsin was contracted t o  a s s i s t  with theore t i ca l  and empirical s tudies .  

TECHNICAL DISCUSSION 

Although the i n i t i a t i o n  of detonation i n  secondary high explosives by 

means of exploding bridgewires has gained wide acceptance as a solution t o  

the explosive sa fe ty  problem, the physical a.nd chemica.1 mechanisms involved 

a re  not yet  understood i n  complete quan t i t a t ive  d e t a i l .  I n  pa r t i cu la r ,  the 

mechanism whereby the e l e c t r i c a l  input energy i s  transmitted t o  the explosive 

does not seem t o  the wri ters  t o  have been adequa.tely described. The strengths 

of observed a i r  shocks are  insuf f i c ien t  t o  account fo r  more than a small 

f r a c t i o n  of the input energy o r  t o  e s t a b l i s h  detonation i n  a secondary high 

explosive. Heat t r ans fe r  due t o  normal conduction, convection, or  radia t ion 

i s  too slow for  the  combination of dimensions, energies,  and times associated 

with EBW i n i t i a t i o n .  Such mechanisms as  condensation of metal vapor on 

explosive surfaces ,  t r ans fe r  from plasma carrying high density e l e c t r i c a l  



currents, and magnetohydrodynamic effects are probably involved. In any 

case, by careful circuit and detonator design, it is possible to concentrate, 

as heat in the "reaction nucleus" of the detonator, more energy than the 

"heat of detonation" of an equivalent volume of the high explosive. The 

resulting temperature, higher than that in a normal detonation reaction 

zone, quite obviously, causes the explosive to react at a rate higher than 

that associated with stable detonation, liberating hot gasses at such a 

rate that a shock wave must inevitably de~e?~op. 

As has been pointed out in References 1, 2, and 3 and in many other 

discussions of the subject, explosive initiation is a matter of energy 

balance. When conditions are such that the energy liberated by explosive 

reaction exceeds losses fron a reaction nucleus, the vigor of the reaction 

is bound to increase. For practical purposes, such conditions, once esta- 

blished, must prevail until a charge is expended, if it is to be considered 

adequately initiated. As is pointed out in Reference 1, the growth of 

explosion may progress through a nunber of phases (self heating, burning, 

deflagration, and detonation) in which various mechanisms (conduction, con- 

vection, and pressure - displacement waves) dominate energy transfer involved 

in both the propagation of reaction and in losses. From the very short 

functioning times of EBW devices as well as the fact that the explosive is 

initiated by a non-chemical explosion, it is apparent that detonation is 

established almost immediately in such detonators and pressure-displacement 

(specifically shock) waves dominate transmission of energy. 

As Eyring et a14 have shown, the relationship between losses and chemical 



energy release in a detonation can be characterized in terms of the 

reldtionship of front curvature to reaction zone length. This inter- 

relationship was applied to the growth of detonation from sources of 

subcritical dimensions in Reference 5. Reference 5 suggests that critical 

conditions separating those for growth froa those for failure of an expand- 

ing spherical detonation can be plotted in coordinates of pressure vs ai/R 

(where ai is the reaction zone length of an ideal plane wave detonation 

and R is the radius of curvature of the detonation front). It is shown 

that the critical pressure increases monotonically with ai/R. For small 

values of ai/R, the form of this curve depends upon the kinetics of the 

explosive reaction. However, as the radius of curvature becomes small, 

the energy contribution of the chemical reaction becomes negligible (per 

unit area of shock front) and the curve approaches that for spherical 

attenuation of a nonreactive shock. The spherical attenuation of a non- 

reactive shock is, essentially, a matter of conservation of energy. Below 

a certain source size (characteristic of the explosive and its state of 

aggregation) the energy required to initiate an expanding spherical deto- 

nation becomes a constant independent of the size of the source. From a 

qualitative consideration of the principles outlined in References 4 and 

5, it is quite apparent that the order of magnitude of this minimum 

initiation energy is the heat of detonation of the quantity of explosive 

which is contained in a sphere of the same diameter as the failure diameter 

of an unconfined column of explosive (which is related to the reaction zone 

length). 



The volumetric energy content of secondary organic explosives varies 

rather little (from one to two calories per cubic millimeter) so the mini- 

mum threshold energy for EBW initiation might be expected to vary almost 

directly with the cube of the failure diameter of the explosive used. 

Table 1 includes failure diameters of several common explosives under a 

variety of conditions. It may be noted that the minimum threshold energy 

which would be predicted for a PETN loaded EBW detonator on the basis of 

the considerations discussed above and the 0.04 inch failure diameter for 

poor confinement would be of the order of a quarter of a gram-calory or 

about one joule (the failure diameter quoted was determined using PETN 

obtained by dissecting Primacord.) This value is somewhat higher than 

threshold firing energies of PETN loaded EBW detonators which are reported 

in the literature 697. This difference might be expected to result from 

the fact that the PETN used in the detonators discussed in these references6y7 

was of special preparation to attain particle size distribution and confi- 

guration particularly adapted for EBW initiation. 

It may be noted, Table 1, that failure diameters correlate with sensi- 

tivity, as might be expected. The failure diameter of RDX, is about twice 

that of PETN. Assuming the cubic relationship mentioned above, the minimum 

threshold energy of an RDX loaded EBW detonator would be about eight times 

that of a PETN loaded item. Meanwhile, the design goal of 0.05 joule is 

ody a fraction of the energy requirement of the most sensitive EBW deto- 

nator with which the writers are familiar. Such a combination would seem 

to require a rather drastic departure from current EBW design practices. 

Referring again to Table 1, it may be seen that failure diameters are 



a f fec t ed  s u b s t a n t i a l l y  by p a r t i c l e  s i z e  and confinement a s  wel l  a s  

composition. The e f f e c t  of p a r t i c l e  s i z e ,  a s  r e f l e c t e d  i n  minimum 

threshold  f i r i n g  energy, has been explo i ted  i n  t he  development of EBW 

detonators .  Although t h e r e  may be room f o r  f u r t h e r  reduct ion  of f i r i n g  

energy requirements by con t ro l  of p a r t i c l e  s i z e  and shape, i t  would seem 

t h a t  t h e  r a t h e r  ex tens ive  e f f o r t  i n  t h i s  a r e a  must have r e su l t ed  i n  a 

r a t h e r  c lose  approach t o  the  optimum s t a t e  of aggregation.  With explo- 

s i v e s  o t h e r  than PETN, t h e  p o s s i b i l i t i e s  of p a r t i c l e  s i z e  and shape 

con t ro l  and i t s  e f f e c t  upon EBW s e n s i t i v i t y  a r e  l a r g e l y  unexplored. It 

i s  poss ib l e  t h a t  such exp lo ra t ion  might lead  t o  the  discovery of a more 

near ly  i d e a l  EBW explos ive  than any now known. This i s  mentioned a s  a 

p o s s i b i l i t y ,  but  it i s  not suggested t h a t  i t  form t h e  b a s i s  of any s t rong 

hopes. 

The e f f e c t s  of confinement on f a i l u r e  diameter  a r e  a t  l e a s t  a s  g r e a t  

a s  those  of  p a r t i c l e  s i z e  (Table 1 ) .  It might be expected t h a t  confine- 

ment should have a s i m i l a r  e f f e c t  upon EBW s e n s i t i v i t y .  A detonator  

patented by one of t he  authors  i n  which PETN confined i n  the  presence 

of a b r idgex i r e  between two g l a s s  sur faces  a few mils  a p a r t  was i n i t i a t e d  

by a s  l i t t l e  a s  6000 e rgs .  Although t h e i r  l a rge  s i z e s  and o the r  f a c t o r s  

make them unsu i t ab le  f o r  t he  app l i ca t ion  which t h e  r e s u l t s  motivated t h e  

experiments described he re in ,  the  r e s u l t s  obtained with t h i s  type of 

de tonator  i l l u s t r a t e  the  p o s s i b i l i t y  of i n i t i a t i n g  s u i t a b l y  confined 

secondary explosives with r e l a t i v e l y  low energy e l e c t r i c a l  pu l se s .  The 

f a c t  t h a t  the energy a v a i l a b l e  i n  t he  present  a p p l i c a t i o n  i s  over e igh ty  

times the  threshold  energy f o r  t h e  device described i n  Reference 8 encouraged 



the  hope t h a t  a detonator of the  desired input c h a r a c t e r i s t i c s  would be 

possible,  with explosives appreciably l e s s  sens i t ive  than PETN. 

With a well confined system, l i k e  t h a t  of Reference 8,  the p o s s i b i l i t y  

must be considered tha t  i t  may grow t o  detonation a f t e r  i n i t i a t i o n  of 

burning, def lagra t ion o r  other "low order" react ion.  The accep tab i l i ty  

of an item with such capab i l i ty  would, from the point  of view of sa fe ty ,  

be somewhat doubtful. It i s  believed t h a t  advantage can be taken of the 

various aspects of confinement to  increase EBW s e n s i t i v i t y  without pro- 

moting the  growth of detonation. Confineaent of detonation o r  shocks 

involves the r e f l e c t i o n  of shock waves. Confinement of burning o r  def la-  

gra t ion requires  a strong,  leak proof container.  I n  the development of a 

secondary explosive detonator which depends upon a t r a n s i t i o n  from burning 

t o  detonation,  i t  was found t h a t  e i t h e r  leakage o r  rupture resul ted  i n  

"dudding". It should be poss ible ,  i n  an EBW detonator,  t o  provide confine- 

ment f o r  a highly convulsive process, such as  a wire explosion and the 

nearly d i r e c t  i n i t i a t i o n  of detonation thereby, combined with r e l i e f  por ts  

o r  rupturable components which w i l l  r e l i a b l y  quench burning, def lagra t ion 

o r  o ther  "low order" react ions .  

Confinement can have e i t h e r  of two functions i n  an EBW system. It 

can contr ibute  t o  the  growth from low t o  high order detonation o r  i t  can 

confine the i n i t i a l  react ion,  thereby reducing the  energy necessary t o  

e s tab l i sh  a s e l f  propagating react ion.  To accomplish the l a t t e r ,  the volume 

of the  confined cavi ty  must be small enough t h a t  the  f i r i n g  energy, uniformly 

d i s t r ibu ted  i n  the cavi ty ,  w i l l  have an energy densi ty  of the order of the  

chemical energy density of the  explosive to be i n i t i a t e d  (about a calory per 



cubic millimeter). The 0.05 joule requirement of the present application 

would call for a cavity of about a quarter millimeter diamter. The fore- 

going delineated the principal design and fabrication problem as that of 

confining an initial charge of explosive in the presence of a bridgewire 

in a cavity of fractional millimeter dimensions. 

The "curved front" theory of Eyring et a1 4 ,  with a little algebra, 

yields the following expression for the effectiveness (K) of a confining 

medium: 

-I P 
K =  1 - 1.76 sin (tan P ,/=I 

Dc 

wheref is the density of the explosive, PC is the density of the confining 
medium, D is the detonation velocity of the explosive, and Dc is the shock 

velocity in the confining medium. 

Numerical values of this constant (K) for a given combination of explosive 

and confining medium may be substituted in: 

Where D is the detonation velocity of a column of explosive of radius R, 

Di is the ideal detonation velocity of an infinite charge, and a is the 

reaction zone length. 

For values of K approaching zero, Equation (2) approaches that for 

a bare charge. Note that, as K approaches one, diameter effects tend to 

disappear (according to these equations) and the detonation velocity of a 

charge of any size approaches the ideal velocity. In Equacion (1) this condi- 

tion of "perfect confinement" may be seen to result when the shock velocity 

in the confining medium (Dc) is equal to the detonation velocity (D) of the 

explosive. Experimental data9 casts a certain amount of doubt on this 



theoretical result. Other experiments suggestlo that the effectiveness 

of a medium in the confinement of a detonating explosive can be character- 

ized in terms of the ratio of its "shock impedance" (,Oc~c) to the "deto- 

nation impedance" D) of the explosive. Still other experiments P 11 

suggest that, for confinement of incipient d e t o ~  tion, strength and 

density combine, perhaps with other properties, to determine the effective- 

ness of a confining medium. 

Regardless of which of the above mentioned criteria is used, the best 

confining medium of all materials for which handbook data are available is 

tungsten and the best of the more commonly available materials is steel. 

However, the mounting of a bridgewire in a cavity 0.010 inch in diameter, 

with electrical leads large enough and well enough insulated for the 

efficient delivery of a pulse conducive to bridgewire explosion, presents 

a rather difficult problem of design and fabrication where the confining 

medium is an electrical conductor. The effectiveness of electrical insulators 

as confining media has not been the subject of as much experimental investi- 

gation as that of metals. The more easily worked insulators, such as plastics, 

have been found ''9 12, as would be predicted by any of the criteria suggested, 

to be rather poor confining media. (As predicted by Equation ( 2 ) ,  the dia- 

meter effects have been observed to be more severe for a charge confined 

in a media which exhibits a negative K (Equation (I)), than for a bare 

charge.) Glass and ceramics, which may, according to some criteria, be 

very effective confining media, have been the subject of relatively few 

experiments. In addition to being,the most available electrical insulator, 



glass has the advantage over most ceramics of being nonporous. According 

to Equations (1) and (2), glass should afford complete and perfect confine- 

ment for explosives at the densities used in EBW devices. In any case, the 

ratio of the acoustic impedance of glass to the detonation impedance of 

such low density explosives is almost exactly the same (3.2 - 3.7) as that 

of the acoustic impedance of steel to the detonation impedance of military 

explosives as they are usually loaded. For these reasons, several of the 

earlier designs involved glass confinement. However, since a source of 

glass components of the needed precision could not be established, efforts 

were redirected to culminate in the design shown in Fig. 1. 

As has been shown in Reference 1, the energy required to initiate an 

explosive device is nearly proportional to the volume of material affected 

by the initiating impulse. In the case of hot bridgewire EEDs, this volume 

is so nearly proportional to that of the bridgewire, that it is possible to 

predict energy required to fire an item with considerable precision by 

multiplying the bridgewire volume by a number characteristic of the explosive 

The energy requirement for threshold (50%) firing of PETN loaded EBW deto- 

nators, as obtained from Bruceton test data6,7 is very nearly 2.5 millijoules 

per cylindrical mil (the volume of a cylinder one mil in diameter by one mil 

long). Values obtained by ~ e d ~ e s ~ ,  using a 1-112 mil diameter gold bridge- 

wire 40 mils long, and Maninger7, using a 2 mil platinum bridgewire 100 mils 

long, were nearly identical when reduced to energy per unit birdgewire 

volume. The data obtained for RDX by Maninger7, using a two mil diameter 

by sixty mil long platinum bridgewire reduces to about 4.4 millijoules per 



cy l indr ica l  m i l .  Comparing these values with the energy necessary t o  

vaporize the metal, s t a r t i n g  from room temperature, 0.57 mi l l i jou les  

per cy l indr ica l  m i l  f o r  gold and 0.95 mi l l i jou les  per cy l indr ica l  m i l  f o r  

platinum) i t  may be seen t h a t  most of the energy i s  delivered a f t e r  the 

wire has been vaporized. The di f ference  i n  the values obtained with RDX 

and PETN ind ica te  t h a t  energy delivered a f t e r  the  wire i s  vaporized plays 

a s i g n i f i c a n t  r o l e  i n  the i n i t i a t i o n  process. Experimental evidence i s  

i n  general agreement t h a t  the i n i t i a l  shock wave leaves the surface of the 

wire a t  an i n s t a n t  very close t o  t h a t  a t  which t h i s  quant i ty  of energy 

(enough t o  vaporise the wire) has been delivered.  7 ,  13, 14. It follows tha t  

the volume i n  which the f i r i n g  energy i s  d i s t r i b u t e d  i s  t h a t  of the shock 

wave envelope a t  the time the pulse i s  complete. For typ ica l  EBW shock 

v e l o c i t i e s  of one t o  severa l  mill imeters per microsecond and typ ica l  pulse 

durations of over a microsecond, t h i s  volume may be severa l  cubic m i l l i -  

meters and the density of the input energy, i f  uniformly d i s t r ibu ted ,  i s  

only a small f r a c t i o n  of a gram-calory per cubic mill imeter.  It would seem 

t h a t  the use of higher power would r e s u l t  i n  g rea te r  energy concentration 

and reduce the quant i ty  of energy necessary t o  f i r e  any given explosive i n  

any given sys tem. 

2 From the fami l i a r  d i r e c t  current  re la t ionship  (P = V /R, where P i s  

power, V i s  voltage,  and R i s  res is tance)  i t  would seem t h a t  power can be 

increased by the r e l a t i v e l y  simple expedients of r a i s ing  voltage o r  lower- 

ing res is tance .  I n  a t r ans ien t ,  however, the peak current  i s  l imited by the  

pulse impedance of the c i r c u i t  (Z = , I = V / Z ,  where L i s  inductance, 

C capacitance, and I cur ren t ) .  I f ,  f o r  example i n  a capacitance discharge 



c i r c u i t ,  it i s  hoped t o  increase power x!~ile decreasing energy by r a i s i n g  

the  vol tage ,  a reduction of capacitance i s  indicated s ince  the energy (E ) 

s tored i n  a condenser i s  given by & = cv2/2. Now, i f  the capacitance i s  

reduced t o  a point  where C < ~ L / R ~ ,  the discharge w i l l  become o s c i l l a t o r y  

with a peak power of: 

Note t h a t  voltage cancels out  and t h a t  the peak power i s  proportional  t o  

energy. This is  consis tent  with the f a c t  tha t  energy i s  equal, by de f in i t ion ,  

t o  the  time i n t e g r a l  of po-aer and the  decay time of a danped o s c i l l a t o r y  

discharge i s  equal t o  r = 2L/R. 

It can be shown t h a t  the most rapid energy t r a n s f e r  i n  a discharge c i r c u i t  

i s  a t t a ined  with a c r i t i c a l l y  damped c i r c u i t  ( i n  which C R ~ / ~ L  = 1) .  An 

important f a c e t  of the  a r t  of designing c i r c u i t s  s u i t a b l e  f o r  EBW actuat ion 

has been t h a t  of reducing the  inductance of such c i r c u i t s  s u f f i c i e n t l y  t o  

r e s u l t  i n  c r i t i c a l  damping. To maintain or  increase power while reducing 

energy w i l l  require  f u r t h e r  refinement of t h i s  a r t .  For example (from 

Equation (3))  t o  de l ive r  0.05 joules t o  a one ohm load a t  a megawatt peak 

power would require  an inductance l e s s  than 0.025 microhenries, (which i s  

the  inductance of about four inches of RG-SU coaxial  cable o r  of a hal f  

inch o r  so square loop of wire) .  Although i t  may be d i f f i c u l t  t o  a t t a i n  

such a low inductance i n  a f i r i n g  c i r c u i t ,  it ma,y be approached by the design 

of a l l  components as  p a r t s  of a s ing le  low impedance " f l a t "  cable.  A dcto- 

nator which requires  such a special ized c i r c u i t  t o  f i r e  i t  would be qu i t e  

s a f e  agains t  i n i t i a t i o n  by accidenta l  or  environmental e l e c t r i c a l  phenomena 



and should meet any reasonable safe ty  c r i t e r i a .  

DESIGN AND PREPARATION OF EWERIMENTAL MATERIALS, DEVICES, AND APPARATUS 

As implied by the  foregoing technical  discussion,  to  a t t a i n  to  m i l l i -  

joule s e n s i t i v i t y  i n  an exploding bridgewire detonator requires not  only 

spec ia l  detonator design, but a l s o  s p e c i f i c a l l y  prepared explosives and 

c i r c u i t s  of unusual cha rac te r i s t i c s .  

1. Detonator I n e r t  Assemblies As delineated i n  the technical  d i s -  

cussion, the pr incipal  design and fabr ica t ion  problem i s  t h a t  of confining 

an i n i t i a l  charge of explosive surrounding a  bridgewire i n  a  cavi ty  of 

f r a c t i o n a l  mill imeter dimensions. The bridgewire, of course, must be well 

enough insula ted  from any metal components t o  preclude establishment of 

shunting paths when subjected t o  input po ten t i a l s  of some thoasands of 

v o l t s .  

(a)  Early Designs. A number of designs were considered i n  which 

glass  was t o  serve as  the  confining medium. None of these were ever made 

because a  source could not  be found which indicated e i t h e r  capab i l i ty  o r  

wil l ingness t o  attempt the  fabr ica t ion  of g lass  components of the required 

precis ion.  A few r e l a t i v e l y  crude attempts were made, i n  the  laboratory,  

t o  construct  assemblies incorpora.ting the  e s s e n t i a l  f ea tu res  of these  

designs. Their f a i l u r e  t o  detonate,  even with a  two joule input ,  may be 

a t t r i b u t a b l e  t o  the crudeness of f ab r ica t ion  o r  to  the  f a c t  t h a t  ne i the r  

e l e c t r i c a l  conditions nor the s t a t e  of aggrevation of the explosive had 

been optimiz'ed a t  the time of these  experiments. 

A r a t h e r  small number of t e s t s  were made using a  "sandwich" s t ruc tu re  

i n  which two metal p la tes  were separated by a  MylarJc f i lm. An indentation 

m y l a r  i s  a  DuPont t r ade  mark f o r  polyes ter  f i lm. I t s  s t a t ed  d i e l e c t r i c  
s t rength  i s  4000 v o l t s  per m i l .  



i n  the  surface  of one of the  metal p l a t e s  (when covered by the  o ther)  forms 

the  explosive charge cavi ty .  The bridgewire, which i s  l a i d  between the  p l a t e s  

perpendicular  t o  the  charge cavi ty  groove, i s  passed through t h e  f i l m  i n  such 

a manner a s  t o  form an e l e c t r i c a l  bridge between the  p la t e s  a t  t he  charge 

cavi ty .  I n  t e s t s  using t h i s  arrangement, l oca l  react ions  were evidenced by 

enlargement of the  charge cav i ty  indenta t ion ,  but  propagating detonation 

was never observed. 

Af ter  more promising r e s u l t s  had been obtained with the  design i l l u s -  

t r a t e d  i n  Figure 1, experiments with the  e a r l i e r  designs were abandoned. 

It i s  poss ib le  t h a t ,  with the  r i g h t  combination of c i r c u i t  condit ions and 

explosive s t a t e  of aggregation,  any o r  a l l  of the  design concepts considered 

might lead t o  detonators  of i n t e r e s t i n g  and use fu l  c h a r a c t e r i s t i c s .  

(b) Design Used i n  Most Experiments. The general  desfgn which f i r s t  

gave promising r e s u l t s  i s  shown, schematical ly,  i n  Figure 1. To descr ibe  

the  f a b r i c a t i o n  of detonators of t h i s  general  design,  some of the  mater ia ls  

used must f i r s t  be described.  

Wollaston wire i s  a coaxial  b ime ta l l i c  ma te r i a l  made by i n s e r t -  

ing  a wire of one ma te r i a l  (usual ly  gold o r  platinum) i n  a tube of another 

(usual ly  s i l v e r )  a f t e r  which the  combination of tube and core i s  drawn 

through d i e s  t o  a smaller  s i z e .  The ou te r  tube may be dissolved by an ac id  

leaving t h e  core,  which may be much s ~ n a l l e r  than a wire could be drawn by 

any other  process. The usual  motive f o r  the  use of the  Wollaston process, 

t h a t  of obta in ing such f i n e  wires,  was no t  necessar i ly  appl icable  i n  t h i s  

program, a s  w i l l  be seen. It may be noted t h a t  most of the  Wollaston wire 

used i n  t h i s  work had cores l a r g e r  than the  smal les t  ava i l ab le  drawn wire. 



High temperature double bore thermocouple insulating tubing (made of 

Mullite, a refractory ceramic compound of alumina and silica) is available 

as a catalog item in sizes down to 1/32" outside diameter. Since the O.D. 

of the ceramic tubing is the lower limit of the charge cavity diameter in 

the design shown in Figure 1 and since 1/32" is larger than theoretically 

desirable for this dimension, an order was placed for the smallest double 

bore Mullite tubing which the supplier believed to be feasible using his 

current practices. This turned out to be 0.027 inch. 

Stainless steel tubing in fractional inch outside diameters and a 

variety of nominal wall thicknesses Is available fros stock. Tolerances 

accumulate to a point where inside diameters may differ from those predicted 

from norninal dimensions by 20% or inore in this size range. Although relatively 

small orders of tubing custon drawn to quite close tolerance are not prchibi- 

tive in cost, the tubing used in these experiments was obtained by ordering 

a number of stock sizes for which the range of possible inside diameters 

included the desired sizes. As expected, this yielded an assortment of 

inside diameters, including very close fits to each of the sizes of ceramic 

tubing which had been received. It was found that, within each lot of steel 

tubing received, the inside diameter varied only a few ten thousanths of an 

inch at most. 

Copper clad phenolic sheet, for use in etched circuitry, is available 

in a variety of thicknesses and grades of phenolicwith copper coating of 

various weights on one or both sides. 

The detonator inert assemblies (Figure 1) were fabricated in the follow- 

ing series of operations: 

(1) A "hairpin" of Wollaston wire was threaded through the two holes 



of a short (about 1/8") length of ceramic tubing. 

(2) b e  ends of the Wollaston wire were soldered to the copper coatings 

of a strip of copper clad phenolic. 

(3) A "bead" of epoxy resin cement was applied to join the ceramic 

tube to the phenolic strip, and cured at an elevated temperature. 

(4) An ohnnneter was connected to measure the resistance between the 

two copper coatings of the copper clad phenolic (which is essentially that 

of the wire 'hairpin"). The tip of the ceramic (where the curve of the hair- 

pin is exposed) was then imnersed in nitric acid. When the resistance 

approached the value calculated for the core diameter and desired bridge 

length, the tip was withdrawn from the acid, washed in distilled water and 

dried at an elevated temperature. 

(5) A stainless steel tube was slipped over the tip, the ceramic tube 

coated with epoxy resin cement, and the steel tube slipped down to the 

shoulder forpled by the bead (step (3) above). The epoxy cement was cured 

at elevated temperature. 

2. Explosives 

(a) Government Furnished. All explosives used in these experiments 

were RDX (cyclotrimethylene trinitamine) which had been furnished by the 

U. S. Naval Ordnance Laboratory, White Oak, Maryland. Materials used were 

identified as follows: 

RDX, X-177, 44 micron, Lot WAF - 3 - 69 
RDX, X-178, Wabash, Type A, Lot 548-53 

RDX, X-334, Holston, Type B 



All of this material may be presumed to have been made in compliance 

with Reference 15. The RDX, X-177 and RDX, X-178 are Type A RDX made at 

the Wabash River Ordnance Works by the Woolwich, nitric acid process 

which yields nearly pure RDX (cyclotrimethylene trinitramine). The RDX, 

X-334 is Type B-RDX made at the Holston River Ordnance Works by the Bach- 

man acetic anhydride process which normally yields a mixture of RDX with 

about 10% HMX (cyclotetramethylene tetranitramine) . 
Of these materials, only the RDX, X-177 is of fine enough granulation 

to be a reasonable candidate for exploding bridgewire initiation. The 

other materials were dissolved and reprecipitated as described below. In 

a photomicrograph of RDX, X-177 Figure 2, it is apparent that the 44 microns 

referred to in the identification is the maximum dimension of the largest 

particles (the material probably passed a U. S. Standard Sieve No 325 as 

required in the specification15 for Class E, RDX). The average size appears 

to be about thirty microns and some particles as small as one or two microns 

seem to be present. Since attempts to initiate RDX, X-177 by means of an 

exploding bridgewire were not particularly successful, it was decided to 

attempt the preparation of finer grained RDX. 

(b) Preparation of Fine Particle RDX by Precipitation. To prepare RDX 

of fine particle size, the RDX was dissolved in boiling acetone and the 

solution poured into chilled distilled water while stirring the water 

vigorously. 8.5 grams of RDX to 100 milliliters of acetone (about 55% 

saturation) was used in the preparations of materials used in experiments 

reported herein. The quantity of water used was twice that of the acetone. 



Maximum dimensions of p a r t i c l e s  precipi ta ted  i n  t h i s  manner ranged from 

about two t o  twenty microns (Figure 3) with average and peak of the d i s t r i -  

bution c lose  t o  ten microns. Most of the data  reported here in  was obtained 

with RDX, XF-1 made from RDX, X-178, and RDX, XF-2, made from RDX, X-334. 

(c) Loading. The explosive was s t e m e d  i n t o  the  charge c a v i t i e s  a t  

ram pressures ranging from 40 t o  240 pounds per square inch. The "press" 

used f o r  t h i s  loading cons i s t s  of a small (1/16" max capacity) chuck mounted 

a t  the bottom of a sha f t  which passes through a "bushing" of hypodermic needle 

tubing and has a platform a t  the top about one inch i n  diameter. The weight 

of the chuck, sha f t  and platform i s  8.5 grams, which corresponds with a 

pressure of 40 pounds per square inch on the  stnallest ram used. Higher dead 

loads a r e  applied by means of weights of appropriate s i z e s ,  placed on the 

platform. The stemming i s  accomplished by s l ipp ing  the  detonator upward 

over the ram u n t i l  the  ram, chuck, sha f t ,  platform, and weights a r e  l i f t e d  

t o  c l e a r  a s top which o rd ina r i ly  supports them. 

The "f lash  charges" were loaded as  follows: The open end of the detonator 

assembly was pushed i n t o  the s i d e  of a small heap of the  f l a s h  charge explo- 

s ive ,  which was nudged i n t o  the hole with a spatula  made by grinding the  

end of a piece of 0.065 inch diameter hypodermic needle tubing a t  an acute 

angle. The explosive was shaken down (presumably around the bridgewire) by 

snapping the  s ide  of the  tube agains t  the edge of a p la te  g lass  t a b l e  top 

with a f inger  n a i l .  Af ter  repeating t h i s  sequence, the charge was stemmed 

a s  described above. 

The "base charge" was loaded by pushing the  detonator,  open end v e r t i -  

c a l l y  downward, i n t o  a f l a t  container of the  base charge explosive and then 



stemming a s  described above, repea t ing  t h i s  sequence u n t i l  t h e  charge 

cav i ty  was f i l l e d  f l u s h  with the  end. Although no measurement was made 

of t he  quan t i t y  of explosive loaded per  increment, t he  number of increments 

requi red  t o  f i l l  a de tonator  i nd ica t ed  t h a t  t h e  loaded increment lengths  

r e s u l t i n g  from t h i s  method average about one c a l i b e r .  

3. F i r i n p  C i r c u i t s  

I n  the  e a r l i e r  experiments, a F i r i n g  Switch, Mk 88, was used. The 

F i r i n g  Switch Mk 88 was o r i g i n a l l y  intended a s  a weapon component f i r i n g  

source f o r  r e l a t i v e l y  i n s e n s i t i v e  exploding bridgewire de tonators .  It 

c o n s i s t s  of a t r a n s i s t o r i z e d  power supply which charges a one microfarade 

condenser t o  two thousand v o l t s  and a t r i gge red  spark gap which discharges 

the  condenser through an ex te rna l  c i r c u i t .  The energy de l ivered  t o  a 

de tonator  by the  F i r i n g  Switch, Mk 88 was reduced, f o r  purposes of t hese  

experiments, by connecting a condenser i n  s e r i e s  with i t  a t  t h e  de tonator .  

Considering only nominal p r o p e r t i e s  of t he  c i r c u i t  components, such a c i r -  

c u i t  would be expected t o  d e l i v e r  exac t ly  the  same pulse  t o  t he  de tonator  

a s  would be de l ivered  by t h e  Mk 88 with a smal le r  condenser (of  t he  e f f e c t i v e  

capaci tance of t h e  i n t e r n a l  and e x t e r n a l  condensers i n  s e r i e s ) .  Although the  

energy de l ivered  should be t h a t  predic ted  on t h i s  bas i s ,  t h e  power and r a t e  

of r i s e  a r e  l imi t ed  by the  inductance of t he  c i r c u i t  (which, a s  pointed out  

i n  t he  t echn ica l  d iscuss ion ,  must decrease i n  propor t ion  t o  the  capaci tance 

t o  maintain a cons tant  peak power). 

I n  an e f f o r t  t o  approach the  i d e a l ,  proposed i n  the  t echn ica l  d iscuss ion ,  

of a c i r c u i t  i n  which the  condenser, switch and cable  form a s i n g l e  u n i t  of 

continuously d i s t r i b u t e d  parameters, two f i r i n g  c i r c u i t s ,  shown schematical ly 

i n  Figure 4, were f ab r i ca t ed  i n  t he  labora tory .  Laboratory f a b r i c a t i o n  of 



all components from sheet copper, gold, and Mylar film makes such unitization 

much more complete than would have been possible in an assembly of separate 

components. Each circuit consists of a hand stacked capacitor of sheet 

copper and Mylar, a manually operated double throw switch in which the 

"charge" position affords a positive contact but the firing discharge occurs 

when two gold electrodes are brought within sparking distance, and a "flat" 

cable about a foot long. The switch is as nearly two dimensional as possible, 

constructed of sheet copper and gold in the configuration shown in the inset 

of Figure 4, and is separated from a return line sheet of copper by a thin 

(about 0.010 inch) layer of mica. 

Two firing circuits, designated "H-1" and "H-2", were constructed, 

differing significantly only in the capacitance of their firing capacitors. 

The firing condenser of the H-1 Firing Circuit had a design value of 0.06 

microfarad and a measured capacitance of 0.0454 microfarad. The H-2 had a 

design value of 0.02 microfarad and a measured value of 0.0144. The differences 

between measured and design values was in the direction dnich was anticipated 

since edge effects and air gaps due to surface irregularities were not 

considered in the design. 

EWERIMENTAL PROCEDURES AND RESULTS 

The experimental effort of this project consisted mainly in the fabri- 

cation and loading of groups of detonators and the determination, (usually 

by Bruceton tests) of the threshold (50%) conditions for high order 

detonation. 

1. The Bruceton Procedure 

The so called "Bruceton" test procedure was used in most tests reported 



herein.  In  t h i s  procedure, the  f i r s t  t r i a l  of a t e s t  i s  performed a t  one 

of a s e r i e s  of pre-established condit ions o r  "steps". I f  a detonation 

r e s u l t s ,  the next t r i a l  i s  performed a t  the  adjacent s t ep  i n  the  d i rec t ion  

of lower input energy. I f  i t  mis f i r e s ,  the  next t r i a l  i s  performed a t  

t h e  adjacent s t e p  i n  the  d i r e c t i o n  of increasing energy. The t e s t  i s  

continued i n  t h i s  manner, the  condit ions of each t r i a l  being determined 

by the  r e s u l t s  of the  previous t r i a l ,  t o  y ie ld  a pa t t e rn  of up and down 

s ta i rcases  on a crossed gr id  da ta  sheet .  

Data obtained i n  a Bruceton t e s t  may be analyzed t o  obtain est imates 

of the  mean ( the  condit ion a t  which 50% w i l l  detonate) and standard devia- 

t i o n  of the  t e s t  var iable  and of the e r ro r s  of these  est imates.  The v a l i d i t y  

of such est imates r e s t s  on the  assumption t h a t  the  probabi l i ty  of detonation 

i s  normally d i s t r ibu ted  with respect  t o  the  t e s t  va r i ab le  o r  t h e  function 

thereof used i n  es tab l i sh ing  the  s e r i e s  of "steps". Experience with explo- 

s ive  s e n s i t i v i t y  i n  general  and p a r t i c u l a r l y  with e l e c t r i c  i n i t i a t o r s  tends 

t o  favor the  use of logarithmic progressions of s t eps .  However l imi ta t ions  

of experimental apparatus made o the r  s t e p  progressions more convenient. The 

e f f e c t  of such non-normalizing s t e p  progressions upon the  accuracy of the 

est imation of the  mean i s  r a the r  small,  but the  "standard deviations" should 

be considered rough est imates of conpar i t ive  v a r i a b i l i t y .  I n  analyzing 

Bruceton da ta ,  values of mean and deviation a r e  f i r s t  calculated i n  terms 

of s teps .  They were converted t o  mi l l i jou les  by mult iplying values i n  

"steps" by t h e  s i z e  of the  p a r t i c u l a r  s t e p  i n t e r v a l  within which the  mean 

value f a i l s  f o r  each t e s t .  



The s e r i e s  capaci tors  used with Elect ronic  Switch, Mk 88 the  var ied  

i n  even i n t e r v a l s  of 0.025 microfarad so the  progression f o r  these t e s t s  

was nearly l inea r .  

The H-1 and H-2 f i r i n g  c i r c u i t s  were charged by means of the  Mk 88. 

The voltage was reduced by t h e  use of shunting condensers t o  d i s t r i b u t e  

the  charge. Since the  shunting capacitors were i n  even 0.05 microfarad 

i n t e r v a l s ,  the  rec iprocals  of voltages were i n  even s teps  while the  

energies a r e  of course proportional  t o  the  squares of voltages.  

2. Results  - General 

The r e s u l t s  a r e  consolidated i n  Table 2. It may be noted t h a t  the  

mean energy requirements of most of the  items t e s ted  i s  l e s s  than the  

design goal of 50 mi l l i jou les ,  although, f o r  most, the  deviation i s  l a rge  

enough t h a t  the  r e l i a b i l i t y  a t  50 mi l l i jou les  would be lower than required 

f o r  ordnance items. A t  l e a s t  one, the  f i r s t  item l i s t e d  with the  0.4 m i l  

platinum bridgewire, shows promise of adequate r e l i a b i l i t y  a t  the  50 m i l l i -  

joule  l eve l ,  i f  the  standard devia t ions  derived from the non-normalized 

Bruceton data  i a  t o  be believed. 

3. Effect  of Charge Cavity Diameter 

I n  Graph I, threshold f i r i n g  energies a r e  p lot ted  versus the cube of 

charge cavi ty  diameters. It may be noted t h a t  they a r e  near ly  proportional  - 
a s  might be predicted from considerations mentioned i n  the  technical  d i s -  

cussion. However, o ther  f ac to r s  so complicate the  re la t ionsh ip  t h a t  the  

scal ing,  p a r t i c u l a r l y  over the  shor t  range of the  lower curve, may be 

l a rge ly  fo r tu i tous .  The energy densi ty  indicated i n  the  lower curve i s  

only about seventy mi l l i jou les  per cubic mill imeter,  l e s s  than a t en th  of 



t h e  dens i ty  of a v a i l a b l e  chemical energy i n  t h e  explos ive .  It would appear  

t h a t  t h e  exploding bridgewire i n i t i a t i o n  process i s  somewhat more complex 

than  t h a t  assumed i n  t h e  t echn ica l  d i s cus s ion .  

4.  E f f e c t s  of F i r i n g  C i r c u i t  Parameters 

The 411 r a t i o  of th reshold  f i r i n g  energy of t h e  same de tona to r  when 

f i r e d  by means of t he  Mk 89 and H-1  r e spec t ive ly  i l l u s t r a t e s  t h e  importance 

of c o n t r o l l i n g  inductance and impedance of f i r i n g  c i r c u i t s  f o r  exploding 

bridgewire devices.  It should be kept  i n  mind t h a t  t he  Mk 88 was designed 

t o  f i r e  a n  EBW device ,  bu t  t he  i n t roduc t ion  of s e r i e s  capac i to r s  increased  

inductance d n i  l e  making i t  l e s s  t o l e r a b l e .  

It may be noted,  Table 2, t h a t  t h e  t h r e sho ld  energy requirement of t he  

de tona to r s  with t h e  sma l l e r  br idgewires i s  l e s s  wi th  t he  H-2 F i r i n g  C i r c u i t  

t han  with t he  H - 1  f i r i n g  c i r c u i t ,  whi le  with t h e  l a r g e s t  Bridgewire used 

(0.6 m i l ) ,  t h i s  r e l a t i o n s h i p  i s  i nve r t ed .  This  may be explained,  f o r  t h e  

sna l l e r ,  high r e s i s t a n c e  wires  i n  terms of  t h e  need f o r  a sma l l e r  condenser 

t o  maintain a s h o r t e r  RC d i scha rge  t ime,  f o r  t h e  l a r g e r  wires ,  perhaps t h e  

lower c i r c u i t  impedance r e s u l t i n g  from t h e  l a r g e  capac i tance  of  t h e  H - 1  u n i t  

provides a b e t t e r  match t o  t h e  lower de tona to r  r e s i s t a n c e .  

5 .  E f f e c t s  of  Bridgewire Diameter 

I n  Graph 11, mean th re sho ld  energ ies  (lowest va lues  obta ined  wi th  each 

Bridgewire diameter)  a r e  p l o t t e d  ve r sus  bridgewire diameter .  It would seem 

t h a t ,  below 0.4 m i l  br idgewire diameter ,  energy requirement becomes nea r ly  

independent of diameter  and above t h i s  s i z e ,  t h e  energy requirement i nc reases  

with i nc reas ing  wire  s i z e .  It i s  of i n t e r e s t  t o  note  t h a t ,  f o r  t h e  l a r g e r  

wi res ,  the  energy requirement pe r  c y l i n d r i c a l  m i l  of br idgewire volume i s  



between 3.5 and 4.0 which may be compared with the 4.4  millijoules per 

cylindrical mil computed from Maninger's7 data for RDX. In view of the 

many differences between Maninger's experiments and those discussed 

herein, this agreement is quite remarkable. The "plateau1' of 25-27 milli- 

joules for wire sizes below 0.4 mil diameter may be a limiting condition 

for the charge cavity diameter, explosive particle size, firing condenser, 

or the particular combination used in these experiments. Smaller charge 

cavities, explosive particles, or firing condensers might result in lower 

threshold firing energies maintaining the constant energy requirement per 

cylindrical mil noted above. 

6. Effects of Loading Pressure 

Threshold firing energy is plotted as a function of loading pressure 

in Graph 111. It may be noted that there is evidence of an optimum pressure 

which results in a minimum energy requirement. These data were obtained 

using 0.5 mil diameter bridgewires and 35 mil diameter charge cavities with 

flash charges of RDX, XF-1. Briefer and somewhat less organized experiments 

indicate that similar optimum loading pressures apply to other combinations 

of bridgewire and charge cavity diameter and explosive granulation, but that 

the optimum differs for each such combination. Not enough data has been 

obtained to characterize the interrelationships involved except that there 

appears to be a trend toward increasing optimum loading pressures with 

increasing ratios of bridgewire diameter to charge cavity diameter. In 

Table 2, where only one loading pressure is used with a given combination, 

the pressure is the optimum as estimated by a "cut and try" procedure. 



density data for RDX, XF-2, which is believed to be typical of materials 

used in this study, are given in Table 3. 

7. Output 

A steel bar dent test was used as the criterion of detonation in the 

Bruceton tests. Any detectable dent was accepted as evidence of detonation. 

For some "misfires", the case was burst or shattered, although no dent was 

produced. For others, the case was intact, although the audible effects 

were indistinguishable from those of detonations. Other misfires were much 

milder, including ejection of unconsumed explosive and burned out bridge- 

wires. 

In a few experiments, it was determined that the smallest of these 

detonators (with explosive columns 0.028 inches in diameter) are capable 

of initiating leads of SPX-~'~, a finely divided RDX, desensitized with 1.5% 

calcium stearate to neet the Navy criterion that booster explosives shall be 

no more sensitive than tetryl. 

CONCLUSIONS AND RECOMMENDATIONS 

The feasibility of producing an RDX exploding bridgewire detonator which 

can be fired with an input energy of 50 millijoules has been demonstrated. 

The energy requirement of such a detonator is a rather complex function of 

confinement, dimensions of components, state of aggregation of explosives, 

and the waveform of the firing pulse. Although the experiments which have 

been described give some clues as to the trend of some of these relation- 

ships and generally seem to agree with theoretical predictions, much work 

remains to be done before a satisfactory ordnance system can be designed 

to take advantage of these possibilities. It is recommended that experiments 

be continued until this goal is achieved. 
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Table 1 FAILURE DIAMETERS ( i n  inches) AS AFFECTED BY CONFMEMENT 

CONFINEMENT 

Bare Fabric o r  Aluminum )0.006 i n  Lead (Pb) Heavy Brass 
EXPLOSIVE Charge P l a s t i c  wall  tube) (MDF) o r  S tee l  

PETN 0.04 (a)  4 O.OSO(f) 4 0.010 (g) 4 0.050 (h) 

RDX 0.085 (c) < 0.016 (g) 0.050 (h) 

RDX/Ca S tea ra te  
9812 

Tetryl  

> 0.140 (d) 7 0.075 ( f )  
i 0.170 (d) 4 0.100 ( f )  

TNT 7 0.5 (b) 
(granular)  4 0.7 (b) .d 0.500 (e)  

7 0 . 1 0 0  ( f )  
d 0.125 ( f )  

TNT 
(25 micron) c: 0.100 (e)  

(a)  R. Stresau Laboratory Report 61-10-1 

(b) Picatinny Arsenal Technical Report 2399 

(c)  R. Stresau Laboratory Report 62-5-1 

(d) P r iva te  Communication, W.M. S l i e ,  NOLW 

(e) OSRD Report 5611, Explosive Research Lab. Bruceton Pa. 

( f )  NAVORD Report 4082, NOLW 

(g) P r iva te  Communication, David Andrew, Ensign-Bickford Co. 

< 0.075 (h) 

4 0.075 (h) 

< 0.100 (h) 

(h) NAVORD Report 2282, NOLW 



Table 2. Threshold F i r ing  Energies 

Wire Dia. ~ e s . b  ~ ~ t h f  Chge. Explosive Ldg. Frg. EnergyReq. 
Mat. (mils) (ohm) (mils) Dia. Flash Base Press.  C i r .  (mi l l i jou les )  

(mils) Chge Chge Mean Std.Dev. 

XF- 1 
XF- 1 
XF- 1 
XF- 1 
XF- 1 
XF- 1 
XF- 1 
XF- 1 
XF- 1 
XF- 1 
XF- 1 

XF- 2 
XF- 2 
X-177 
XF- 2 
X-177 
X-177 
X- 177 
X-177 
X-177 
X-177 
X-177 

6 0 H-2 32.5 
6 0 H-1 36 
40 H-1 47 
8 0 H-2 57 
80 H-1  42 
90 H- 48 
9 0 88 t f )  202 
100 H-1  49 
160 H - 1  63 
(h) H-1 90 
(h) 88(f)  1333 

(a) Too small sample f o r  est imate of devia t ion.  

(b) Average of measured res is tances  of items used i n  Bruceton t e s t .  

(c) Calculated from average res is tance .  

(d) Estimated from a few data .  

(e) Only spot checks of r e s i s t ance  made t o  assure t h a t  no s i g n i f i c a n t  s h i f t  
occurred. 

( f )  88 - Electronic Switch, Mk 88 Mod 0 with s e r i e s  capaci tors .  



Table 3 

Loading Pressure and Density Relationships of RDX, XF-2 

Loading Pressure 
(pounds per square inch) 

Density 
(grams per cubic centimeter) 

Bulk Densities: 

As Poured .44 grams/cm3 

Shaken Down .55 grams/cm 3 

FIGURE I. MEDIUM ENERGY EXPLODING 
BRIDGE WIRE DETONATOR 

( a )  BRIDGED PLUG ( S C A L E , 5 0 : I )  
SILVER 

S O ~ D E R  \ REMOVED 
EPOXY RESIN 

FROM 

CEMENT EX POSED 
COPPER-CLAD \ STAINLESS - CURVE 

PHENOLIC RD?( STEEL- TUBING 



Figure 2: Photomicrograph of RDX X-177 
(250 diameters magnification) 

Figure 3: Photomicrograph of RDX XF-1 
(750 diameters ma.gn1f lcation) 



FIGURE 4. CIRCUITRY USED IN 
EXPERIMENTAL FIRING H-l FIRING CIRCUIT 
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GRAPH I: EFFECTS OF FIRING CIRCUIT 
AND CHARGE CAVITY DIAMETER ON 

MEAN THRESHOLD ENERGY 

FIRED WlTH MK 88 
AND SERIES CAPACITOR 
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5. DISCUSSION 

M r .  Seeger of Picatinny Arsenal asked i f  a hot-wire i n i t i a t i o n  of 

this device had been t r i e d  instead of t h e  EBW approach. M r .  HiLlyer answered 

t h a t  t h i s  was a d i f f i c u l t  question t o  answer. He sa id  t h a t  t h e  s e n s i t i v i t y  

of t h e  system t o  inductance i s  an indica t ion  of EBW phenomenon. I n  

addit ion attempts t o  f i r e  with more energy a t  a lower power l e v e l  r e s u l t s  i n  

bridgewire burnout without functioning. 

M r .  Bankston asked f o r  information on functioning time, column 

length and densi ty of RDX, and means of detect ing t h a t  a detonation had 

occurred. M r .  Hi l lyer  answered t h a t  functioning time had not ac tua l ly  

been measured but functioning appears t o  be simultaneous within a f r ac t ion  

of a microsecond a t  times. Functioning time i s  not e n t i r e l y  defined a t  t h i s  

point. 

M r .  Stresau sa id  t h a t  column length was from l / 4  t o  3/8 inch 

and densi ty from 1.08 and 1.23. These were pressed a t  40 t o  250 ps i .  

Pressure was optimum a t  d i f f e ren t  magnitudes f o r  changes i n  other  variables .  

For a .004-inch bridgewire, 60 p s i  was optimum; fo r  a .W6-inch bridgewire, 

250 p s i  was maximum. He warned t h a t  t h i s  information i s  based on l imited 

data. Degree of detonation was determined by t h e  dent made i n  a s t e e l  

block. 

Column length was not varied in ten t ional ly ,  although t h e r e  were 

variat ions.  He expressed i n t e n t  t o  inves t iga te  length ef fec t .  

M r .  Moore of Stanford Research I n s t i t u t e  commented t h a t  t h e  lack  

of simultaneous functioning, when it occurred, could be due t o  a deflagrat ion 

proceeding f o r  a new millimeters before detonation. 

M r .  Stresau sa id  t h a t  t h i s  was not l i k e l y  i n  l i g h t  of t h e  short  

energy del ivery time of t h e  c i r c u i t  and i n  l i g h t  of t h e  grea t  c i r c u i t  

e f fec ts .  

M r .  Moore added t h a t  i n  some work t h a t  he had done with M r .  George 

Muller under s imi lar  conditions a reac t ion  s t a r t e d  with a ve loc i ty  of 1 o r  

2 mm per microsecond fo r  perhaps 12 mm and then accelerated t o  high order 

detonation. M r .  Stresau sa id  t h a t  he considered ve loc i ty  of 1 t o  2 mm/micro- 

second a loworde r  detonation, a shock propagated react ion.  He concluded 

t h a t  t h i s  i s  a matter of def in i t ion .  



M r .  Adams of GLA asked i f  t h e  c i r c u i t  was c r i t i c a l l y  damped o r  

subject t o  damped osc i l l a t ion .  M r .  Stresau sa id  t h a t  attempts were made 

t o  make t h e  c i r c u i t  c r i t i c i a l l y  damped. M r .  Hi l lyer  added t h a t  attempts 

were made t o  measure c i r c u i t  inductance without success. This gives an idea 

of t h e  small value of inductance. 

M r .  Adams asked i f  c r i t i c a l  damping would not be outlined by 

adding res i s tance  and i f  t h i s  would not a l so ,  in f a c t ,  degrade performance. 

M r .  Hi l lyer  sa id  t h a t  damping could a l s o  be obtained by decreasing 

inductance, which is supposed t o  have advantages in t h i s  appl icat ion.  



6. CHARACTERISTICS OF A SMALL INSENSITIVE 
PETN EIBCTRIC DETONATOR+* 

Donald Baker Moore 

Stanford Research I n s t i t u t e ,  Menlo Park, Cal i fornia  

This i s  a report  on a program to develop a detonator containing no 

pr imary explosives, but which must be actuated by the discharge of a 112- 

to 1-microfarad condenser charged to between 2 and 2 i  kilovolts. Other re -  

quirements will be touched on in the report  but consist, briefly, of certain 

geometric restrictions, a des i re  to minimize the total amount of explosive, 

insensitivity to strong radio-frequency fields, and, of course, 100% relia- 

bility. 

The explosive had been previously determined to be PETN in some 

form, with the possibility of mixing i t  with graphite a s  desired to increase 

electr ical  sensitivity. Graphite appears to be one of the materials  which 

can be mixed with PETN to change i ts  electrical behavior without appre- 

ciably increasing i ts  mechanical sensitivity. 

Ear l ier  work had pretty well established the general approach to the 

design. It consists of a n  axial needle inserted into a prime charge of 20 to 

50 mill igrams of mixed PETN and graphite. This, upon being ignited by an 

electrical discharge, induces deflagration in a short  column of loosely 

packed PETN which evolves into a detonation which in turn initiates another 

short  column of high density PETN (1.6 grams per cubic centimeter).  This 

* This experimental work was performed for  Westinghouse Electric Cor- 
poration, Sunnyvale, California, under Contract No. BS1-71288-1F292 
under NOW 60-0642. 



detonation i s  sufficiently energetic that, upon emergence f r o m  the cap  

sheath, i t  will initiate additional explosives such a s  MDF o r  shaped P r i m a -  

cord. 

Although d i rec t  electr ical  initiation of PETN has  been accomplished 

regularly, i t  was our problem to do this with a minimum of energy and re la-  

tively s t r i c t  conditions upon charge dimensions. This has  led into the funda- 

mental  problem of examining the basic  initiation mechanisms.  

EXPERIMENTAL DETAILS 

The power supply used in  these experiments  was our vers ion  of the 

common gap-triggered capacity s torage  unit. This could be  varied within 

the capacity and voltage l imits  desired.  It was ar ranged in a coaxial sys-  

t em to minimize inductance and signal noise. This i s  shown in Fig. 1. 

The prec ise  circui t  pa ramete r s  were  found to va ry  slightly with 

adjustment, but were  usually about 2 microseconds ringing t ime into a 

shor t  circuit ,  with a n  estimated residual  inductance of between 0. 2 and 

0. 26 microhenry,  and a n  internal res is tance  of about 0.1 ohm o r  la rger .  

It was found that the spark  gap itself had a n  apparent  res is tance  value which 

varied with cu r ren t  in the approximately inverse fashion charac ter i s t ic  of 

a r c  discharges. This  also changed with gap adjustment. 

The circui t  was commonly used with a 1 / 2-microfarad condenser 

charged a t  f r o m  2 to 4 kilovolts and would deliver a peak current  of m o r e  

than 3000 amperes  with a r i s e  t ime of approximately 114 microsecond into 

a shor t  circuit .  



Instrumentation consisted of Tektronix oscilloscope r ecords  showing 

the discharge cu r ren t  a s  measured  in a s e r i e s  resis tance of 0.0108 ohm, 

the voltage a c r o s s  the device (using a Tektronix high voltage dividing probe), 

the t ime ra t e  of change of cu r ren t  d i /d t  a s  measured  by a sma l l  wire loop 

nea r  the discharge circuit ,  and the t ime integral  of the cu r ren t  was plotted 

by using a type "0" operational amplifier. These four plots were  sometimes 

supplanted by ionization switch o r  optical probe measurements  in attempts 

to measure  reaction velocities. 

In addition to the active instrumentation, the most  important obser -  

vation was s imple te rminal  observation to check damage. In part icular ,  

the obvious des i red  resul t  was successful initiation of shaped MDF. 

Applying this instrumentation to discharges with noninductive wire  

r e s i s to r s  substituted fo r  the active load, i t  was possible to calculate R 
0' 

the residual circui t  resis tance pr imar i ly  attributed to the spa rk  gap. This 

can be readily done where d i /d t  = 0. The resul t s  a r e  shown in Fig. 2. 

This i s  seen to change with cu r ren t  and a lso  gap adjustment. The points 

shown with the s lash  m a r k  a r e  obtained where d i /d t  # 0 and yield a n  est i -  

ma te  of inductance of 0.26 microhenry. This compares with an est imate 

of 0. 20 obtained by shor t  circui t  ringing measurements ,  but with slightly 

different gap adjustment. 

DETONATOR DESIGN 

Figure  3 shows the principal version of detonator under study. As 

has been mentioned, the bas ics  of this device had been previously fixed. 



The 0. 110-inch-diameter chamber contains 25 to 50 mi l l igrams of PETN- 

graphite mixture a t  about 85% to 150/0, loaded to a density of about 1 .6  around 

the needle. Immediately adjacent to this i s  a loose charge of approximately 

17 mi l l igrams of PETN a t  a density of about 1. 0 for  a length of about 0.135 

inch. Finally, the cap i s  terminated in a booster  charge of about 0. 210 inch 

of 1.6 density PETN weighing about 60 mi l l igrams.  F igure  4 i s  a slightly 

different one. 

The PETN-graphite mixture  i s  shown in Fig. 5. Many mixtures  

have been tried. This par t icu lar  one shows feathery needles of PETN in 

the o r d e r  of 100 microns  long with sporadic lumps o r  deposits of graphite 

par t ic les  in  the o r d e r  of 1 0 m i c r o n s  size. Bet te r  uniformity has  been ob- 

tained with recrystal l ized PETN in  s izes  of about 10 microns ,  but without 

appreciably g rea t e r  success .  

As yet no special  effort  has  been made  to design this device to be 

RF-proof. It i s  s een  that i t s  coaxial connection, and the solid me ta l  walls  

inside the external  m e t a l  sheath, may  a l ready comply with safe design 

cr i te r ia .  The weak point in  the experimental  model  i s  the plastic base  plug 

which can readi ly be  a l t e red  in a production design. 

EXPERIMENTAL RESULTS 

Figure  6 shows a detonator s e t  up to test ,  together with the aluminum 

"witness" plate and the shaped MDF to t e s t  for  successful  detonation. Fig-  

u r e s  7 through 11 show a typical shot se t  up and f i red  in  the shooting chamber.  

F igure  10 shows a fa i lure  and Fig. 11 shows a sat isfactory shot in  which the 

shaped MDF detonated properly. 



Some 300 shots have been f ired on this program. These have in- 

cluded both new tes ts  and verification of the previous conclusions about the 

following variables: PETN-graphite ratio and composition, initial res is t -  

ance (electrical),  location of needle in pr imer ,  composition density and 

length of booster charge, sharpness of needle point, desirability of insula- 

tion on needle point (to prevent low voltage o r  supplementary breakdown), 

reaction velocity, and others. 

Three typical shot records a r e  shown in Figs. 12, 13, and 14. Fig- 

ure  12 shows a shot f ired a t  2 kilovolts. The current  i s  quickly quenched 

and the capacity i s  not fully discharged. The voltage does not re turn  to zero  

and the storage capacitor retains approximately 400 volts. There i s  no evi- 

dence of reaction. Figure 13 shows a shot f ired a t  3 kilovolts. There i s  no 

inductive oscillation and f rom the charge record behavior it appears prob- 

able that most  of the stored energy has been dissipated in the explosive. 

The pin record shows a pip a t  7.2 microseconds f rom f i r s t  energy input. 

(This t race  i s  on a different t ime scale with different zero f rom the others.) 

This i s  evidence of a high-order detonation and is  confirmed by the MDF hav- 

ing severed the witness plate. Figure 14 shows a shot identical to that in 

Fig. 13, but there i s  a poorly damped ringing discharge. This indicates a 

low resistance in the detonator. The voltage t race  shows resistance changes 

whose significance will be discussed later.  Such a discharge i s  clearly in- 

efficient in initiation. 

Figures 15 and 16 show two shots f ired a t  2 and 2. 5 kilovolts. The 

f i r s t  i s  strongly damped and resulted in a detonation. The second i s  a 



ringing discharge and failed to initiate. Calculation of the resistance a s  a 

function of t ime in such shots has yielded the curves shown in Figs. 17 and 

18. Breakdown occurs very rapidly, in l e s s  than 1 / 10 microsecond. The 

resistance decreases  during this time f rom i ts  initial high value of f rom 10 

4 
to 10 ohms. In fa i lures  the resistance then continues to decrease  (as shown 

in Fig. 18). In successful shots the resistance reaches a plateau, then 

increases  temporarily, In the following long t e r m  i t  may finally increase 

further, o r  decrease  again. 

An increase  in a r c  resistance implies an  increase in p ressure  and/or  

mechanical disruption of the circuit. Both these mechanisms can be brought 

about by the onset of chemical reactions. If this i s  the case,  the time of 

f i r s t  inflection in the resistance curve, 7, may be identified a s  an induction 

time. This does not always have to be determined by laborious calculation 

of R since the actual oscillograms clearly show the difference between 
P 

proper and improper p r imer  functioning (see Figs. 15, 16, etc.). In a com- 

plete shot the discharge i s  strongly damped, in a fai lure it is oscillatory. 

OBSERVATIONS 

An attempt can be made to compute the energy input a s  a function of 

time in the detonator. Table I i s  a result.  Notice that the induction time; 7, 

decreases  a s  input energy a t  t ime 7 decreases.  This implies that other fac- 

tors  than E7 a r e  most important in determining 7. 

If 7 i s  indeed a chemical reaction o r  induction time, one might ex- 

pect i t  to be controlled by AT, the temperature r i s e  in the system. There 



i s  insufficient energy to heat the ent ire  p r i m e r  m a s s  of 25 mi l l igrams to a 

tempera ture  high enough to cause reaction. F o r  induction t imes  of l e s s  

than 1 microsecond one would expect AT  of the o r d e r  of 1000° C. 

Calculation of AT f o r  d iscre te  regions requi res  a knowledge of the 

volume of such regions and how they a r e  affected by the voltage a c r o s s  the 

system and the cu r ren t  flow. It i s  interesting that the energies in  the range 

of 0.1 joule available would r a i se  a cylindrical volume of PETN (specific 

heat of 0. 3 ca l lg ram)  1 m m  long by 1 / 4  m m  in  d iameter  to about 1000° C. 

Some scat tered resul t s  indicate that rais ing the voltage tends toward 

osci l latory discharges which would imply that the energy i s  being dissipated 

inefficiently in multiple low tempera ture  regions. 

CONCLUSIONS 

Although appreciably l e s s  than one-half the shots have been a suc- 

cess ,  we fee l  that we have found a n  instrumentation technique which can be  

used to study the fundamental initiation process  which in our  sys tem uni- 

formly  de termines  subsequent success.  This  c r i t ica l  region exists  in the 

f i r s t  114 microsecond of the energy input. It i s  extremely difficult to exam- 

ine because of the ve ry  limited volume, shor t  t ime duration, sensitivity to 

instrumental  perturbations, and dependence on confinement and boundaries. 

The p rec i se  method in  which the electr ical  energy i s  t r ans fe r red  

into the explosive i s  of considerable interest .  Some contend that this in- 

volves a s o r t  of s t r e a m e r  o r  corona discharge with highly local heating a t  

the needle point. T h e r e  i s  alternatively the possibility that no appreciable 



energy t r ans fe r  can take place until the gap b reaks  down along one o r  m o r e  

conducting paths. The nature of the effect the graphite has  i s  poorly under- 

stood. It may mere ly  produce multiple high field regions to facili tate elec- 

t r i ca l  breakdown. The re  i s  some  possibili ty that residual  gas  could a l t e r  

the ear ly  e lec t r ica l  behavior. I t  has  been suggested that extremely fine 

(10-micron) needle points might prevent redundant breakdown which i s  

apparently inefficient. 

These  significant f ac to r s  can  be  approached with present  techniques 

and with improvements  in  such  methods a s  miniature ionization switches to 

m e a s u r e  react ion r a t e s ,  micro-optical o r  electronic photography of the f i r s t  

mi l l imeters  of the reaction, and m o r e  thorough knowledge of the prec ise  

chemical  and physical charac ter i s t ics  of the explosive mixtures  used. 

We fee l  that we can obtain a useful device f r o m  the present  work 

which will  sat isfy specific requirements .  We a r e  m o r e  confident that con- 

tinuing bas i c  studies will  tend to produce information which will  permi t  in- 

telligent explosive designs, r a the r  than the t r ia l-and- e r r o r  approach SO 

often necessi tated by urgencies of t ime and application. 
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6. DISCUSSION 

M r .  Austing of I I T  Research I n s t i t u t e  asked about t h e  pa r t i c l e  s i z e  

d i s t r ibu t ion  in the conductive m i x  and how input res i s tance  was controlled. 

M r .  Moore answered t h a t  with t h e  exception of t he  reprecipi ta ted PETN t h e  

pa r t i c l e  s i z e  was intended t o  be between 50 and 150 microns. These pa r t i c l e s  

a r e  feathery o r  filamentary par t ic les .  He added t h a t  t he re  was no control  

.on res is tance;  one batch might range from 4 t o  40 ohms and the  n d  i n  t h e  

hundreds or  ,thousands of ohms. The f i ne r  t h e  graphite and PETN, t he  more 

uniform the  res i s tance  within a given batch. He continued t h a t  t he re  was no 

cor re la t ion  observed between i n i t i a l  res is tance and performance. 
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INTRODUCTION 

The widespread use of power cartridges i n  many locations of air- 

c ra f t  f lying at  supersonic veloci t ies  imposes the requirement of re la -  

t i ve ly  high temperature s t a b i l i t y  fo r  the explosives components of the  

cartridge. Although e l ec t r i c  i n i t i a t o r s  have found widespread use i n  

many applications, it has been the continued policy of the A i r  Force 

t o  use percussion primed power cartridges t o  avoid the  use of an in-  

dependent, auxi l iary power supply. I n  addition, t he  use of these per- 

cussion systems aver a period of approximately f i f t een  years has pro- 

duced a high degree of refinement of design and r e l i a b i l i t y  of per- 

formance which would be extremely d i f f i c u l t  t o  match by the  introduc- 

t ion  of another i n i t i a t i n g  system. Early recognition of the hazards 

of s t r ay  electromagnetic radiation on e l e c t r i c  i n i t i a t o r s  was a l s o  a 

fac tor  i n  influencing the  policy of maintaining the  percussion type 

in i t i a to r .  

I n  considering the  problem of exposure t o  high temperature, the 

percussion element i s  of prime importance i n  t he  chain of explosive 



events, and i t s  performance must be described i n  terms of a tempera- 

ture-time relationship.  The 4 0 0 " ~  requirement f o r  temperature was 

specif ied by the  Ai r  Force; the  exposure time t ha t  was generally 

mentioned f o r  the  devices was i n  t he  range of perhaps 4-8 hours. It 

was reasoned t h a t  a t r u l y  temperature-resistant primer should be 

s tab le  over an extended period of time, and an a r b i t r a r y  l i m i t  of 

2000 hours was decided upon. 

Although PAD devices generally employ severa l  s izes  of percussion 

primers, t h i s  program was l imi ted  t o  a ca l iber  .30 s ize ,  and the  goal 

of performance requirements included a l l - f i r e  i n  the  range of 60 inch- 

ounces of energy, and a capabi l i ty  of functioning both a t  400°F and 

a f t e r  exposure t o  4 0 0 ~ ~  f o r  2000 hours. 

The primer s tudies  discussed i n  t h i s  paper were conducted by 

Frankford Arsenal and Remington Arms Company, Inc. The major portion 

of the  work on t h e  percussion primer development was done under a 

1 
contract with Remington Arms Company. 

COMPOSITIONS AND INGREDENTS 

Early i n  the  development work it was real ized t h a t  the  standard 

or  common kinds of priming compositions would not be s t ab l e  a t  400°F. 

For example, the  two most commonly used oxidizers f o r  percussion 

primer compositions a r e  potassium chlorate and barium n i t r a t e ,  both 

f a i r l y  heat  s tab le  within t h e  temperature range under investigation. 



These oxidizers, however, a re  usually mixed with fue ls  of the class  

of compounds known a s  primary explosives from which the composition 

derives i t s  impact sens i t iv i ty .  Comon t o  t h i s  c lass  of explosive 

fuels  a r e  such metal organic compounds a s  mercury fulminate, lead 

styphnate, lead azide, etc., none of which have high temperature s t a -  

b i l i t y .  Usually small quantit ies of organic explosives, such as,  

tetracene and f r i c t i o n  agents a re  added t o  these basic ingredients 

t o  fur ther  increase sens i t iv i ty .  Table 1 gives a l i s t  of primer in-  

gredients which were included i n  t h i s  investigation. Table 2 gives 

the pr incipal  ingredients used i n  the comonly used lead styphnate 

primers. 

Not a l l  the ingredients l i s t e d  i n  Table 1 proved sat isfactory.  

For example, DU'E3 and TATB reported t o  be s table  i n  t h i s  temperature 

range, rendered the compositions l e s s  impact sensitive.  Others, such 

a s  lead azide and pentaerythrite t e t r an i t r a t e ,  although good sensitive 

fuels ,  were not s table  a t  4 0 0 ~ ~ .  

Table 3 gives the formulas fo r  the  compositions found t o  be best 

f o r  s t a b i l i t y  a t  4 0 0 9  within the  prescribed sens i t i v i ty  range with 

G-11  and G-16 compositions giving best resu l t s  t o  date. Except fo r  

G - l l  which contains a high temperature explosive compound, Tacot, 

developed especial ly  fo r  high temperature s t a b i l i t y  by E. I. DuPont, 

it w i l l  be seen t h a t  these formulas a re  of the simple oxidizer-fuel 

type most often found i n  the non-gaseous types of many pyrotechnic 

compositions. 



The compound, Tacot is, however, an explosive producing gaseous 

products during primer composition reaction. This characteristic helps 

reduce the tendency of these simple oxidizer-fuel compositions to give 

squibs, i.e., slow initiation upon impact and it also imparts more 

force to the resultant explosion. 

The purity of the chemical ingredients in priming compositions, 

always important, is of even greater importance at elevated temperatures. 

This was found to be especially true for the antimony trisulphide 

used in these compositions. The free sulphur content in the commercial 

grade of antimony trisulphide used for this high temperature work 

was reduced to 0.02 per cent by resmelting. The purified material is 

then reground to size. The stability of G-11 and G-16 compositions in 

early tests was found to be poor at 4 0 0 ~ ~  when they were prepared with 

the regular specification grade of antimony trisulphide. 

As a basis of comparison for this investigation, standard Caliber 

.30 lead styphnate primers, which had been manufactured by three 

different facilities, were evaluated for heat stability at temperatures 

of 250°, 300' and 350°F and labeled A, B and C in Figures 1, 2 and 3. 

A number of other explosive compounds were tried, such as, po- 

tassium lead styphnate-lead hypophosphite, ferric styphnate-ferric 

hypophosphate, normal lead picrate, and lead azide without signi- 

ficant improvement. Composition G-1 not included in Table 3 contains 

potassium chlorate as a substitute for barium nitrate in the basic 

lead styphnate primer formula. 



Red phosphorus priming composition X-975 formula i s  given i n  

Table 3. This cumposition was prepared with s tabi l ized red phosphorus 

and a combination of bis-phenol epoxide and phenolformaldehyde resins 

was used as the composition binder. Aluminum clad cups and zinc 

plated brass anvils  were used because red phosphorus i s  not s tab le  i n  

contact with brass or  copper. A paper f o i l  prevents d i rec t  contact 

of the anvil  with the composition. 

Primer Charging 

The type of percussion primer used for  the long term storage t e s t  

a t  400°F given i n  t h i s  paper i s  i l l u s t r a t ed  rin Figure 5 .  These primers 

a t  present carry a Remington Arms Company, Inc. designation of 734 Per- 

cussion Primer and were manufactured by Remington. 

The primer loading o r  charging process employed i s  knam as the 

dry c h a r g i v  process. This process consists b r i e f ly  of dropping the 

prescribed quantity of dry priming composition into the primer cups. 

liinnediately p r io r  t o  th i s ,  however, a drop of 5 per cent shellac-alcohol 

solution i s  f i r s t  applied t o  the inside bottom of the cups. This solu- 

t i on  coats the cup metal and permeates the dry composition granules t o  

a id  consolidation of the  primer pe l le t .  The composition i s  then 

covered by a paper f o i l  and pressed under controlled pressure. The 

primer anvils are pressed in to  the charged cups. 

It has been found t h a t  the shellac coating inhib i t s  the reaction 

of the priming compositions with the brass cups a t  400°F t o  a con- 



siderable extent. However, excess shellac i n  the composition reduces 

impact sensi t ivi ty.  Therefore, a ser ies  of experiments are being 

conducted t o  determine the c r i t i c a l  quantity of shellac i n  the com- 

position consistent with impact sens i t iv i ty  and the best techniques 

f o r  applying the shellac t o  the metal components. Although the re-  

su l t s  of these experiments with shellac are not available f o r  in- 

clusion i n  t h i s  paper, the experiments are mentioned because of the 

importance of the shellac on the s t ab i l i t y  of primers a t  400°~.  

STOFAGE CONDITIONS AND SENSITIVITY ESTS 

The oven used f o r  the storage t e s t s  i s  an ultra-temperature oven 

with a temperature range of 66OC t o  6 5 0 ' ~  and i s  capable of maintain- 

ing 4 0 0 ~ ~  f 3OF throughout the storage period. 

The loose primer storage t e s t s  were conducted by placing the 

primers i n  open metal cans and placing the cans on the s t e e l  shelves 

i n  the oven. Bruceton type sens i t iv i ty  drop t e s t s  were conducted by 

holding the primer i n  a s t e e l  die which i n  turn i s  held i n  position 

in  the standard government type tes t ing  apparatus. 

The primed case t e s t s  were conducted by f i r s t  inserting the 

primers in to  standard NATO 7.62 mm brass cartridge cases. The primer 

pockets i n  the case were sealed by a 0.010 inch aluminum disc as  

i l l u s t r a t ed  i n  Figure 6. The primed cases were tested for  impact 

sens i t iv i ty  i n  the standard government tes t ing  apparatus. Primed 

brass cartridge cases were used t o  simulate the aluminum primer heads 



because of immediate ava i l ab i l i t y  of unlimited quant i t ies  and the 

r e l a t i ve  low cost of the  cases. A difference i n  s ens i t i v i t y  r e su l t s ,  

however, was found between primers i n  brass cases and primers i n  

aluminum heads. This difference,  believed t o  be caused by the  grea te r  

f r e e  volume i n  t h e  primer cavi ty  i n  the  M73 aluminum heads tends t o  

produce squibs and can be seen by comparing Figure 6, the  primed case 

drawing and Figure 7, the  M73 aluminum head drawing. 

New aluminum primer heads and aluminum car t r idges  a r e  being de- 

signed with reduced volume f o r  the  primer pockets. This increased 

confinement should eliminate squibs. The primer pocket i n  t he  new 

car t r idge design w i l l  be i n t eg ra l  with the  car t r idge case. 

Af te r  removing the  primers and primed cases from elevated ternpera- 

t u r e  storage, they were allowed t o  cool a t  ambient conditions f o r  one- 

ha l f  t o  one hour; then conditioned a t  72OF and 65% re l a t i ve  humidity 

f o r  one t o  two hours before t e s t i n g  f o r  sens i t iv i ty .  

IMPACT SENSITIVITY W U U S  AFEB STORAGE 

Throughout t h i s  work primer impact s ens i t i v i t y  was used a s  a 

measure of s t a b i l i t y  since it was not considered reasonable t o  de- 

termine the  exact degree of chemical decomposition, products of de- 

composition and t h e i r  re la t ionship with s e n s i t i v i t y  and function when 

none of t he  current kinds of primers approach the  goal of s t a b i l i t y  

a t  4 0 0 ~ ~ .  These primers comonly ca l led  lead styphnate types a r e  

used primarily f o r  center  f i r e  ca l iber  .30 r i f l e  car t r idges  by t he  



commercial manufacturers and the gwernment. They are a l so  used as  

i n i t i a t o r s  i n  a number of current cartridges fo r  Propellant Actmted 

Devices. However, the resu l t s  reported here indicate tha t  it w i l l  be 

possible t o  replace the lead styphnate primers with new G - 1 1  o r  G-16 

primers fo r  use a t  elevated temperature. 

Commercial Primers 

Three r e g d a r  brands of lead sty-phnate percussion primers, labeled 

A, B and C, were stored a t  250, 300 and 350°F t o  provide a basis of 

comparison with the new high temperature primers under development. 

I n  addition, modified comerc ia l  compositions G-1  and G-7 were included 

fo r  storage since some improvement i n  s t a b i l i t y  was expected by sub- 

s t i t u t ing  potassium chlorate f o r  the barium n i t r a t e  oxidizer i n  G-1, 

and the double s a l t  of basic lead picrate-lead n i t r a t e  f o r  lead sty-phnate 

i n  G-7. The other composition numbered 5107 i s  essent ia l ly  the  same as  

the commercial lead styphnate composition labeled l o t  "C" on the graphs, 

except the tetracene normally used a s  a sens i t izer  was mi t t ed .  

Figures 1, 2 and 3 give the impact s ens i t i v i ty  resu l t s  of the 

commercial and modified ty-pes of primers a f t e r  storage periods shown 

on the graphs. These l o t s  of primers were tes ted  f o r  sens i t iv i ty  

by the Bruceton type t e s t  with 25 primers a t  each storage period. 

These limited t e s t s  do not r e f l ec t  the most accurate value of, the all- 

f i r e  height. However, the resu l t s  aae suf f ic ien t ly  accurate t o  shm 

the important changes with storage time f o r  these temperature conditions. 



It w i l l  be noted i n  Figures 1, 2 and 3 t h a t  the  primers with 

compositions G-1, G-7 and 5107 before storage a r e  e i t h e r  border l i n e  

with respect t o  meeting the  spec i f i ca t ion  impact energy l e v e l  o r  a s  

i n  the  case of 5107 de f i n i t e l y  outside t h i s  l eve l .  The standard 

camnercial brands A, B and C on the other  hand f a l l  wel l  wi thin  

spec i f i ca t ion  f o r  impact s e n s i t i v i t y  p r i o r  t o  storage. 

Figure 1 gives the  s ens i t i v i t y  r e s u l t s  a f t e r  storage a t  250°F. 

After  the f i r s t  few hours storage all the  primers showed an increase 

i n  s ens i t i v i t y .  Af te r  the  f i r s t  few hours however, the  impact sen- 

s i t i v i t y  decreased and remained outside the spec i f i ca t ion  level .  The 

increase i n  s e n s i t i v i t y  i s  believed t o  have been caused by the  l o s s  

of 1 mole of water of hydration from the l ead  styphnate. The decrease 

i n  s e n s i t i v i t y  a f t e r  8 hours i s  caused by t he  decomposition of te t racene 

used a s  a sens i t i ze r .  Compositions G-1  and G-7 appear t o  be s tab le  t o  

168 hours and possible longer. However, t o  insure adequate function, 

these  primers would require some increase i n  impact energy while com- 

posi t ions  A, B, C and 5107 would require  considerably more impact. 

Except f o r  the e f f e c t  of l o s s  of water of hydration and te t racene 

not being a s  c l e a r l y  apparent a t  3 0 0 v  as f o r  2 5 0 ' ~  storage,  the  r e -  

s u l t s  shown i n  Figure 2, f o r  300°F storage, a r e  about the  same a s  d i s -  

cussed f o r  t he  data i n  Figure 1. 

Figure 3 gives the  storage r e su l t s  of the  primers at  350 '~.  It 

w i l l  be seen t h a t  except f o r  l o t  G-7' which appears t o  be use fu l  t o  



about 80 hours a t  t h i s  temperature, the  other compositions A, B, C, 

G-1 and 5107 have extremely limited s t a b i l i t y  t o  the  point of being 

not useful at 350°F. 

Experimental Primers 

Figure 4 gives the storage resu l t s  of Frankford Arsenal red 

phosphorus composition X-975 at 350°F. The borderline sens i t i v i ty  

l eve l  shown i n  t h i s  figure i s  caused by the combination of aluminum 

clad brass primer cups and the resins found t o  be necessary i n  the  com- 

position t o  improve s t ab i l i t y .  The s t a b i l i t y  of t h i s  primer appears t o  

be very good up t o  1000 hours a t  350°F and probably appreciably beyond 

t h i s  time. However, primers stored a t  4 0 0 ~ ~  were found t o  be s table  

t o  only 336 hours. In  addition, examination of these primers several  

months a f t e r  prolonged storage a t  350°F revealed t h a t  the res in  binder 

decomposed causing the primer pe l l e t s  t o  crumble and become loose. 

Figure 8 gives the r e su l t s  of primers stored i n  brass cartridge 

cases with aluminum seals  a t  4 0 0 ~ ~  f o r  3528 hours. These primers a re  

remarkably s tab le  and contain G - 1 1  and G-16 priming compositions. 

The formulas a r e  given i n  Table 3. The impact sens i t iv i ty  data shown 

i n  Figure 8 was obtained by conducting complete run-down sens i t i v i ty  

t e s t s ,  t es t ing  25 primers at each height from no f i r e  t o  all f i r e  a f t e r  

each storage period and i s  therefore re l iab le .  The data was calculated 

by the specif icat ion method and plot ted two ways, i.e., the average 



height,  c, the  height where 50$ of the  primers f i r e  and + 3, o r  

the  average height i n  inches plus 3 times the  standard deviation 

which i s  a l s o  given i n  inches. The value of 3 times the  calcula ted 

standard deviation,  0, added t o  the  value f o r  H f i xe s  the  acceptance 

l e v e l  of the  primers f o r  s e n s i t i v i t y  and uniformity. It w i l l  be seen 

t h a t  the  s e n s i t i v i t y  l e v e l  of these primers i s  borderline s ince + 50 

s h a l l  be no g r ea t e r  than 15 inches with a 4 ounce b a l l  t o  meet the  

spec i f i ca t ion  requirement f o r  standard primers. However, the excel lent  

s t a b i l i t y  r e s u l t s  obtained has i n i t i a t e d  design changes i n  t he  PAD 

caxtridge f i r i n g  mechanisms t o  increase the  f i r i n g  p in  impact energy. 

These design changes w i l l  produce r e l i a b l e  f i r i n g  energy f o r  t he  new 

high temperature primers. 

Figure 9 gives the  r e s u l t s  of G-11 and G-16 priming compositions 

s tored at  4 0 0 ~ ~  a s  loose primers, i.e., not primed i n t o  brass  ca r t r idge  

cases. Again the  primers show remarkable s t a b i l i t y .  This t e s t  was 

conducted t o  obtain data  on t he  s t a b i l i t y  of the  primers without the  

influence of the  brass  case and aluminum seal .  The t e s t s  were con- 

ducted at each of two drop heights with a 4 ounce ba l l ,  i.e., 10 inches 

and 12  inches t e s t i n g  50 primers of each l o t  a t  the  end of each s torage 

period. The percentage of primers f i r i n g  out of 50 t e s t ed  at  10 inches 

and a t  12  inches was  p lot ted.  The r e s u l t s  approximate t he  r e s u l t s  

shown i n  Figure 8 f o r  the  same primers i n  brass  ca r t r idge  cases. The 

data  a r e  s l i g h t l y  e r r a t i c  because of the  loose primer t e s t  method and 

the  l imi ted  t e s t s .  However, the  da ta  show t h a t  G - 1 1  i s  more sens i -  

t i v e  than G-16 composition a t  10 inches and there  appears t o  be some 



s l i g h t  l o s s  of s e n s i t i v i t y  f o r  both l o t s  a f t e r  3024 hours. Despite 

the  l imi ted  t e s t i n g  these  di f ferences  a re  considered s ign i f ican t  

because t he  t rend  develops over a long period of storage time. 

FIRING RESUIITS I N  CARIITRIDGES 

Table 4 gives t he  r e s u l t s  of standard and experimental primer- 

propellant i gn i t i on  s tudies  at 70°F, 200°F and -65 '~ .  Standard 724 

Remington primers f o r  comparison with G-11, G-16 and X975 experimental 

primers were used f o r  t he  t e s t s .  Each l o t  of primers were assembled 

i n t o  M73 car t r idges  containing RES 5808 propel lant  and black powder, 

and f i r e d  i n  M3A1 I n i t i a t o r s .  The 724, G - 1 1  and G-16 primers used 

f o r  these  t e s t s  were f r e sh  primers held  a t  ambient primer storage p r i o r  

t o  being brought t o  t he  conditioning temperatures of 70°, 200' and 

-65 T f o r  f i r i ng .  

The only X-975 primers ava i lab le  at t h i s  time were primers which 

had been s tored previously f o r  500 hours a t  350T and removed f o r  

ambient storage f o r  several  months p r i o r  t o  conducting these  ca r t -  

r idge f i r i n g  t e s t s .  It was found by subsequent examination of t he  

misf i red primers t h a t  t he  r e s in  binder i n  t he  priming composition broke 

dam causing t he  primer p e l l e t  t o  crumble. 

A l l  of the  i n i t i a t o r s  which f i r e d  gave r e s u l t s  wi thin  t he  l i m i t s  

spec i f i ed  i n  Frankford Arsenal P.D., Ml-2225, Bevision 2. 

The experimental primers gave r e s u l t s  approximating t he  r e su l t s  



obtained with the 724 s t a n a r d  primers. S l igh t ly  higher peak pressures 

were obtained f o r  the  G - 1 1  primers a t  70°F and -65°F. The reason fo r  

t h i s  i s  not understood since higher pressures were not obtained a t  

200°F where it might be expected t h a t  a primer 05 greater  propellant 

ign i t ing  power would produce even higher peak pressures. However, the 

data reported i n  Table 5 f o r  G - 1 1  primers gives some indication of t h i s  

expected resu l t .  

Table 5 gives r e su l t s  of standard and experimental primers assembled 

in to  M73 cartridges and f i r e d  i n  M5 I n i t i a t o r s  a f t e r  f i r s t  being con- 

dit ioned a t  70°F and 400°F f o r  4 hours. This f i r i n g  program was con- 

ducted t o  t e s t  the experimental primers G - 1 1  and G-16 i n  combination 

with HES 6 5 7 3 . 1 ~ ~  one of the more promising temperature r e s i s t an t  pro- 

pel lants .  Included f o r  comparison a t  70°F i s  a l o t  consisting of stand- 

a rd  M73 cartridges containing the current standard primer and propellant 

and a l o t  with a standard Remington 724 primer and the new propellant,  

HES 6573.~3. 

Al l  the experimental cartridges produced higher peak pressures 

than the  standard M73 cartridges.  The cartridges primed with the 

G - 1 1  primers gave the highest average peak pressures. The ign i t ion  

time delay and r i s e  times were only s l i gh t ly  l e s s  f o r  the standard 

cartridges.  However, the  cartridges primed with G - 1 1  and G-16 primers 

gave higher peak pressures and f a s t e r  burning times a f t e r  being con- 

dit ioned a t  400°F f o r  4 hours. These r e su l t s  may be explained by 



the  f a c t  t h a t  the primers and propellant were i n i t i a l l y  a t  higher 

energy leve ls  during the  400T f i r i n g  t e s t s .  The r e su l t s  a r e  con- 

sidered acceptable. 

1. The standard lead styphnate primers have l imited s t a b i l i t y  a t  

temperatures of 250°, 300' and 350T; s t a b i l i t y  decreasing with 

temperature r i s e .  

2. The red  phosphorus composition X-975 appeared t o  be s t ab l e  f o r  

1000 hours a t  350V and 336 hours a t  400°F, breakdown of the resin 

binder under prolonged storage a t  ambient conditions indicates 

t h a t  fur ther  s tudies  with t h i s  primer would be required t o  meet 

the  goal of 2000 hours. 

3. Both G-11  and G-16 primers more than meet the  goal f o r  chemical 

s t a b i l i t y  of 2000 hours a t  400°F or ig ina l ly  s e t  f o r th  f o r  these 

studies.  However, s l i gh t ly  higher impact energy and increased 

primer cavi ty  confinement t o  eliminate a tendency t o  squib a f t e r  

prolonged storage a t  ~OO'F,  a r e  required f o r  acceptable f i r i n g  

r e l i a b i l i t y .  



Imnediate plans include qualification tes t ing  and subsequent 

standardization of the M7'3 primer with G - 1 1  mixture. It i s  quite 

def in i te  tha t ,  inasmuch a s  the performance of t h i s  primer depends 

on confinement, the geometry of the primer container o r  pocket w i l l  

be specified. A project has been in i t i a t ed  t o  redesign the f i r i n g  

mechanism t o  increase the impact energy suf f ic ien t ly  t o  obtain re -  

l i a b l e  f i r i n g  i n  all items i n  which the new primers may be used. It 

i s  a l so  anticipated t o  continue work on both primer manufacturing 

processing and design of components. The use of the laminated anvi l  

shown i n  Figure 10 and currently under development,. w i l l  serve t o  

completely contain the primer pe l l e t  and thereby provide greater  re-  

sistance t o  vibration, i n  addition t o  the added benefi t  of designing 

a confinement medium in to  the primer. Assessment of the storage l i f e  

at  temperatures of 1+50"~ and 500°F w i l l  a l so  be made, although a much 

shorter  period of useful l i f e  w i l l  ex is t  i n  t h i s  range. 

1. "High Temperature Percussion Primers", Contract No. DA-19-020-ORD- 

5153 





T A B L E  4 

RESULTS OF PRINER-PROPELLANT IGMITION STUDIES 
COMDUCTED IN  U341 INITIATORS AT AMBIENT. 

HIOR AND LOW TENPERATURES 

REM TZN I 5  18 lPD0 

6-11 

PRINER 

*THREE PRIMERS NISFIRED 

+ -%-TWO PRIMERS NISFIRED 

CONOITIOMED 4 1  T0.F 

NUMBER OF 
INITIATORS 

FIRED 

0-16 

TABLE 5 

RESULTS OF PRIMER-  PROPELLANT IGNITION STUDIES 

I N  M 5  INITIATORS CONDITIONED 4 HOURS AT 70' AND 400'  F. 

I ~ N I ~ I O N  
DELAY TIME 

Y;S. 

CONOITIONED AT 200.F 

3 I 5  1 

USING HES 6 5 7 3  I  B PROPELLANT 

RISE 
TINE 
M.S. 

ee  

PEAR 
PRCSSURE 

P S I  

1990 

PRIMER 

CONDITIONED AT 70 '  F. 

N U M B E R  O F  
INITIATORS 

FIRED 

AVERAGE 
IGNITION 

DELAY T I M E  
M. S. 

STANDARD M 7 3  

REMINGTON 7 2 M  

G-l l 

AVERAGE 

M.S. 

CONDITIONED AT 4 0 0 '  F 

AVERAGE 
PEAK 

PRESSURE 
PS I .  
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SESSION I1 - Problem Areas and Future Requirements 

ABSTRACTS 

8. Discourse on MIL-1-23659 (WEP) J. Max Massey 
Andrew J. Steppe 

"Military Specifications MIL-1-23659 (Wep), I n i t i a t o r s  E lec t r ic ,  Design 
and Evaluation of," was approved by the  Bureau of Naval Weapons i n  
March 1963. The philosophy underlying the  choice of ce r ta in  e l e c t r i c a l ,  
functional,  and environmental requirements o f . t h e  specif icat ion i s  
presented. Qual i ty  assurance provisions a r e  discussed i n  r e l a t i on  t o  
these  requirements. 

9. Ranae Safety Policy on Ordnance Standards With Regard T. E. Fewell 
t o  RF Radiation Hazards 

Following comments on background and reasons for  adoption, t h e  statement 
of policy i s  presented, with a copy of approval form, for  information 
and t o  provide opportunity for  questions and discussions. 

10. Estimation of High and Low Probabil i ty EED Functioninq J. N. Ayres 
Levels I. Kabik 

L. D. Hampton 

Some d i f f i c u l t i e s  i n  estimating extreme EED functioning probabi l i t i es  a r i s e  
from t e s t  plan l imita t ions ,  extrapolation problems, sampling e r rors  and 
dud-rate. These l imi ta t ions  a r e  discussed along with improved techniques 
and methods for  making the  estimates. 

11. Comments on Constant-Current I n i t i a t i o n  Character is t ics  A.  G. Benedict 
of Hot-Wire-Bridge Squibs, with Par t icu la r  Reference 
t o  Lopcurrent  Log-Time Fir ing Curves 

Certain i n i t i a t i o n  charac te r i s t i cs  of squibs a r e  reviewed, and some 
advantages i n  use of log-current log-time f i r i n g  curves a r e  discussed. A 
simple method for  analyzing small sample t e s t  r e s u l t s  i s  outlined; 
spec ia l  t e s t  sequences such a s  t h a t  of the  Bruceton Method a re  not required. 



8 .  DISCOURSE ON I Q L - I - ~ ~ ~ ~ ~ ( w P )  

A .  J .  Steppe 

J .  Max Ylssey 

Warhead and Terminal B a l l i s t i c s  Laboratory 
Cartridge Actuated Devices Division 

U .S . Naval Weapons Laboratory 
Dahigren, Virginia  

September 1963 

i '4il l tary Specif i c a t l o n  I I I L - I - ~ ~ G ~ c ) ( w ~ ~ ) ,  I n i t i a t o r s ,  E lec t r ic ,  

L'esign and Evaluz-tion of', was zipproved by t h e  W e a u  of Naval Weapons i n  

Iiarch i963. The phiiosophy mder ly ing  the  choice of  c e r t a i n  e l e c t r i c a l ,  

f~uzct ional ,  and envi romentn i  requirements of t h e  specif  icat i .on i s  

presented.  Qua l i t y  a s u r a n c e  provis ions a r e  discussed i n  r e l a t i o n  t o  

these  requirements . 
I!UTKOCUCTIOTU' 

P r io r  t o  ~'11~-1-23659 the re  did not  e x i s t  i n  t h e  Navy a document which 

prcvi  ileL g e n e r d  desi,n ~equiremen'ts o r  qua l i t y  assurance provis ions f o r  

c l c c t r i c  in it in tor^ . Since these  require~nents  and assurance provis ions 

did not ex i s t ,  e l e c t r i c  i n i t i a t o r s  were designed and t e s t e d  so l e ly  on t h e i r  

a 'c i l i ty  t o  perfo-m i n  t h e  o r i g i n a l l y  proposed device of intended appl i -  

cz t ion  thereby precluding any hope of  design and t e s t  standard.ization o r  

seconii::ly usage without i u r t lwr  extensive testing. The f a c t  t h a t ,  under 

these  c o n d i t i ~ n s ,  thc X E V ~  pc:r se could riot cxerc l se  proper con t ro l  over 

~ 1 e c t : ~ i c  ini-tieto:-s acci..p'ced for serv icc  was recognized by 6'fiJEXi. 



I n  1962 ELrfriPS assigned t o  iSrriL, 2aliL~ren the  task  o r  preparing 

e s y c i f i c a t i o n  f o r  t he  design 2nd evaluation of  e l e c t r i c  i n i t i a t o r s .  

ThLs spec i f ica t ion  was t o  provide general design requirements and 

qual i ty  assurmce prov.isions f o r  the  g rea t e s t  possible  item coverage i n  

e l e c t r i c  i n i t i a t o r s  i s  so liiverse it ; ~ z s  recognized from the  outse t  t h a t  

no cne general spec i f ica t ion  could pss-i'i 1-jr cover a l l  facc ts  oj" design 

and qual i ty  assurance provisions. .i.lotrever, it was decided tha,t ce r t a ln  

.:iinimu;n requiremcn-ts could bc imposed on a l l  e l e c t r i c  i n i t k t o r s  with 

few crcept ions.  To provide f o r  thcse  exceptions, it was decided t o  

Inccl-pomte i n  t h e  spec i f ica t ion  a means whereby spec i f ica t ion  requirements 

irhich ve re  i n  conf l i c t  with applicat ion requirements could be c i r c m -  

vented. This i s  provided i n  a "Special Xequirements" paro.graph. Further, 

it was f e l t  mnzndatory t h n t  some procedure be avai lable  t o  allow fo r  the  

c rder ly  t r a n s i t i o n  of e l e c t r i c  i n i t i a t o r s  from t h e  design stage t o  a 

;;avy standard stocked item. This was taken care of by providing four  

typcs of re lease  t o  serv ice .  These w i l l  be discussed i n  more d e t a i l  

l a t e r .  

PUXPOS E 

This spec i f ica t ion  was prepared t o  insure chat some semblance of 

s tan&rdizatIon e x i s t  i n  the  design, t e s t i n g  and acceptance of e l e c t r i c  

i n i t i a t o r s  for  Navy use. The spec i f ica t ion  s e t s  f o r t h  t h e  minbum re-  

quirements and qu2li ty  assurance provisions f o r  Navy approved e l e c t r i c  

t n i t i a t o r s  . To provide the  widest possible  coverage of t h e  e l e c t r i c  



i n i t i a t o r  f i e l d ,  only minimum requiremer~ts have been included. They 

inpose r e s t r i c t i o n s  and demands on the design, e l e c t r i c  cha rac te r i s t i c s ,  

and envi romenta l  res.';stant qua l i t i e s  oi" e l e c t r i c  i n i t i a , t o r s .  

The t e s t i n g  program establ ished by t h i s  document i s  f o r  t he  

purposes of determining: 

( a )  Ch?,t t he  i n i t i a t o r  can be expected t o  perform s a t i s f a c t o r i l y  

under no-ma1 an4 adverse conditions in  thee device of intended 

applicat ion;  

( b )  t h a t  t h e  i n i t i a t o r s  a re  sa fe  f o r  handling, t ransportat ion,  

storage and use; and, 

( c )  that the  i n i t i a t o r s  do not  de t e r io ra t e  t o  a degree which would 

render t h e i r  performance o r  safe ty  doubtful under adverse 

storage conditions. 

The spec i f ica t ions  fu r the r  provides fo r  the order ly  flow and acceptance 

o f  e l e c t r i c  i n i t i a t o r s  i n to  t h e  Navy supply system f roa  t h e  design s tage 

t o  a standard stock item. 

SCOPE 

The spec i f ica t ion  furnishes general requirements f o r  design and 

es tab l i shes  uniform methods of t e s t i n g  e l e c t r i c  Lni t ia tors  and e l e c t r i c  

i n i t i a t o r  subassemblies. The purpose of t h e  t e s t i n g  program i s  t o  

determine t h e  e l e c t r i c  cha rac te r i s t i c s ,  soundness of mechanical design, 

output,  and res i s tance  t o  deleter ious service environments . The term 

e l e c t r i c  i n i t i a t o r  includes such items as  hot wire i n i t i a t o r s ,  exploding 

bridgewire i n i t i a t o r s ,  conduxtive mix i n i t i a t o r s ,  an& i n  general any 

s ingle  d i sc re t e  uni t ,  device, o r  subassembly whose actu-ation i s  caused 



by the application of electric energy which in t m  initiates an 

explosive, propellant or pyrotechnic material contained therein. 

The term electric initiator does not include complete assemblies which 

have electric initiators as subassemblies but includes only the sub- 

assemblies themselves. RF susceptibility requirements and tests have 

not been included in this specification because the general requirements 

and necessary tests are not available at the present state-of-the-art. 

Implicit in the one watt and one ampere maximun no-fire requirements of 

this specification is the recognition of the hazards of electromagnetic 

radiation to ordnance (HERO). This one watt and one ampere requirement 

in conjunction with other design requirements stated herein does not 

solve the H?BO problem; however, they do serve as means of reducing 

hazards from all spurious electric sources including electromagnetic 

radiation. 

TYPES OF RELEASE 

In order to exercise control over electric initiators used in Naval 

equipment from the design stage to the point where they become a standard 

stock item, there are four types of release provided. They are as 

follows : 

W e  I - 
Safety of handling and installation. Certification as to safety of 

handling and installation is required prior to installing an electric 

initiator in Naval equipment. 



Type I1 - 

In te r im se rv i ce  r e l e a s e .  This  type of r e l e a s e  i s  requ i red  prLor 

t o  any use of e l e c t r i c  i n i t i a t o r s  o r  devices containing e l e c t r i c  

i n i t i a t o r s  involving Naval personnel .  

Type I11 - 

F u l l  s e rv i ce  r e l e a s e .  This  type of r e l e a s e  i s  requ i red  f o r  a&rlission 

o f  t h e  e l e c t r i c  i n i t i a t o r  i n t o  t h e  Bureau O L  Neval Veapons Supply System 

f o r  f l e e t  use .  

Type I V  - 

U s e  of an  approved e l e c t r i c  i n i t i a t o r  i n  a new app l i c a t i on .  This 

type  o f  r e l e a s e  i s  requ i red  f o r  an i n i t i a t o r  which has  had a Type I11 

r e l e a s e  a.nd w i l l  be used i n  an app l i c a t i on  o t h e r  t han  t h e  o r i g i n a l l y  

intended app l i c a t i on .  

I n  t h i s  manner t h e  con t r ac to r  o r  developer has t h e  choice of m i n g  

e i t h e r  a newly designed i n i t i a t o r  o r  a s tandard s tock i n i t i a t o r  t h a t  was 

o r i g i n a l l y  designed f o r  another  app l i c a t i on .  I n  t h e  i n t e r e s t  o r  economy 

t h e  Navy p r e f e r s  t h a t  an initiator t h a t  has had a Type I11 r e l e a s e  be 

used i n  new app l i c a t i ons  where pos s ib l e .  

P r i o r  t o  formulat ing t h e  design, e l e c t r i c ,  and envirormental  require-  

ments t o  be incorporated i n  t h e  spec i f i c a t i on ,  Goverrment and con t rac tor  

personnel  i n  t h e  f i e l d s  o f  underwater ordnance, m i s s i l e s  and a i r c r a f t  

were con tac ted .  From t h e i r  d iverse  requirements we endeavored t o  r r e s e n t  

a composite o f  minimum requirements t h a t  would be app l icab le  Ln t h e  



majori ty  of cases .  Ey no means a r e  t he  requirements s t a t e d  i n  t h e  

spec i f ica t ion  t o  be considered the  optimum i'or any one appl ica t ion .  

Design - 

Of the  design requirements given i n  t h e  spec i f ica t ion ,  t h ree  warrant 

mention here .  Most, but  not a l l ,  appl icat ions require  t he  i n i t i a t o r  t o  

be hermetical ly  sea led .  When the  sea l ing  requirement i s  waived, t he  

environmental requirements a r e  relaxed t o  t he  ex ten t  t h e t  t h e  leakage, 

temperature and humidity cycling, and s a l t  spray requirements a r e  de le ted .  

Due t o  t h e  multitude of  t roubles  (such a s  t he  low re l i a ' o l l i t y  and h i& 

s e n s i t i v i t y )  experienced i n  t h e  Navy with carbon bridged i n i t i a t o r s ,  c u b o n  

has been excluded a s  a bridge ma te r i a l .  As an addi t iona l  precaution 

aga ins t  spurious e l e c t r i c a l  hazards, t he  bridge c i r c u i t  i n su l a t ion  and 

in su la t ion  b a r r i e r  requirement was included. This reqc i res  t h a t  t he  briLge 

c i r c u i t  be e l e c t r i c a l l y  insu la ted  from t h e  case, thus eliminating a l l  case-  

grounded c i r c u i t s ,  and t h a t  a continuous i n s u l a t :  on b a r r i e r  be provided 

between t h e  case and any explosive, propel lant  o r  pyrotechnic meter ia l  

which i s  i n  contact with the  bridge c i r c u i t .  

E l ec t r i c  Charac ter i s t ics  - 

The e l e c t r i c  cha rac t e r i s t i c s  incorporated i n  t h i s  spec i f i ca t ion  

e s t a b l i s h  minimum requirements t o  reduce hazards I'rom 0.11 spurious e1ectri.c 

sources.  They a l so  require  t h a t  i n i t i a t o r s  have unifom s e n s i t i v i t y  t o  

f i r i n g  pulses such t h a t  t h e  power supply requirements can be r ead i ly  s t e t e d .  

I n  t he  past ,  i n i t i a t o r s  were o f t en  designed t o  be compatible with the  

ava i lab le  power s ~ p p l y  o r  t h e  power supply was designed a r o x d  t h e  e l e c t r i c  



s e n s i t i v i t y  requirements of the  i n i t i a t o r  - nothing standardized, ergo 

a vicious c i r c l e .  

As may be noted i n  t h e  spec i f ica t ion ,  i n i t i a t o r s  have been divided 

in to  two groups (Group A and Group E). Power requirements f o r  Group A 

span a r e l a t i v e l y  narrow range a t  t he  low end of t h e  power spectrum while 

t h e  power requirements f o r  Group E i n i t i a t o r s  span a r e l a t i v e l y  narrow 

range a t  a higher  l e v e l  i n  t h e  power spectrum. E5y p a r t i t i o n i n g  the  spectrum 

i n  t h i s  manner, v i r t u a l l y  a l l  appl ica t ion  requirements could be embodied. 

This pa r t i t i on ing  did not preclude uniformity, a t  l e a s t  by groups, i n  t he  

e l e c t r i c a l  s e n s i t i v i t i e s  of i n i t i a t o r s .  

Requirements f o r  Groups A and B - We w i l l  not  discuss  a l l  t h e  

e l e c t r i c a l  requirements but  we would l i k e  t o  j u s t i f y  those  of a contro- 

v e r s i a l  na tu re .  F i r s t ,  Group A i s  defined t o  include any i n i t i a t o r  t h a t  

i s  capable of being actuated within one second (exclusive of delay element - 
time, i f  p r e sen t )  from a 28 + 2 v o l t  d .  c .  source capable of de l iver ing  not 

l e s s  than 1 0  amperes. Group E includes any i n i t i a t o r  t h a t  i s  not capable 

of  being actuated within one second (exclusive of delay element time, i f  

p r e sen t )  from a 28 + 2 v o l t  d .  c .  source capable of de l iver ing  not  l e s s  

than 1 0  amperes. These de f in i t i ons  a r e  not  requirements bu t  serve only t o  

e s t a b l i s h  a c r i t e r i o n  f o r  placing an e l e c t r i c  i n i t i a t o r  i n  e i t h e r  Group A 

o r  E. 

E l e c t r i c  Requirements, Group A - The e l e c t r i c  requirements f o r  

Group A include: 

( a )  The maximum no-f i re  cur ren ts  s h a l l  be not  l e s s  than 1 ampere 

per  br idge.  



(5) The maximum no-f i re  power s h a l l  be not l e s s  than 1 watt 

per  br idge.  

( c )  The i n i t i a t o r  s h a l l  not f i r e  from a 500 micromicrofarad 

capaci tor  charged t o  25,000 vo l t s  when discharged through a 

5,000 ohm r e s i s t o r  connected i n  s e r i e s  with one bridge.  

( d )  The minimum 50 millisecond a l l - f i r e  current  s h a l l  not exceed 

5 amperes per bridge. 

( e )  The minimum 50 millisecond a l l - f i r e  power s h a l l  not exceed 

5 watts per  bridge. 

The maximum no-f i re  current  and maximum no- f i r e  power requirements f o r  

Group A were chosen t o  be consis tent  with the requirements issued by the  

Safety Division, Office of the Inspector General, Headquarters, A i r  Force 

Systems Command. The minimum 50 millisecond a l l - f i r e  current  and minimum 

50 millisecond a l l - f i r e  power requirements insure t h a t  i n i t i a t o r s  can be 

actuated using power supplies  compatible with t h e  weapon system i n  most 

appl ica t ions .  The capaci tor  discharge requirement simulates the  discharge 

of  s t a t i c  e l e c t r i c i t y  from the human body. This i s  expected t o  preclude 

inadvertent f i r i n g  from t h a t  source. 

E lec t r i c  Requirements, Group B - The requirements f o r  i n i t i a t o r s  i n  

Group B a re  intended t o  include exploding bridgewire i n i t i a t o r s .  However, 

they a r e  not intended t o  exclude o ther  types o r  exclude any new design o r  

pr inc ip le  of operation so long a s  the  requirements a r e  met. It i s  f o r  

t h i s  reason t h a t  i n i t i a t o r s  a re  re fer red  t o  by group r a the r  than by t h e i r  

more common names. 

The requirements f o r  Group B include: 



( a )  The maximum no-f ire  stimulus s h a l l  be a po ten t i a l  of not l e s s  

than 500 v o l t s  when discharged from a 1 microfarad capaci tor  

through a 1 ohm r e s i s t o r  and a 10  microhenry inductor connected 

i n  seri.es with one bridge.  

( b )  The i n i t i a t c r  s h a l l  nc t  f i r e  from a 230 v o l t  60 cycle a .  c .  

source capable of del ivering nc t  l e s s  than 30 amperes when t h i s  

source i s  connected across  the  bridse c i r c u i t .  

( c )  The i n i t i a t o r  s h a l l  not f i r e  from a 500 micromicrofarad capaci tor  

charged t o  25,000 v o l t s  when discha.rged through a 5,000 ohm 

r e s i s t o r  comected i n  s e r i e s  with one bridge.  

(d.)  The minimum 50 millisecond a l l - f i r e  s t i m d u s  s h a l l  he a po ten t i a l  

which does not exceed 3,000 vo l t s  when discharged from a 1 micro- 

ferad capaci tcr  through a 1 ohm r e s i s t o r  and a 10  microhenry 

inductor connector connected i n  s e r i e s  with one bridge.  

For t h e  most par t ,  these requirements a re  l e s s  s t r ingen t  and allow grea ter  

l a t i t u d e  i n  the s e n s i t i v i t y  of i n i t i a t o r s  than do present day de ta i led  

spec i f ica t ions .  For example, t h e  minimm 50 millisecond a l l - f i r e  po ten t i a l  

was chosen t o  be 3000 vo l t s  i n  l i e u  of the  more typ ica l  se lec t ion  of 

2000 v o l t s .  This i s  t o  allow f o r  the  use of more insens i t ive  secondary 

explosives than the  popular PETN and RDX formulations present ly used i n  

inany appl ica t ions .  A s  was the  case f o r  Group A i n i t i a t o r s ,  the  requirement 

t h a t  the  i n i t i a t o r  s h a l l  not f i r e  from a 500 micromicrofarad capaci tor  

charge t o  25,000 vo l t s  i s  expected t o  preclude inadvertent f i r i n g  from the  

discharge of s t a t i c  e l e c t r i c i t y  from t h e  human body. 



Environmental and Functional Requirements - 

We w i l l  not go i n t o  d e t a i l  here f o r  we f e e l  su~re most of you a r e  

fami l ia r  with t h e  mechanics of  the  environmental and -iuLctional 

requirements imposed by t h e  IYavy on ordnance items used In  aircral ' t ,  

miss i les ,  and underwater ordnance. I t  should be noted t h a t  t he  en- 

vironmental and funct ional  reqcirements enmera ted  lin XIL-1-23659 a r e  

e s s e n t i a l l y  more s t r i ngen t  than those given i n  o lde r  specLf'iccticns. 

The more s t r i ngen t  reqv.irements were necessary i n  order  t o  keep e l ~ r e a s t  

of t h e  s ta te -of - the-ar t  i n  Plaval ordnance. Fcr each requirement 1 l s t eL  

i n  NIL-1-2 3659 the re  i s  a t e s t  proced.u.re provided. i n  Sect.lon 1;- t h a t  Ls 

t o  be followed i n  conductl;.ng the  t e s t .  Su-ffice <.t t o  say t h a t  Ln orl?er 

t o  gran t  f u l l  se rv ice  re lease  ( ~ y p e  111) t o  2n e l e c t r i c  i n i t i a , t o r ,  it 

must successful ly  f u l f i l l  t h e  requirements 02 Table I11 of t h e  speci- 

f i c a t i o n .  Subsequent t o  the  environmental trea.tments oY Table 3 a,nC~ 

Epon completion of t h e  f i r i n g  program, the  spec i - f icat ion provides f o r  

s t a t i s t i c a l  ana lys i s  of the  da ta  2.n.d es tab l i shes  t he  minimm rel lab. i . l i ty  

and ccnfidence l i m i t s  t h a t  a r e  t o  be csed f o r  acceptance o r  r e j ec t ion  o r  

the  i n i t i a t o r  f o r  se rv ice  use. 

Special  Requirements - 

I t  i s  2 foregone conclusion t h a t  a l l  weapons reqvlrenents w i l l  not 

coincide with those of MIL-1-23659. I t  i s  f o r  t h i s  reason t h a t  a. "Specj.al 

Requirements" paragraph i s  included. This paragraph serves t c  c la r i fy-  

t he  course t o  be taken regarding these con f l i c t i ng  r e w i r e n e n t s .  Thcse 

weapons reqcirements which a r e  more s t r i ngen t  than the  reguirements of 



this specification shall automatically take precedence. Other 

conflicti'ng requirements will be resolved in favor of the special 

requirements only if necessary for satisfactory operation of the 

lnitiator in the unit of proposed use and they shall be subject to the 

approval of the cognizant government contracting agency. It is 

recognized that the one watt and the one ampere no-fire requirement 

cannot be imposed on all weapons systems becc?use of limited power supplies 

or dimensional requirements which limit the ability of' the initiator to 

dissipate one watt for 5 minutes. Where the maximum no-fire requirements 

of Group A are irreconcilable with the available power supply or 

dimensional requirements the contractor shall come as close as possible 

to the requirements of the specification, compatible wi-th the weapons 

system, and must get written authority from the cognizant government 

contracting agency to deviate from these requirements. 

QUALITY ASSURANCE PROVISIOES 

The "Quality Assurance ~rovisions" section merely details how the 

test for each requirement is to be conducted znd in some cases specifies 

the equipment to be used. In most instances the number of initiators to 

be tested is given. However, the statistical procedure to be used in 

determining the maximm no-fire stimulus and the minimum 50 millisecond 

all-fire stirnulus is not explicitly specified. 

The specification provides that the cognizant government contracting 

agency has the preroga.tive of specifying the test procedures and nethods 

of statistical analysis which will be used to determine the no-fire and 

all-fire points or may accept a procedure proposed ky the testing laboratory. 



I n  a i d i t ~ o n  t o  t he  more commonly used Cruceton o r  Probi t  method of 

s t a t i s t i c a l  ana lys i s  t he  Naval Ordnance Laboratory, W'nite O a k ,  P4aryland 

has developed a s t a t i s t i c a l  technique t h a t  gives an exce l lan t  estimate 

o; t h e  no-f;re and a l l - f i r e  points  17; t h  a r e l ~ a b i l i t y  of y9$ a t  a 

confidence l e v e l  oS 95,;. T'n-is t e s t  i s  more re f lned  and believed t o  be 

more accurate  than the  Eruceton o r  Probi t ;  however, it i s  more time 

consuming and expensive. The M a ~ a l  Crdnance Laboratory technique i s  

described i n  Section 4 of t h e  spec i f i ca t ion .  

The remainder of Sectfion 4 i s  devo-ted t o  t e s t  proctdlxes tha,t; a r e  

t o  be used t o  eetermine i f  an electr-i-c i n i t i a t o r  i '~Jl l l l : ,  t he  r e w i r e -  

ments of Section 3 .  It should be note2 tha,t SectLon LI i s  so writ%en t h a t  

a l l  e l e c t r i c  i n i t i a t o r s  a r e  sc7c:~ected t o  a s'iandardized t e s t  prog,nm 

regardless  of end appl ica t ion .  I n  some instances t h e  t e s t  procedcre i s  

specil'led even thowh  t h e  r q u i r e x e n t  t h a t  an inL-ciator be designed t o  

pass the  t e s t  i s  opt iona l .  

S U ; . m m Y  

I n  summation it may be se id  t h a t  Mi1i.ta.q SpecifLca,tLon MIL-I-23659 

imposes minimum design, e l e c t r i c ,  environmental, a ~ d  i'nnctional require- 

ments on a l l  new e l e c t r i c  i n i t i a t o r s  enter ing the  EJavy ss.pply system. - 
Fmther ,  it es tab l i shes  m i f o m  methods of t e s t i n g  e l e c t r i c  i n i t i a t o r s  

and e l e c t r i c  i n l t l a t o r  subassemblies. And fina,lly,  it s t a t e s  t he  c r i t e r i a  

f o r  acceptance of an e l e c t r i c  i n i t i a t o r  f o r  each of t h e  f'cur types of 

re lease  given. 



These requirements and qua l i t y  assurance provisions,  coupled with 

t h e  c r i t e r i a  f o r  acceptancz, a r e  expected t o  guarantee t h a t  Navy 

standard stocked i n i t i a t o r s :  

( a )  be s a f e  f o r  handling, t ranspor ta t ion ,  s torage,  and use; 

( b )  perform s a t i s f a c t o r i l y  under normal and adverse condi t ions 

i n  t h e  device of intended appl icat ion;  

( c )  do not  de t e r io ra t e  t o  a degree which would render t h e i r  

performance o r  s a f e ty  doubtful  under adverse s torage 

condi t ions and; 

( d )  have uniformity of design t o  increase  in te rchangeabi l i ty .  

There w i l l  always be exceptions taken t o  MIL-1-23659 but,  t o  a 

l a r g e  ex ten t  it should a i d  i n  fbrn ish ing  t h e  Navy safe ,  sound, 

standardized e l e c t r i c  i n i t i a t o r s  having higher r e l i a b i l i t y  and 

wider appl ica t ion  than a r e  presen t ly  ava i lab le .  



DISCUSSION 

M r .  F e l l e r  of  Lockheed asked why a loophole was provided f o r  t h e  

leakage requirement i n  view of t h e  scope of t h i s  MIL Spec. M r .  Steppe 

answered t h a t  t h e r e  a r e  c e r t a i n  devices now i n  use, i n  f l a r e s  f o r  example, 

t h a t  a r e  not  required t o  be hermetical ly sealed. The loophole i s  t o  

al low use of  t h e s e  devices and new s imi la r  devices a s  t h e  need a r i s e s .  

The same waiver app l i es  t o  environmental requirements. 

Mr. Rosenthal asked what information was ava i l ab le  i n  t h e  

spec i f i ca t ion  on dudding a s  a r e s u l t  of environment such a s  RF. M r .  Steppe 

answered t h a t  a l l  i tems must be exposed t o  t h e  maximum no f i r e  input  and 

then function a t  t h e  minimum a l l  f i r e  input .  

M r .  Rosenthal asked i f  t h i s  meant t h a t  a DC t e s t  was used i n  

place of RF. M r .  Steppe r e p l i e d  t h a t  they  bel ieve  t h i s  t o  be t h e  bes t  

course of a c t i o n  a t  t h i s  time. 

M r .  Nobel of  E i t e l  McCullough asked i f  t h e  i s o l a t i o n  of t h e  

bridgewire from t h e  case a l so  meant independent grouping of t h e  case and 

one of t h e  leads and i f  t h i s  excluded t h e  coaxia l  o r  unbalanced detonator. 

Mr. Steppe answered t h a t  t h e  coaxia l  arrangement i s  excluded 

un less  t h e  app l i ca t ion  i s  important enough t o  warrant a waiver. 



9. A PR;ESE;NTATION O F  
RANGE S A F E T Y  P O L I C Y  ON ORDNANCE STANDARDS 

W I T H  Rl3GARD T O  R-F R A D I A T I O N  HAZARDS 

T h o m a s  E .  F e w e l l  

R a n g e  Safety D i v i s i o n ,  H q .  AFMTC 

The R-F r a d i a t i o n  hazard t o  e l ec t ro - exp los ive  dev ices  began t o  

become a  problem a t  Cape Canaveral i n  1957 on t h e  Vanguard Program. 

A s  t ime passed ,  t h e  problem became worse, r e q u i r i n g  more and more 

R-F s i l e n c e  pe r iods  t o  be scheduled;  work schedules  were i n t e r r u p t e d  

(Range t ime has  been es t imated  a t  $60,000 p e r  hou r ) ;  and a t  t imes ,  

The Range was unable  t o  suppor t  t h e  requirements  o f  Range Users. 

I t  became apparent  t h a t  t h e  problem needed t o  be s t u d i e d  and 

p rope r ly  i d e n t i f i e d .  S t u d i e s  and R-F measurements were made and t h e  

r e s u l t s  publ i shed  i n  1959 and is now i d e n t i f i e d  a s  R-F Radiat ion 

Hazards,  DDC AD 260-721. 

From t h e s e  s t u d i e s  and making reasonable  p r e d i c t i o n s  about t h e  

i n c r e a s e  i n  power, a s  w e l l  a s  t h e  number o f  R-F r a d i a t i n g  dev i ce s ,  

a  conclusion was reached t h a t  l e s s  s e n s i t i v e  e l ec t ro - exp los ive  

dev ices  were needed. 

The problem of e s t a b l i s h i n g  a  n o - f i r e  s e n s i t i v i t y  l e v e l  was 

c a r e f u l l y  cons idered ,  v a r i o u s  ordnance manufacturers  were consu l t ed ,  

and a  no - f i r e  s e n s i t i v i t y  o f  1 w a t t ,  1 ampere was chosen. 



On 7 September 1961, an AFMTC p o l i c y  l e t t e r  was s e n t  t o  a l l  

p r o j e c t  o f f i c e s ,  s u b j e c t :  AFHTC Ordnance Standards wi th  Regard t o  

R-F Radiat ion.  On 5 October 1962, a  very s i m i l a r  l e t t e r  went from 

AFSC (SCIZ) t o  a l l  subo rd ina t e  l e v e l s .  A s  many of you know, much 

controversy r e s u l t e d ;  however, t h e  po l i cy  has  s tood  the  t e s t  of 

time. A s  an a d d i t i o n a l  ma t t e r  of i n t e r e s t ,  t h i s  po l i cy  has  been 

accepted by t h e  Range Commanders Conference. 

My purpose today is t o  p re sen t  t h e  AFMTC Range Sa fe ty  Pol icy  

on Ordnance Standards wi th  Regards t o  R-F Radiat ion Hazards. This  

is merely d e t a i l e d  implementation and v a l i d a t i o n  of  t he  b a s i c  po l icy .  

Before proceeding f a r t h e r ,  I t h i n k ,  perhaps,  a  few s l i d e s  showing 

va r ious  R-F r a d i a t i n g  devices  a t  Cape Canaveral would be of  i n t e r e s t  

t o  you. 

Show S l i d e s  #1 ( l o )  #4 (14)  

#2 (12)  #5 (FPQ-6) 

K3 (13)  #6 (Ship)  

I hope t h e  s l i d e s  j u s t  shown have helped t o  g ive  you a  b e t t e r  

g rasp  of t h e  R-F problem a t  Cape Canaveral. I might add t h a t  t h e r e  

a r e  s i m i l a r  problems a t  downrange i s l a n d s  and aboard s h i p s .  

Time is f l e e t i n g  s o  l e t ' s  proceed wi th  t h e  po l i cy  - t h i s  po l i cy  

is Annex "A" t o  AFMTCP 80-2, General Range Sa fe ty  P lan ,  Volume I. 

Show s l i d e s  of each page of Annex "A" and d i scus s  each i tem a s  

necessary.  



RANGE SAFETY POLICY ON OPaNATICE STANDARDS 
WITH REGAPXI TO R-F RADIATION [IAZARDS 

1. PURPOSE. 

1.1 This  p o l i c y  p r e s c r i b e s  minimum accep t ab l e  ordnance e l e c t r i c a l  
c h a r a c t e r i s t i c s .  These minimum va lue s  w i l l  ensure  s a f e t y  of pe r sonne l  
and f a c i l i t i e s  dur ing  ordnance o p e r a t i o n s  i n  t h e  p r e s e n t  and f u t u r e  AMR 
r a d i a t i o n  environment. 

1.2 Ne i t he r  t h e  e x i s t e n c e  n o r  non-ex is t - rzn  o f  requ i rements  of 
t h i s  p o l i c y  s h a l l  be i r i t e r p r e t e d  a s  a n  intent ; . :  a 1  r e s t r a i n t  o r  
l i m i t a t i o n  t o  t h e  development o f  R-F s a f e  EEDs. S p e c i a l  cons idera -  
t i o n  w i l l  be  g iven  by t h e  A i r  Force M i s s i l e  T e s t  Center  t o  any new 
EED concept  o r  d e s i ~ n  which can be demonstra ted t o  p rov ide  s u p e r i o r  
s e l e c t i v i t y  i n  response  between d i r e c t  c u r r e n t  and r a d i o  f requency  
energy whi le  ma in t a in ing  customary r e l i a b i l i t y .  

2. EXPLANATION OF TERMS. 

2.1 C e r t i f i c a t i o n  - A s i gned  s t a t emen t  by a  r e s p o n s i b l e  r ep r e -  
s e n t a t i v e  of a  n i s s i l e  program c e r t i f y i n g  t h a t  t h e  Category A ordnance 
systems : 

2.1.1 have been t e s t e d  and eva lua t ed  i n  accordance w i th  t h e  
requ i rements  o f  t h i s  po l i cy .  

2.1.2 comply wi th  t h e  c r i t e r i a  e s t a b l i s h e d  by t h i s  po l i cy .  

2.2 E l ec t roexp lo s ive  Device (EED) - A s i n g l e  e l e c t r i c a l l y  
a c t u a t e d  exp lo s ive  i n i t i a t o r  o f  e i t h e r  t h e  hea t ed  br idgewire  t ype  and 
i ts  v a r i a t i o n s  o r  t h e  exp lod ing  b r i dpewi r e  (EBW) t y p e .  

2.3 E x ~ l o d i n g  Bridgewire  System - The combination of EBW 
i n i t i a t o r  and f i r i n g  c i r c u i t .  

2.4 EEW I n i t i a t o r  - The EED i t s e l f ,  t h a t  p a r t  of t h e  EEW system 
which i n i t i a t e s  t h e  exp lo s ive  t r a i n .  

2.5 EBW F i r i n g  C i r c u i t  - The w i r i ng  and components which pro- 
v i d e  t h e  h igh  v o l t a g e  and t r i g g e r  c i r c u i t s  f o r  t h e  EEW i n i t i a t o r .  

2.6 F i r e  - The i g n i t i o n  o f  t h e  prime exp lo s ive  sur rounding  t h e  - 
br idgewire .  



2.7 I n i t i a t i o n  S e n s i t i v i t y :  

2.7.1 Power S e n s i t i v i t y  - The l e a s t  amount of e l e c t r i c a l  
power r e q u i r e d  t o  i n i t i a t e  a  p a r t i c u l a r  EED a t  a  s p e c i f i e d  p r o b a b i l i t y  
and conf idence  when c o n d i t i o n s  o f  EED tempera tu re  and power a p p l i c a -  
t i o n  a r e  s p e c i f i e d .  

2.7.2 Cur ren t  S e n s i t i v i t y  - The l e a s t  amount o f  c u r r e n t  
r e q u i r e d  t o  i n i t i a t e  a  p a r t i c u l a r  EED a t  a  s p e c i f i e d  p r o b a b i l i t y  and 
conf idence  when c o n d i t i o n s  o f  EED tempera tu re  and power a p p l i c a t i o n  
a r e  s p e c i f i e d .  

2.8 No-Fire: 

2.8.1 The f a i l u r e  o f  an EED t o  f i r e  upon t h e  a p p l i c a t i o n  o f  
e l e c t r i c a l  energy ,  o r  

2.8.2 The r e n d e r i n g  o f  an EED t o  a  permanent i n o p e r a t i v e  
s t a t e  w i t h o u t  any i g n i t i o n  p r o c e s s  o c c u r r i n g  p dud din^). 

2.9 No-Fire Cur ren t  - The c u r r e n t  s e n s i t i v i t y  a t  which no n o r e  
t h a n  one EED p e r  thousand w i l l  f i r e  w i t h  a  conf idence o f  95%. 

2.10 No-Fire Power - The power s e n s i t i v i t y  a t  which no more t h a n  
one EED p e r  thousand w i l l  f i r e  w i t h  a  conf idence of 95%. 

2.11 R-F F i e l d  I n t e n s i t y  - The power f l u x  d e n s i t y  o f  e l e c t r o -  
magnet ic  waves p a s s i n g  through a  s u r f a c e  normal t o  t h e  d i r e c t i o n  o f  
p ropaga t ion .  

2.12 E-F F i e l d  S t r e n p t h  - The magnitude of t h e  e l e c t r i c  o r  
magnet ic  f i e l d  v e c t o r  ( E  o r  H) a t  a  g iven  l o c a t i o n  r e s u l t i n g  from t h e  
passage o f  r a d i o  waves. 

2.13 R-F S u s c e p t i b i l i t y  - The magnitude o f  t h e  s m a l l e s t  e l e c t r i c  
f i e l d  expressed  as a n  R-F f i e l d  i n t e n s i t y  o r  R-F f i e l d  s t r e n g t h  
capab le  o f  producing t h e  n o - f i r e  c u r r e n t  o r  n o - f i r e  power i n  a n  EED. 

2.14 S h i e l d  - A m e t a l l i c  b a r r i e r  which comple te ly  e n c l o s e s  a  
dev ice  f o r  t h e  purpose  o f  p r e v e n t i n g  o r  reduc ing  induced e x t e r n a l  
energy.  

2.15 S t a n d a r d  S t a t i s t i c a l  T e s t  Procedures  - Bruceton o r  P r o b i t  
s t a t i s t i c a l  t e s t s ,  s e e  r e f e r e n c e s  i n  Bib l iography .  



3.1 Elec t roexplos ive  Device. 

3.1.1 The no - f i r e  c u r r e n t  s h a l l  no t  be l e s s  than 1 ampere 
as t h e  r e s u l t  of t he  a p p l i c a t i o n  of a d i r e c t  c u r r e n t  f o r  f i v e  minutes. 

3.1.2 The no - f i r e  power s h a l l  no t  be  l e s s  than  1 wa t t  a s  
t he  r e s u l t  of t h e  a p p l i c a t i o n  of a  d i r e c t  cu r r en t  power f o r  f i v e  
minutes. 

3.1.3 Requirements 3.1.1 and 3.1.2 above must be complied 
wi th ,  without  t h e  use of e x t e r n a l  shunts .  

3.1.4 F i r i n g  c i r c u i t  s h i e l d i n g  f o r  1 amp/l wat t  EEDs must 
provide a  minimum of  40 db a t t enua t ion  from 150 KC t o  10,000 MC. 

3.2 F i r i n g  C i r c u i t .  

3.2.1 F i r i n g  c i r c u i t  conductors inc lud ing  EED leads  w i l l  
be t w i s t e d  t o  main ta in  e l e c t r i c a l  balance and reduce induc t ion .  

3.2.2 EED f i r i n g  c i r c u i t s  inc lud ing  EED leads  w i l l  be 
i s o l a t e d  from o t h e r  e l e c t r i c a l  c i r c u i t s  and each o t h e r  by means of 
i n d i v i d u a l  s h i e l d s  be fo re ,  dur ing ,  and a f t e r  i n s t a l l a t i o n  of t h e  EED. 
Sh ie lded  EED c i r c u i t s  may be rou t ed  t o g e t h e r  i n  a  common secondary 
s h i e l d .  There should be no e l e c t r i c a l  d i s c o n t i n u i t y  o r  gaps i n  
s h i e l d s  . 

3.2.3 F i r i n g  c i r c u i t s  t o  EEDs w i l l  be balanced t o  and 
i s o l a t e d  from t h e  EED case  and o t h e r  conducting p a r t s  of  t h e  veh ic l e .  
I f  a  c i r c u i t  must be grounded, t h e r e  w i l l  be only one inter-connect ion 
with o t h e r  c i r c u i t s .  S t a t i c  d i scharge  r e s i s t o r s  of 100,000 ohms o r  
more may be connected t o  f i r i n g  c i r c u i t s .  

3.2.4 An EBW f i r i n g  c i r c u i t  must no t  ope ra t e  uninten-  
t i o n a l l y  when sub jec t ed  t o  t h e  r a d i a t i o n  l e v e l  s p e c i f i e d  i n  para- 
graph 3.3.1. 

3.3 Ordnance System S u r v i v a l  - Optional  Requirements - 
P a r t s  3.2 and 3.3. 

3.3.1 I n  l i e u  of  t h e  requirements  of Sec t ion  3.1, t h e  
Range User may v a l i d a t e  t h e  s u r v i v a l  of  each e l ec t roexp los ive  



device ,  before  i n s t a l l a t i o n ,  during i n s t a l l a t i o n ,  and a f t e r  i n s t a l l a -  
t i o n  i n  t h e  fo l lowing  e lec t romagnet ic  f i e l d s :  

FREQUENCY RANGE FIELD INTENSITY 

150 KC up t o  and 2 wat t s  p e r  square  meter 
i nc lud ing  50 MC (28 v o l t s  pe r  meter)  

Above 50 MC 100 wa t t s  pe r  square  meter  
(194 v o l t s  p e r  meter)  

3.3.2 I n  add i t i on  t o  v a l i d a t i o n  of system s u r v i v a l ,  t h e  
Range User must comply with paragraph 3.2 requirements  f o r  f i r i n g  
c i r c u i t s .  

4. VALIDATION PROCEDURES AND REQUIREMENTS. Two copies  of t h e  v a l i -  
da t ion  d a t a  w i l l  be submit ted t o  MTORS. 

4.1 Reauirements P a r a ~ r a ~ h  3.1 and 3.2. 

4.1.1 Val ida t ion  of compliances with Paragraph 3.1 and 
3.2 w i l l  be by AFMTC Form . 

4.1.2 Val ida t ion  d a t a  supp l i ed  t o  and approved by AFMTC 
w i l l  be compiled f o r  t he  u se  and b e n e f i t  of  a l l  Range Users. 

4.1.3 Val ida t  i on  of compliance wi th  t h e  requirements  of 
paragraph 3.2 w i l l  be necessary i n  each and every case  r e g a r d l e s s  of 
whether o r  no t  t h e  e l ec t roexp los ive  device i t s e l f  has  prev ious ly  
q u a l i f i e d .  

4.2 O ~ t i o n a l  Reauirements Pa ra fz ra~h  3.2 and 3.3. 

4.2.1 Val ida t ion  of  compliance wi th  Paragraph 3.2 and 3.3 
w i l l  be by t h e  app rop r i a t e  AFMTC Form and supplementary 
d a t a  s h e e t s  a s  r e q u i r e d  and descr ibed  i n  paragraph 4.2.4 below. 

4.2.2 Val ida t ion  procedures must determine t h e  R-F 
s u s c e p t i b i l i t y  of  each type of  EED when considered a s  an absorber  of 
R-F energy. Considerat ion w i l l  be given t o  impedance mis-match, 
s h i e l d i n g  of wi r ing  and components, and wire- lead con f igu ra t i ons  a s  
an antenna o r  pick-up device.  The number of t e s t  f requenc ies  w i l l  be 



such a s  t o  e s t a b l i s h  t h e  R-F s u s c e p t i b i l i t y  from 0.150 t o  
A suggested t e s t  p lan  i s  a s  fol lows:  

10,000 MC. 

TEST FREQUENCY NO. OF FREQUENCIES 

3 
1 
1 
1 
1 
1 
1 

1 - 
10 f requenc ies  

4.2.3 Val ida t ion  must inc lude  t h e  fol lowing:  

4.2.3.1 Evaluat ion of  R-F c u r r e n t  and R-F power 
s e n s i t i v i t i e s  f o r  a  0.001 p r o b a b i l i t y  of i n i t i a t i o n  with 95% con- 
f idence .  The s e n s i t i v i t i e s  ob ta ined  must be r e p r e s e n t a t i v e  of t h e  
b a s i c  EED with t h e  s h o r t e s t  p r a c t i c a l  e x t e r n a l  l eads .  

4.2.3.2 Determination of and r e p o r t i n g  t h e  s m a l l e s t  
f i e l d  i n t e n s i t y  capable of producing i n  t h e  EED, wi th  normal pre- 
i n s t a l l a t i o n  l e a d  wi r e s ,  t h e  power determined i n  paragraph 4.2.3.1 
above. The de te rmina t ion  s h a l l  be based on t h e  most f avo rab l e  con- 
d i t i o n s  f o r  induced power, bu t  t h e  EED wire  l e a d s  w i l l  no t  be d i s -  
t o r t e d  beyond those  con f igu ra t i ons  which a r e  reasonable  t o  expec t  
during r o u t i n e  handl ing ,  p rocess ing ,  t r a n s p o r t ,  and s to rage .  The 
con f igu ra t i ons  considered need inc lude  only  t h o s e  p o s s i b l e  with t h e  
EED t e rmina l  l e a d s  shor ted .  Data w i l l  be presen ted  a s  descr ibed  i n  
paragraph 4.2.4 below. 

4.2.3.3 Evaluat ion of  t h e  EED a s  an R-F system 
during i n s t a l l a t i o n .  The e v a l u a t i o n  w i l l  c o n s i s t  o f  determining and 
r e p o r t i n g  t h e  minimum R-F f i e l d  i n t e n s i t y  o r  f i e l d  s t r e n g t h  r equ i r ed  
t o  produce i n  t h e  EED t h e  power determined i n  paragraph 4.2.3.1 above. 
The eva lua t ion  w i l l  inc lude  t h e  most f avo rab l e  cond i t i ons  f o r  induced 
power during i n s t a l l a t i o n ,  i nc lud ing  unshorted,  u n i n s t a l l e d  t e rmina l  
l e a d  cond i t i ons ,  bu t  wi r ing  t e rmina l  l e ads  w i l l  no t  be d i s t o r t e d  
beyond those  con f igu ra t i ons  which a r e  reasonable  t o  expect  during 
i n s t a l l a t i o n .  Data w i l l  b e    resented a s  descr ibed  i n  paragraph 4.2.4 
below. 



4.2.3.4 Evaluat ion of t h e  EED system a f t e r  i n s t a l -  
l a t i o n .  The eva lua t ion  w i l l  c o n s i s t  of determining and r e p o r t i n g  t h e  
minimum R-F f i e l d  i n t e n s i t y  o r  f i e l d  s t r e n g t h  r equ i r ed  t o  produce i n  
t h e  EED t h e  power determined i n  paragraph 4.2.3.1 above a f t e r  ordnance 
i n s t a l l a t i o n  bu t  with access  p o r t s  open. Data w i l l  be  presen ted  a s  
descr ibed  i n  paragraph 4.2.4 below. 

4.2.4 The R-F s u s c e p t i b i l i t y  of  each device w i l l  be pre- 
s en t ed  i n  g r a p h i c a l  form. The o r d i n a t e  s c a l e  w i l l  be i n  r e l a t i v e  
DB above o r  below a 0 db r e f e r ence  l e v e l .  The 0 db r e f e r ence  w i l l  be 
t h e  app l i cab l e  ordnance s u r v i v a l  l e v e l  def ined  i n  paragraph 3.3.1. 

50 MC and below: DB = 10 log  P i  o r  - 
2 

DB = 20 log  El - 
2 8 

Above 50 EIC: DB = 10 log  P o r  - 
10 0 

4.2.5 P o s i t i v e  DB va lues  w i l l  i n d i c a t e  EED s u s c e p t i b i l i t y  
t o  R-F f i e l d s  of l a r g e r  magnitude than  t h e  s u r v i v a l  l e v e l s  contained 
i n  paragraph 3.3.1 and, t h e r e f o r e ,  r ep re sen t  s a f e r  condi t ions  than  
nega t ive  DB va lues .  Data w i l l  be presen ted  on s tandard  semi- 
logar i thmic  paper 8 1/2 by 10 1 /2  inches  with l i n e a r  DB s c a l e  and 
loga r i t hmic  frequency s c a l e .  Graphical  d a t a  w i l l  be  l i m i t e d  t o  t h e  
fol lowing frequency ranges p e r  graph maximum: 

0.100 t o  100 megacycles. 

100 t o  10,000 megacycles. 

4.2.6 Graphical  d a t a  d e p i c t i n g  t h e  R-F s u s c e p t i b i l i t y  of 
each EED w i th in  each frequency range f o r  t h e  f o u r  condi t ions  descr ibed  
i n  paragraph 4.2.3 a r e  requi red .  Where no s a c r i f i c e  i n  c l a r i t y  w i l l  
r e s u l t ,  t h e  f o u r  condi t ions  may be p l o t t e d  a s  f o u r  curves on one graph 
f o r  each frequency range. 

4.2.7 A d e s c r i p t i o n  of t h e  t e s t  equipment and t e s t  pro- 
cedures used t o  ob t a in  t h e  d a t a  i n  paragraph 4.2.3 w i l l  be provided t o  
MTORS. 



4.2.8 An EED s h a l l  have complied with t h e  requirements  of  
t h i s  po l i cy  when MTORS has  eva lua ted  t h e  t e s t  procedures and t e s t  
equipment, and t h e  magnitude of t h e  EED R-F s u s c e p t i b i l i t y  equa l s  o r  
exceeds t h e  s u r v i v a l  l e v e l s  of paragraph 3.3.1 a s  evidenced i n  t h e  
g r a p h i c a l  da ta .  

5. EXCEPTIONS. 

5.1 Category A EEDs.  

5.1.1 No Category A EED w i l l  be excepted from t h e  r equ i r e -  
ments of t h i s  po l icy .  

5.2 Category B EEDs.  

5.2.1 Category B EEDs a r e  no t  r equ i r ed  t o  comply wi th  t h e  
requirements of t h i s  po l i cy .  

5.2.2 R-F p r o t e c t i o n  f o r  Category B EEDs w i l l  b e  t h e  s o l e  
r e s p o n s i b i l i t y  of  t h e  Range User. 

COMPLIANCE DATES. 

6.1 A l l  programs us ing  t h e  AMR p r i o r  t o  1 January 1963 w i l l  
conform t o  t h e  requirements  of t h i s  po l i cy  by 1 Ju ly  1964. A l l  new 
programs a f t e r  1 January 1963 must comply wi th  t h i s  po l icy .  Pro- 
grams submi t t ing  PRDs a f t e r  1 January 1963 a r e  considered new pro- 
grams. 

R-F RADIATION SIENCE . 
7.1 The AFMTC w i l l  cont inue t o  schedule  R-F s i l e n c e  pe r iods  

i n  accordance wi th  e x i s t i n g  po l i cy  t o  1 J u l y  1964. S p e c i a l  s i l e n c e  
pe r iods  w i l l  be  scheduled on a cont inu ing  b a s i s  only when no o t h e r  
means of providing s a f e t y  a r e  a v a i l a b l e .  
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10. ESTJMA$ION OF HIGH AND LOW PROBABILITY 
E D  FUNCTIONING L m L S  

L. D. Hampton 
J. N .  Ayres 

I. Kabik 

U .  S. Naval Ordnance Labora tory  
White Oak, S i l v e r  Spr ing ,  Maryland 

INTRODUCTION 

I n  t h i s  paper t he  authors wish t o  address themselves 

t o  the  problem where, with a  l imi ted  number of samples, 

it is  desi red t o  p red ic t  t h e  stimulus corresponding t o  

an extreme functioning probabi l i ty  l e v e l  f o r  a  given 

e l e c t r i c  i n i t i a t o r  population, o r  conversely t h e  estimated 

response a t  a  s t i pu la t ed  stimulus. This problem is becoming 

increasingly important t o  both t h e  mi l i t a ry  and the  space 

agencies. In the  p a s t  t h e  mi l i t a ry  could f requent ly  t o l e r a t e  

weapons having a  r e l a t i v e l y  la rge  degree of u n r e l i a b i l i t y  

and then compensate f o r  t h i s  u n r e l i a b i l i t y  by f i r i n g  l a rge  

numbers of weapons t o  a t t a i n  the  desi red t a r g e t  k i l l ,  For 
* 

example, t h e  f i r i n g  of p r o j e c t i l e s  o r  t he  dropping of bombs 

i n  la rge  q u a n t i t i e s ,  However, complex modern weapons, t h e i r  

high cos t  and t h e i r  g rea t  des t ruc t ive  power of ten  preclude 

f i r i n g s  i n  l a rge  numbers. High r e l i a b i l i t y  (and sa fe ty )  

must be achieved and demonstrated f o r  the  individual  weapon. 

As fo r  space ventures t h e  complexity of operations,  t h e  

necessi ty  f o r  accuracy, t he  high cos t ,  the  p re s t ige  value, 

and the  s take  i n  human l i v e s  make mandatory components having 

a  high l eve l  of r e l i a b i l i t y  and safe ty .  

High r e l i a b i l i t y  (or s a fe ty )  i n  t he  sense t h a t  we w i l l  

use it here is  a  functioning probabi l i ty  of 99.5% or  hi+.er 



a t  a spec i f ied  input l eve l .  Such r e l h b i l i t i e s  a r e  not  

excessive fo r  electro-explosive devices. Experience based 

on thousands of manufacturers' f i r i n g s  of conventional primers 

and detonators show t h a t  such r e l i a b i l i t i e s  are i n  f a c t  

usual ly  exceeded by ordinary production techniques, During 

t h e  course of development however, it i s  o f t en  necessary 

t o  p red ic t  t h e  response of EED's  t o  given s t imul i .  For 

example, i n  assessing hazards of electromagnetic r ad ia t ion  

it may be necessary t o  pred ic t  t he  response a t  a very low 

stimulus l e v e l ,  To determine whether a given power supply 

i n  a pa r t i cu l a r  waapon is capable of r e l i a b l y  f i r i n g  an 

EED it i s  necessary t o  est imate the  response of t he  EED t o  

t h e  input  stimulus of the  power supply. 

The d i r e c t  demonstration of a 99.5% o r  b e t t e r  response 

a t  95% confidence of an EED t o  a given stimulus is o f t en  

too  cos t ly  i n  mater ia l ,  t ime,and manpower t o  be se r ious ly  

considered. It would requi re  t h e  f i r i n g  of  approximately 

750 items without a f a i l u r e .  

Before discussing the  general  philosophy fo r  making 

log ica l ly  the  required est imates,  some discussion appears 

warranted about t h e  present, m o s t  frequently used method. 

This i s  the  Bruceton method. 

It is  the  authors '  observation t h a t  the  Bruceton t e s t  

method is being used extensively fo r  determining the response 

( s e n s i t i v i t y )  of e l e c t r i c  i n i t i a t o r s .  When properly used 

it is  a good method, It i s  rap id  and economical. The 



a lgebra ic  manipulations required t o  produce the  s t a t i s t i c a l  

q u a n t i t i e s  a r e  simple t o  ca r ry  out .  It is  because of  these  

f e a t u r e s  t h a t  t h e  Bruceton tes t  has  found such widespread 

app l ica t ion .  Unfortunately it has  been f requent ly  used 

i n  s i t u a t i o n s  where t h e  r e s u l t s  obtained a r e  inaccurate  

and misleading. 

For making s t u d i e s  around t h e  50% response l e v e l  t h e  

test  i s  most o f t e n  highly  acceptable and advantageous. 

When es t imates  a r e  made by t h e  Bruceton method beyond t h e  

75% response l e v e l  d i f f i c u l t i e s  can be an t ic ipa ted .  The 

authors  have spe l l ed  o u t  i n  d e t a i l  t h e  reasons f o r  t h e  

d i f f i c u l t y  i n  a paper presented before  t h e  l a s t  HERO congress1. 

The s a l i e n t  reasons, without d e t a i l ,  a r e  worthy of r e p e t i t i o n :  

(a)  The Bruceton method gives a very poor es t imate  

of t h e  s tandard devia t ion.  Even Bruceton tests 

of 100 samples w i l l  o f t e n  underestimate t h e  

t r u e  standard dev ia t ion  by 50 per  cen t  o r  more. 

(b) Since most a l l  of  t h e  da ta  a r e  co l l ec t ed  

between t h e  25-75% f i r i n g  po in t s ,  long extrapola-  

t i o n s  must be  made t o  t h e  po in t s  of i n t e r e s t ,  

along a curve which is usua l ly  unknown. 

When it is not  f e a s i b l e  t o  demonstrate d i r e c t l y  a 

response a t  an extreme f i r i n g  po in t ,  es t imates  of t h e  

response a r e  u sua l ly  made by a process of ex t rapo la t ion  

and curve f i t t i n g .  The ex t rapo la t ion  process is  b a s i c  t o  

t h e  approach. This p r i n c i p l e  should be kept  f i rmly i n  mind. 



A l l  o f  us a s  t echnica l  people a r e  very fami l ia r  with 

making ex t rapola t ions  and t h e  p r inc ip l e s  involved. The 

s t a t i s t i c a l  problems a r e  r e a l l y  no d i f f e r en t .  What i s  

des i red  i s  an ex t rapola t ion  from measured response po in t s  

t o  po in t s  removed from t h e  region of measurement, Our 

ex t rapola t ions  become b e t t e r  a s  t h e  length of t h e  extrapola-  

t i o n  becomes smaller ,  They a l s o  become b e t t e r  when t h e  

general  shape of t h e  curve being extrapolated i s  known; 

from t h e  s t a t i s t i c a l  s tandpoint ,  when the  response funct ion 

o r  d i s t r i b u t i o n  funct ion is  known i n  t h e  region of extrapolat ion,  

There is  no s ing le  b e s t  method f o r  making es t imates  

of extreme functioning probabi l i ty  po in t s ,  Various methods 

are ava i l ab l e  f o r  use,  Those which can be used f o r  b e s t  

r e s u l t s  depend on such f a c t o r s  a s  sample s i z e  ava i lab le ,  

t h e  degree of accuracy needed, da t a  ava i l ab l e  from o ther  

tests, and the  remoteness of t h e  des i red  functioning l e v e l ,  

PRESENT SENSITIVI!FY TESTING METHODS 

S e n s i t i v i t y  t e s t s  a r e  of d i f f e r e n t  types,  Each type 

has  c e r t a i n  advantages and disadvantages. These should 

be considered t o  make an i n t e l l i g e n t  s e l ec t ion  of t h e  

test t o  be used, In  c e r t a i n  s i t u a t i o n s  one test  would be 

se lected,whi le  i n  o the r s  a d i f f e r e n t  test would be chosen, 

We s h a l l  consider some of t h e  t e s t s  which a re  f requent ly  

used, along with t h e i r  advantages and disadvantages, F i r s t ,  

however, it would be w i s e  t o  s t a t e  some p r inc ip l e s  which 

w i l l  be general  i n  t h e i r  appl icat ions .  



In most t e s t s  t h e  ana lys i s  involves f i t t i n g  a frequency 

d i s t r i b u t i o n  function t o  t h e  observed data .  In  other  words 

t he  test cons i s t s  of an experiment i n  which the  s e n s i t i v i t y  

i s  determined a t  each of two o r  more st imulus l eve l s .  From 

these  da ta  we attempt t o  p red ic t  e i t h e r  t h e  response a t  

some o ther  l e v e l  o r  t h e  l e v e l  which w i l l  have some des i red  

response. In  order  t o  do t h i s  we must assume some frequency 

d i s t r i b u t i o n  function.  One which has  been widely used 

i n  t h e  explosives f i e l d  i s  t h e  log-normal function.  Experience 

has shown t h a t  t h i s  i s  a f a i r l y  good f i t  and e n t i r e l y  

adequate fo r  many purposes. However, recen t  work a t  The 

Franklin 1 n s t i t u t e a  and a t  t he  Naval Ordnance ~ a b o r a t o r y ~  

has  shown t h a t  t he  l og - log i s t i c  function gives a somewhat 

b e t t e r  f i t .  Even t h i s  i s  no t  a pe r f ec t  f i t .  

In general ,  p red ic t ions  based upon in te rpo la t ion  from 

observed da t a  a r e  f a i r l y  s a f e  s ince  t h e  function assumed 

i n  t h e  i n t e rpo la t ion  w i l l  o r d i n a r i l y  coincide c lose ly  with 

t he  t r u e  function over t h e  range of t h e  observed data .  On 

the  o ther  hand the  assumed and t r u e  funct ions  may d i f f e r  

considerably ou ts ide  t h i s  range. For t h i s  reason extrapola-  

t i o n  i s  always dangerous because of the  uncer ta inty  i n  t he  

choice of d i s t r i b u t i o n  function.  The l a r g e r  t h e  ex t rapola t ion  

t h e  g rea t e r  t he  r e s u l t i n g  e r r o r  i s  l i k e l y  t o  be. The use 

of extrapolat ion cannot be avoided i n  es t imates  of very 

high o r  low response points .  However,it can be kept  small 

by proper choice of  t e s t  plan a t  t h e  c o s t  of t e s t i n g  an 

increased number of items. 



A second point  t o  be considered i s  the  p o s s i b i l i t y  of 

b ias .  Some t e s t s  have a tendency t o  over o r  underestimate 

the  quant i ty  which i s  being determined. This tendency is  

known as  b ias .  Some b i a s  might be t o l e r a t e d  i f  it were 

i n  t h e  d i r e c t i o n  of making a more conservative est imate.  

Another po in t  t o  be considered i n  planning s e n s i t i v i t y  

experiments i s  t h e  a l l oca t ion  of items t o  t he  stimulus 

t e s t  l eve l s .  A t r i a l  made a t  a  stimulus l e v e l  a t  which 

almost a l l  t r i a l s  a r e  expected t o  r e s u l t  i n  f i r e s  o r  f a i l s  

g ives  us l e s s  information than one made near t he  f i f t y  per 

percent  point .  To ob ta in  an equal amount of information 

a t  each l e v e l  we must assign l a rge r  numbers of items a t  

l e v e l s  f a r t h e r  from t h e  f i f t y  per  cen t  point .  By t h i s  

method we can give each of t h e  l e v e l s  equal weight. 

Another considerat ion is  the  t o t a l  number of items t o  

be t e s t ed .  Of course , the  l a r g e r  t h i s  number the  more 

information we obtain .  This, then, usual ly  becomes a 

compromise between the  amount of information we would l i k e  

t o  have and what we can a f fo rd  t o  spend i n  time and money 

i n  order  t o  g e t  it. Some t e s t s  a re  more e f f i c i e n t  than 

o the r s  i n  obta ining information from a given number of t r i a l s .  

One type of t e s t  which i s  q u i t e  l a rge ly  used i s  the  

up-and-down o r  s t a i r - s t e p  t e s t ,  t he  b e s t  known being the  

Bruceton t e s t .  This t e s t  concentrates t he  t r i a l s  near t h e  

f i f t y  per cent  point .  A l l ,  o r  near ly  a l l ,  of t h e  da ta  w i l l  

be from observations concentrated between t h e  25 and 75 per 

cent  points .  The weights of t he  observations a t  t he  t e s t  



l e v e l s  w i l l  show an even grea te r  concentrat ion around t h e  

f i f t y  per cen t  point .  Inves t iga t ions  i n  England and a t  

t h e  Naval Ordnance Laboratory have ind ica ted  t h a t  t h e  

Bruceton t e s t  has  a se r ious  b i a s  i n  t he  es t imat ion of 

t h e  standard deviat ion,  giving a value which is  too small.  

The e f f e c t  of t h i s  b i a s  would be t o  p red ic t  too much 

r e l i a b i l i t y  and sa fe ty  f o r  an item which is  t e s t e d  i n  t h i s  

way. The e r r o r  becomes even more se r ious  s ince  t h e  concentra- 

t i o n  of t r i a l s  near t h e  f i f t y  per cen t  po in t  makes t h e  

pred ic t ion  of r e l i a b i l i t y  o r  s a f e ty  depend upon extreme 

extrapolat ion.  Consideration of t h e  c h a r a c t e r i s t i c s  of 

t h e  Bruceton t e s t  shows t h a t  it is  a good t e s t  fo r  anyone 

who is  i n t e r e s t e d  i n  determining t h e  f i f t y  per  cen t  point, 

bu t  a poor t e s t  f o r  determining high o r  low per  cent  points .  

Another test which has  some of t h e  c h a r a c t e r i s t i c s  of 

an up-and-down t e s t  is  t h e  B a r t l e t t  t e s t .  Stimulus l e v e l s  

a r e  s e t  up and t e s t i n g  continued a t  each l e v e l  u n t i l  two 

r eve r sa l s  a re  observed. A r eve r sa l  i s  a f i r e ,  o r  f a i l ,  

when t h e  o the r  response i s  expected. The B a r t l e t t  p lan  

gives  an increasing number of t r i a l s  a s  we ge t  f a r t h e r  

from t h e  f i f t y  per cent  point .  Thus t h e  weights of  t h e  

observations a t  t h e  d i f f e r e n t  l e v e l s  a re  made approximately 

equal.  It a l s o  reduces t he  extrapolat ion required fo r  very 

high o r  low response po in t s  and there fore  is  a good t e s t  

fo r  making es t imates  of extreme functioning l eve l s .  It 

is  f a i r l y  easy t o  show, however, t h a t  es t imates  of s e n s i t i v i t y  

obtained by t h i s  plan a r e  biased.  S ix ty  per cen t  of t he  



t e s t s  w i l l  give estimates of the sensit ivi ty which are too 

low a t  the upper end of the range and too high in  the lower 

end. This bias i s  not as serious as that  shown by the 

Bruceton t e s t  since it is  in the direction of conservatism. 

It should be emphasized that  the Bart let t  t e s t  requires 

very large samples. I n  two instancesa, the sample eizes 

were approximately 8000. 

A th i rd  type of t e s t  i s  one which has been analyzed 

by Golub and ~rubbs. of the Bal l i s t i c  Research Laboratory 

a t  Aberdeen, Maryland. In th i s  type of t e s t  a comparatively 

small number of items i s  tested a t  different levels of 

stimuli with possibly only one item a t  each level. This 

type of plan i s  especially applicable t o  t e s t s  in  which 

the stimulus level cannot be exactly controlled but can 

be measured. Ford Motor companys has recently done some 

work on a similar type of t es t .  Since the sample size for 

ei ther of these t e s t s  i s  usually small, the resul ts  are 

subject t o  the uncertainty always associated with small 

samples. 

Finally, a plan which is quite frequently used i s  one 

that  has been called the run-down t e s t .  This type and the 

up-and-down t e s t s  include most of the sensi t iv i ty  t e s t s  

which are made. The plan ca l l s  for making a specified 

number of t r i a l s  a t  each of two or more stimulus levels. 

We shall  describe here in  detail, as an example of tai loring 

t e s t s  t o  specific situations, a run-down t e s t  plan which ca l l s  



for  t e s t ing  a t  two stimulus levels .  This plan was devised 

t o  determine high probabil i ty  of f i r i n g  estimates for  electro- 

explosive devices of one of the Navy's most important missiles.  

Only 200 EED'S per sample were available fo r  t e s t .  This 

t e s t  plan was optimized t o  f i t  the speci f ic  needs but may 

be useful t o  others faced with a similar problem. The 

probabili ty points of i n t e r e s t  are estimated by extrapolation 

based on observed responses measured i n  the neighborhood 

of the 65 and 90 per cent points. I f  we have previous 

experience with similar items we may use t h i s  experience 

as the bas i s  for  choosing these two t e s t  levels .  Lacking 

this experience we can use a short  Bruceton t e s t .  Suppose 

t ha t  we use twenty of the two hundred items i n  the preliminary 

Bruceton t e s t .  Then the remaining one hundred eighty are  

used fo r  the  main t e s t  a t  the  two levels .  F i f ty  items w i l l  

be allocated a t  the  expected 65 per cent level ,  and the 

remaining one hundred t h i r t y  w i l l  be tes ted  a t  the expected 

90 per cent level .  If, a f t e r  t e s t ing  the  f i f t y  items a t  the 

f i r s t  level, it appears t h a t  the  response is  much higher than 

the expected 65 per cent point we can revise our plan by 

using t h i s  as  the second level  rather  than the f i r s t .  In 

t h i s  case a new leve l  i s  selected as  the f i r s t ,  somewhat 

nearer the SO per cent point, and f i f t y  items tes ted  a t  

the  new level .  The following is  a step-by-step procedure 

for  f i r i n g  the  two hundred items. 



a. F i r e  twenty items i n  a Bruceton t e s t  t o  ob ta in  

preliminary es t imates  of t he  mean, m, and the  

standard deviat ion,  s. A log-transform of t he  

dosage (current ,  po t en t i a l ,  energy) is  taken 

as  t he  st imulus.  

b. Compute t he  f i r s t  and second t e s t  l e v e l s  as  

t h e  mean of t h e  Bruceton t e s t  p lus  0.4s and 

1.3s respect ively .  

c.  Test  f i f t y  items a t  t h e  f i r s t  s t imulus l eve l .  

(1) I f  f i v e  o r  fewer f a i l s  a r e  observed, 

redef ine  t h e  f i r s t  l e v e l  as  the  second 

and continue f i r i n g  a t  t h i s  l eve l  u n t i l  

one hundred t h i r t y  a r e  t e s t ed .  Test  t h e  

remaining f i f t y  a t  a st imulus l e v e l  m + 0.2s. 

( 2 )  I f  more than f i v e  f a i l s  a r e  observed ( the  

usual  case) t e s t  t he  remaining one hundred 

t h i r t y  u n i t s  a t  t h e  o r i g i n a l  second l eve l .  

The ana lys i s  of t h e  da t a  obtained from a t e s t  of t h i s  

kind would requi re  f i t t i n g  a frequency d i s t r i b u t i o n  function 

a s  was pointed ou t  e a r l i e r  i n  t h i s  paper. A s  was a l so  pointed 

ou t  t h e  log- log is t i c  function is  t h e  pre fe rab le  one. The 

procedure f o r  f i t t i n g  t h i s  function t o  these  da ta  would be 

as follows.  F i r s t ,  convert t h e  observed number of f i r e s ,  x, 

and f a i l s ,  y, f o r  each l e v e l  i n t o  l o g i t s  by the  r e l a t i o n  

L = l n  . P l o t  t he se  values of L aga ins t  t he  st imulus 
Y 

(log-current,  log-potent ia l ,  o r  log-energy). Draw a s t r a i g h t  



l i n e  through these  two points .  To i n t e r p r e t  t h e  graph 

i n  terms of  per cen t  response f o r  any stimulus read t h e  

r e s u l t  i n  l o g i t s  and change t o  per  cen t  by t h e  r e l a t i o n  

P 
L = l n  1 0 0 -  where p i s  t h e  desi red per  cent. 

A t e s t  of  t h i s  general  type has  t h e  good f ea tu re  of  

minimizing t h e  necessary extrapolat ion.  It i s  f r e e  from 

b i a s  such a s  is  found i n  the  Bruceton o r  B a r t l e t t  t e s t s .  

The items axe a l loca ted  t o  t h e  t e s t  l e v e l s  so  a s  t o  g ive  

near ly  equal weight t o  t h e  observations. Two hundred items 

i s  about a s  small a number a s  can be used i n  order  t o  give 

a good est imate of  a high o r  low per cen t  point .  

NEW APPROACHES 

NOL is  looking f o r  ways f o r  improving extreme-probability 

est imation methods by using information i n  addi t ion t o  GO/NO-GO 

f i r i n g  data.  

A s  has  been pointed out ,  t h e  est imation of very high 

o r  low p r o b a b i l i t i e s  on the  b a s i s  of GO/NO-GO da t a  always 

requi res  extrapolat ion towards the  asymptotic All-Fire and 

No-Fire limits. The extrapolat ion is  a r i s k y  business.  Can 

we avoid t h i s  extrapolat ion? We th ink  t h a t  it ispossible .  

By using da ta  from such sources a s  nondestructive measurements 

of EBD thermal parameters i n  conjunction with s e n s i t i v i t y  

da ta  we can in t e rpo la t e  r a t h e r  than extrapolate .  

For instance,  we  can show with t h e  Kk 1 Squib t h a t  a 

cur ren t  of 50 milliamperes through t h e  bridge would cause 

a maximum e leva t ion  of t h e  bridgewire temperature above 

ambient of about l ~ ~ ~ e n t i g r a d e .  By f igur ing  backwards from 



a m a x i m u m  acceptable e leva t ion  of the  bridgewire temperature, 

we can deduce an even higher maximum cur ren t  which would 

be acceptable not  only a s  a s a f e  cur ren t  b u t  a l s o  one which 

w i l l  not  d e t e r i o r a t e  t he  EED. In  t h i s  fashion w e  can 

e s t a b l i s h  a t r u e  No-Fire cur ren t  l eve l .  

Once a non-zero No-Fire l e v e l  i s  ava i lab le  w e  should 

be ab le  t o  es t imate  a very low p robab i l i t y  of f i r i n g  by 

in t e rpo la t ion  between t h e  No-Fire l e v e l  and experimentally 

observed low-probability f i r i n g  data .  

A s imi la r  use of t h e  electro-thermal data  i n  conjunction 

with l i m i t s  of v a r i a b i l i t y  of EED configurat ion and explosive 

i g n i t i o n  temperatures should permit t h e  computation of a 

f i n i t e  All-Fire po in t  (provided the re  a r e  no Q-C de fec t s ) .  

With t h i s  All-Fire point  and appropr ia te  f i r i n g  da t a  we 

should be able  t o  i n t e r p o l a t e  t o  f i n d  a high r e l i a b i l i t y  point .  

I n  e i t h e r  case,  t h e  i n t e rpo la t ion  can be c a r r i e d  o u t  

only i f  some d i s t r i b u t i o n  funct ion can be assumed t o  connect 

t h e  data.  There a r e  many expressions which can be  devised 

t o  descr ibe  a d i s t r i b u t i o n  which is  (1) approaching zero 

probabi l i ty  t angen t i a l l y  a t  a non-zero pos i t i ve  No-Fire point ,  

(2 )  approaching a p robabi l i ty  of 1 a t  a f i n i t e  All-Fire point ,  

and (3) a f i t  through observed f i r i n g  data .  What b a s i s  do 

we have f o r  s e l e c t i n g  t h e  proper function? 

To handle t h i s  problem, we a r e  inves t iga t ing  t h e  f i e l d  

of non-parametric o r  d i s t r i bu t ion - f r ee  s t a t i s t i c s .  The 

general  approach i n  t h i s  technique is  t o  f i n d  f a c t s  which 



apply t o  whole c l a s se s  of d i s t r i bu t ions .  It i s  assumed, 

on the  b a s i s  of experience, t h a t  t h e  EED d i s t r i b u t i o n ,  

though unknown, f a l l s  i n  a general  c l a s s .  I f  appropriate 

boundaries o r  l i m i t s  f o r  t he  c l a s s  of d i s t r i b u t i o n s  can 

be found then it w i l l  be poss ib le  t o  s e t  conservative 

bounds on the  EED p robab i l i t y  est imates.  

For ins tance,  i f  it can be assumed t h a t :  

(a)  The Probabi l i ty  Density Function is  unimodal, 

i .e. ,  t h e  Cumulative Dis t r ibu t ion  Function 

(C .D.F .) has  a s i n g l e  i n f l e c t i o n  po in t  which 

corresponds t o  t he  mode above, and 

(b) The two d i s t r i b u t i o n  functions a r e  zero a t  

t he  t r u e  No-Fire l e v e l  

then we can say t h a t  a s t r a i g h t  l i n e  drawn on the  C .D.F. 

from the  No-Fire po in t  t o  t he  i n f l e c t i o n  po in t  w i l l  always 

be more conservative f o r  s a f e ty  es t imates  than any d i s t r i b u t i o n  

which s a t i s f i e s  t h e  above c r i t e r i a .  This i s  because the  

C.D.F. w i l l  always be concave upward i n  t h i s  range. 

The t rouble  with t h e  above example is  t h e  d i f f i c u l t y  

i n  experimentally loca t ing  the  point  of i n f l e c t i o n  of t he  C.D.F. 

CONCLUS IONS 

We advise caution and forethought i n  carrying ou t  

s e n s i t i v i t y  determinations. Ready made t e s t  plans (such 

a s  those previously mentioned) have been devised t o  answer 

s p e c i f i c  needs and have been based on assumptions which 

a re  o f ten  impl ic i t .  I f  these  needs and assumptions a r e  



not  re levant  t o  t h e  cur ren t  problem, t rouble  can a r i s e .  

A cookbook f i r i n g  plan,  applied b l ind ly ,  can be a waste 

of time, money, and mater ie l .  

The experimental and computational procedures should 

there fore  be ca re fu l ly  designed before t h e  inves t iga t ion  

i s  s t a r t e d .  The questions t o  be answered should be c l e a r l y  

s t a t ed .  A l l  r e levant  background and previous knowledge 

should be considered. After  an experimental program has  

been proposed, t h e  i n t e r p r e t a t i o n s  of a l l  foreseeable  sets 

of r e s u l t s  should be hypothesized before  any f i r i n g  is 

commenced. I f  t h e  poss ib le  o r  l i k e l y  outcomes a r e  inconclusive,  

then t h e  experimental program should be modified appropr ia te ly .  

The a i d  of a s t a t i s t i c i a n  throughout t h i s  planning s tage 

i s  very necessary. It w i l l  reduce t h e  p robab i l i t y  of obta ining 

useless ,  er rant ,  o r  meaningless r e s u l t s .  

And f o r  r e s u l t s  t o  be usefu l  t o  those o ther  than the  

experimenter, t he  background information, t h e  assumptions, 

and s t a t i s t i c a l  procedures should be a p a r t  of t h e  data.  

They should be given i n  enough d e t a i l  t o  permit reconstruct ion 

of t h e  l o g i c  used throughout t h e  inves t iga t ion .  
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10. DISCUSSION 

M r .  Webb of Thiokol asked i f  t h e  implication was t h a t  r e s u l t s  

of t e s t s  of l e s s  than 200 items were not accurate. M r .  Hampton answered 

t h a t  accuracy i s  a r e l a t i v e  matter tha% usually ends up a s  a compromise, 

considering time and money. He claimed t h a t  standard deviat ion estimates 

from Bruceton t e s t s  of l e s s  than 200 EEDs i s  poor. He refer red  t o  t h e  paper 

of M r .  Martin t h a t  would be presented by t i t l e  only, t h a t  shows standard 

deviat ion t o  be a function of t h e  chosen s t ep  s ize.  I n  any case, he 

continued, with l e s s  than 200 items it i s  d i f f i c u l t  t o  estimate standard 

deviation. 

M r .  E ins te in  of Douglas Aircraf t  Co. asked i f  t h e  rundown t e s t  

was t r i e d  on ac tua l  data  and how many times. Mr. Hampton answered t h a t  

t h i s  was t h e  in t en t .  M r .  Einstein rep l ied  t h a t  it could not be concluded 

t h a t  t h i s  method was b e t t e r  than t h e  Bruceton o r  t h e  Bar t l e t t ,  t o  which 

M r .  Hampton repl ied  t h a t  t h i s  new t e s t  should be b e t t e r  because points  one 

and t h r e e  a r e  be t t e r  s a t i s f i e d  than they a r e  i n  t h e  Bruceton. The 

object ion t o  t h e  B a r t l e t t  i s  t h a t  it gives a very conservative estimate of 

safety. M r .  Einstein sa id  t h a t  a report  published in 1946, wr i t ten  by 

Burnett o r  Bar t l e t t ,  s t a t ed  t h a t  t h e  Bruceton w i l l  g ive a be t t e r  estimate 

of t h e  standard deviat ion than t h e  Probit  (which, he thought, Mr. Hampton 

was ca l l ing  t h e  B a r t l e t t ) .  

M r .  Hampton answered t h a t  t h e  Probit  i s  a method of analyzing 

data  t h a t  can be applied t o  data col lected by any one of numerous t e s t  

plans f o r  co l lec t ing  data such a s  t h e  Bar t l e t t .  

M r .  Davis sa id  t h a t  he had missed t h e  explanation of t h e  relat ion-  

sh ip  of X t o  Y. Mr. Hampton sa id  t h a t  X and Y a r e  t h e  number of f i r e s  and 

f a i l s .  If, fo r  example, 50 were t e s t ed  a t  one l e v e l  and 43 would f i r e  and 

7 would f a i l ;  X would be 43 and Y would be 7. 

M r .  Davenport pointed out t h a t  t he  speaker d id  not mean t o  say 

t h a t  t h i s  method does not involve extrapolation. The point here i s  t h a t  

extrapolat ion i s  less .  

M r .  Hampton agreed t h a t  t h i s  was t rue .  I n  order t o  avoid 

extrapolation, t e s t s  must be made above t h e  99.9% point,  and t h i s  i s  not 

done. 



M r .  Dietr ich of Atlas  Chemical Indus t r ies  expressed h i s  i n t e r e s t  

i n  t h e  p r a c t i c a l  aspects  of being able t o  express an adequate minimum a l l  

f i r e  stimulus. He asked for  an opinion on t h e  method of computing t h e  

standard e r ro r  from t h e  applied mathematics report  t o  determjne t h e  

confidence l eve l s  based on t h e  mean and t h e  standard error.  M r .  Hampton 

s t ressed  t h a t  these methods were used t o  obtain t h e  9% point with 95% 

confidence. Instead of having only 5% wrong, we had 15% o r  2% wrong f o r  

a confidence l i m i t  of 80$& by experiment with 200 samples. 

Mr. Dietr ich asked i f  he had calculated a point ,  say t h e  99 .99 ,  

and used standard e r ro r  would he then need an addi t ional  l i m i t  on t h i s .  

Mr. Hampton answered i n  t h e  aff i rmative repeating t h a t  h i s  point of 95% 

confidence was found t o  be only RB. 

Mr. Dietr ich sa id  t h a t  t h e  AMP ( ~ r u c e t o n )  procedure appears t o  

work i n  pract ice.  M r .  Hampton added t h a t  h i s  understanding was t h a t  

M r .  Dietrich used t h e  AMP procedure t o  ca l cu la t e  t h e  point with 95% 

confidence and then put an addi t ional  increment on t h e  functioning variable.  

Dietr ich sa id  t h a t  t h e  point i t s e l f  i s  selected by t h i s  procedure but he 

added t h a t  many other  f ac to r s  enter ,  such a s  subsequent t e s t i n g  a t  t h e  

stimulus l e v e l  selected, eff iciency of t h e  f i r i n g  system, and other  

fac tors .  M r .  Hampton sa id  t h a t  t h e  Bruceton may be a very good preliminary 

t e s t  i f  supplemented by addi t ional  t e s t s .  

Mr. Stresau of Stresau Labs asked fo r  a comment on t h e  method 

t h a t  involves estimation of t h e  5% and 95% points  and subsequent exposure 

of ten  items a t  each of these  points. I f  r e s u l t s  were none out of 10  on 

t h e  5% point and 10  out of 10 a t  t h e  95% points,  95% confidence limits 

were placed on these  data. M r .  S t r e sau f s  be l i e f  was t h a t  t h i s  resu l ted  

i n  conservative estimates.  

M r .  Hampton expressed be l i e f  t h a t  t h i s  was correct  and offered 

t o  elaborate  on t h e  board. He explained t h a t  a Bruceton t e s t  was run and 

t h e  high and low points  infer red  a s  i s  shown in Figure 10D. The responses 

R 1  and R2 a r e  se lec ted  t o  correspond t o  t h e  respect ive s t imul i  X 1  and X2. 

These points  a r e  usual ly chosen so t h a t  t h e  devices w i l l  not  f i r e  a t  X 1  

and w i l l  a l l  f i r e  a t  X2. Ten devices a r e  then exposed t o  each of these  

two st imuli  and from these  r e s u l t s  confidence i n t e r v a l s  can be placed on 

t h e  response functions. These have been indicated by U 1  f o r  t h e  upper 

confidence l i m i t  on R1, and by L2 f o r  t h e  lower confidence l i m i t  on R2. 



These l i m i t s  a r e  usually calculated a t  95% confidence, although another 

lbnit could be used. A s t r a igh t  l i n e  i s  then drawn between U1 and L2. 

This having been done, one may extrapolate response and stimulus functions 

along t h i s  l i n e  t o  t h e  r i gh t  of X2 with t h e  confidence used t o  compute U 1  

and L2. This i s  i l l u s t r a t e d  by t n e  response R 3  t h a t  can be achieved by 

applying t h e  stimulus 53 with whatever confidence was chosen. 

X I  X 2  X 3  
STIMULUS ( increasing ) ---t 

FIG. /OD. METHOD FOR APPROXI//IATION OF RESPONSE WITH 

CONFIDENCE FROM A GIVEN STIMULUS 



11. COMMENTS ON CONSTANT-CUWNT I N I T I A T I O N  CHARACTERISTICS 
OF HOT-WIRE-BRIDGE SQUIBS, WITH PARTICULAR REFERENCE 

TO LOG-CURRENT LOG-TIME FIRING CURVES* 

A .  G .  Benedict 

J e t  Propulsion Laboratory Pasadena, California 

ABSTRACT 

Certain initiation charac ter i s t ics  of squibs a r e  reviewed, and some 

advantages i n  use  of log-current  log-time f i r ing cu rves  a r e  discussed.  A 
7 

simple method for  analyzing smal l - sample  f i r ing t e s t  r e su l t s  i s  outlined; 
I 

the method does not requi re  special t e s t  sequences such a s  those of the 

Bruceton procedure.  

INTRODUCTION 

The initiation cha rac te r i s t i c s  01 squibs such a s  the typical squib 

shown i n  Fig. 1 depend on: 

HERMETIC SEAL - 
CONNECTOR PIN 

BRIDGEWIRE 

MATCH-HEAD 

END CLOSURE 

Fig. 1. Typical connector-type 
hermetical ly - sealed squib 

1. The geometry,  size, and ma te r i a l s  of the squib body, 

pins, sea ls ,  and closure,  

::e This paper  p re sen t s  the r e su l t s  of one phase of r e s e a r c h  c a r r i e d  out a t  
the J e t  Propulsion Laboratory,  California Institute of Technology, under 
Contract  No. NAS 7 - 100, sponsored by the National Aeronautics  and 
Space Administration. 



2. The type of match-head used, 

3. The type of bridgewire, and 

4. The diameter and length of the bridgewire, 

but the quantitative significance of none of the variables has been estab- 

lished precisely, and second-order effects a re  so manifold that design 

efforts often degenerate into haphazard cut- and-try approaches. 

Our discussion of initiation characterist ics will be in two main 

steps: 

1 .  We f i r s t  assume an imaginary type of squib, assign to 

it an arbitrary firing curve, rationalize the curve in a 

very primitive fashion, and then use the same primitive 

hypotheses to predict the effect of changes in bridge -. 

wire diameter only. 

2. We then tabulate some major and minor differences 

between practical squibs and our imaginary squib and 

show qualitatively how these differences may reveal 

themselves in actual firing curves. 

The author believes that use of idealized curves such a s  those postu- 

lated in the f i r s t  step i s  not only convenient in design and testing, but may 

also lead to early recognition and possible correction of anomalous 

behavior. 

Log-current log-time firing curves based on constant-current initia- 

tion will be used for illustrative purposes; the appropriate modifications for 

constant-voltage o r  even capacitor -discharge initiation will be obvious. 

A glossary of some of the t e rms  used i s  included in Appendix A. 

INITIATION CHARACTERISTICS OF  AN IMAGINARY TYPE OF SQUIB 

As noted in the Introduction, we f i r s t  assume an imaginary type of 

squib and assign to i t  an arbitrary firing curve. For this purpose we use 

the firing curve indicated by the solid portions AB and BC of the intersect-  

ing lines AM and NC in Fig. 2; specific current  and time values have been 

assigned for illustrative purposes only. 

The line BC i s  a line of constant current, and represents the "no- 
2 fire1' portion of the curve; the line AB i s  a line of I t constant, and repre-  

sents the "all-fire1! portion; our imaginary squibs all f i re  along the line 

AM, but none f i re  below the intercept B. 



r " A ~ ~ - F ~ ~ E "  (CONSTANT ENERGY) - 

0.21 I I I I I I 
I 5 10 50 100 500 1000 

FIRING TIME, millisec 

Fig. 2. Idealized f i r ing curve 

The f i r ing curve of Fig. 2 may be rationalized by assuming that al l  

heat  generated by passage of cu r ren t  through the bridgewire goes into heat- 

ing the bridgewire for  cu r ren t  levels  above BC, but that f o r  cu r ren t  levels  

below BC al l  heat is conducted away through the match-head; this assump-  

tion practically endows the squib with intelligence, but i s  a useful ar t i f ice.  

Assuming fur ther  that our  bridgewire res is tance  r emains  constant, 

the line AB becomes a line of constant energy and, with other obvious 

assumptions, a line of constant tempera ture  (8); with equally obvious assump 

tions, l ine BC becomes a line of constant power. 

The following symbols will be used: 

cu r ren t  through the bridgewire, amp 

time to f i r e ,  mi l l i sec  

specific res is tance  of bridgewire, ohms pe r  c i rcular  
mi l  -ft 

density of bridgewire alloy, grams/cc  

specific heat  of bridgewire alloy, c a l ~ r i e s / ~ r a m  

firing temperature,  " C 

ambient temperature,  " C 

wire  d iameter ,  thousandths of an  in. 

thermal  conductivity of match-head, g r a m  ca lor ies  pe r  
square  centimeter  p e r  second pe r  " C p e r  centimeter  

Assuming each elemental length of bridgewire ac ts  independently of i t s  neigh- 

bors ,  and that the bridgewire charac ter i s t ics  a r e  independent of tempera ture ,  

i t  i s  a s imple ma t t e r  to derive the following equation - 



"All-fire" line AB: 

where M i s  a constant dependent only on the system of units used.  

"No-fire" line BC: 

where N i s  also a constant dependent only on the system of units used.  

The ratio between the "al l-f i re" current  and the "no-fire" current  i s  

sometimes taken a s  a basis  for comparing the relative m e r i t s  of two squibs, 

with low ratios being prefer red .  Division of E q .  (1) by Eq.  (2) for a fixed 

firing time leads to 

1 all-f i re  Z Z  Z -2 
Z a d P H - K  
I s no-fire 

and at f i r s t  glance it  would appear desirable to select a bridgewire mater ia l  

having ei ther  a low density o r  a low specific heat ;  unfortunately the two a r e  

in conflict, a s  the product p 'I2 var ies  only over a smal l  range between 
Hs 

various meta ls  and alloys. Again, i t  appears desirable to keep the diameter 

down, but the manufacturing problems often limit the minimum diameter  

which can be handled. 

Equations (1) and (2) a r e  both derived on the assumption that the 

bridgewires a r e  of c i rcular  section; if the per imeter  i s  increased without 

changing the a rea ,  the theoretical l lno-firell  can be increased without a co r -  

responding change in the "al l-f i re .  The consequent prospect of reduction 

in the rat io of "all-fire" to "no-fire" naturally makes  thin-film and ribbon- 

type bridges attractive. 

Some squib designs have used 2 small-diameter  bridgewires in 

paral lel  between the same pair of pins, purportedly for improvement of 

" bridgewire reliability a s  might be expected, such squibs show a 



relatively good "al l4ire"  "no-fire1'  rat io ,  but tend to exhibit a bad spread  in 

f i r ing charac ter i s t ics  because of random variat ions in the relative lengths o r  

spacings of the adjacent wires .  

If we hold al l  p a r a m e t e r s  f ixed,  other  than d ,  Eq. (1) and (2) m a y  be 

expressed  a s  simple proportionalit ies : 

1 

"All-fire" l ine AB Ia. d 2 t -2 

3 - 
l lNo-firell  l ine BC I U d2 

F r o m  (4),  the firing t ime a t  fixed cu r ren t  i s  given by 

Again, holding al l  p a r a m e t e r s  fixed, other  than d ,  the locus of the 

intercept  B i s  given by the proportionality 

Thus, if our  assumptions were  r e a l  (which we know they a r e  not), 

we would need only two t e s t  f i r ings to completely determine the initiation 

cha rac te r i s t i c s  of our  imaginary squib. Fu r the rmore ,  k n ~ w i n g  the firing 

curve for one d iameter  of br idgewire,  by using Eq. (4) and (5),  we could 

produce a family of f i r ing curves for  dir'ferent d i ame te r s  of bridgewire a s  

in Fig. 3. 

96 
It i s  interest ing to note that the proportionality of Eq.  (5) appears  to have 

been f i r s t  applied to the fusing of w i re s  in  a i r  by Sir  W. H.  P r e e c e  (1834- 
1913); in  1905 Schwartz and J a m e s  modified P r e e c e l s  formula to allow fo r  
end effects.  In typical c a s e s ,  they found the appropriate  index ranged 
f r o m  1. 1 to 1.7. 

* * 
Equation (7) could be expressed  in the fo rm llmilliseconds at one ampere"  ; 

such an expression i s  somet imes  convenient for comparing the relat ive 
m e r i t s  of various "families" of squibs f rom the standpoint of the i r  "a l l - f i re f1-  
"no-fire1' ra t ios  (Eq. 3 ) .  
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Fig.  3. Family of firing curves for  
various d iameters  of bridgewire 

INITIATION CHARACTENSTICS O F  ACTUAL SQUIBS 

In the preceding Section, we assumed that our imaginary squib had 

a firing curve a s  in  Fig. 2; actual firing curves differ, a s  

Fig. 4, f rom the curve of Fig. 2 mainly in  that they: 

i l lustrated by 

I 10 millisec 'ZLL- FIRE"^ 

LINE 

"TRANSITION" 

0.2 
5 10 50 100 500 1000 

FIRING TIME , millisec 

Fig. 4. F i r ing  curves  typical for  
an actual squib 



1. Are bands rather than lines, and 

2. Exhibit a nonlinear transition region between the " all- 

fire1! and "no-fire" areas;  in  this region, the thermal 

conductivity of the match-head i s  becoming increasingly 

more  important a s  firing time increases. 

F i r s t  attempts to apply the proportionalities of Eq. (4) through (7) 

to actual firing curves a r e  often very discouraging; even outside the transi-  

tion region nothing seems to behave a s  we might like. 

Nevertheless, the proportionalities of Eq. (4) through (6) serve a s  

useful starting points, and can be modified, a t  leas t  qualitatively, to 

account for many apparent discrepancies. 

We may now tabulate certain practical aspects which affect initia- 

tion characterist ics as  determined by actual tests: 

The "al l-f iren and "no-fire" equations for the imagi-  

nary squib assumed that no heat was conducted away by 

the match-head under "all -firet1 conditions; the non- 

linear transition region of an actual firing curve repre-  

sents the a r ea  where this approximation i s  grossly 

inaccurate. 

The equations for  our imaginary squib, particularly 

for  "no-fire, were inherently based on steady-state 

thermal conduction; this state i s ,  of course, again only 

an approximation. 

The equations for  our imaginary squib made no pro- 

vision for the effect on the match-head of prolonged 

heating; such effects appear typically as  a lengthening 

of the transition region. 

The firing time of squibs i s  variously measured f rom 

time of application of current  to bridgewire burnout, 

mechanical reaction a s  sensed by a vibration pickup, 

s t a r t  of r i se  of pressure  a s  sensed by a p ressure  t rans-  

ducer, o r  flash a s  sensed by a photodiode. These t e r -  

minal events do not usually coincide in time, and may 

introduce a constant time offset which upsets the relation 

ship of Eq. (4), particularly for fast  firing times. Of the 



various terminal events, bridgewire burnout i s  probably 

the most  artificial indication of initiation. 

5. Heat i s  conducted away from the bridgewire not only 

through the match-head, but also through the bridge- 

wire terminals. This affects the relationship of Eq. 

(5), becoming more significant as  the ratio between 

bridgewire diameter to bridgewire length increases.  

6. Our imaginary squib assumed no thermal gradient 

through the bridgewire; this i s  a poor approximation if 

the thermal conductivity of the match-head i s  high, or  

i f  the bridgewire i s  in contact with a surface of high 

thermal conductivity. 

7. We assumed for our imaginary squib that the bridge- 

wire characteristic s were independent of temperature; 

quantitative corrections for this assumption a r e  prac-  

tically impossible, particularly for those squibs which 

appear to f i r e  only after  their bridgewires have passed 

through a liquid phase into a gaseous state. 

8. Tests a r e  sometimes conducted using constant-current 

pulses of predetermined duration, and resultant hang- 

f i r e s  may lead to misinterpretation of results. 

9. As indicated by Eq. ( I ) ,  our firing t imes a r e  a function 

of the ambient temperature; it sometimes happens that 

firings a t  a low temperature a r e  inadvertently compared 

with those a t  a high temperature. The e r r o r  introduced 

is ,  however, often swamped by more significant factors. 

10. Random variations in manufacture produce random 

variations in initiation characteristics. Among some 

of the more common sources of random behavior are: 

(a) Run of solder along bridgewires; 

(b) Variations in the spacing of the bridgewire from 

adjacent surfaces, particularly the bottom o r  top 

of the match-head, and also f rom the top of the 

pins when the bridgewire i s  spot-welded to their 

centers; 

(c) Variations in pin spacing; 



(d) Nonuniformity of match-head; 

(e) Inclusion of voids within the match-head; 

( f )   minor imperfections, such a s  nicks, in the bridge- 

wire. 

Unless such random variations a re  kept to a reasonable 

level not only within one lot but also between lots, design 

will of necessity always remain in the realm of cut-and- 

try. 

A highly simplified electrical analogy of the thermal characterist ics 

of a squib i s  given in Fig. 5, and the effects of some factors on our idealized 

firing curves a r e  illustrated in Fig. 6. 

I 1 T H E R - L  

THERMAL RESISTANCE 

CAPACITY 
OF MATCH-HEAD 

I OF BRIDGE 

SURROUNDING 

Fig. 5. Highly simplified electrical 
analogy of thermal "circuitn 

of squib 

The squib f i res  when the tempera- 
ture  (voltage) across  the bridge 

capacitance" reaches the appro - 
priate value. In actual squibs 
there a r e  a multitude of individual 
thermal res is tors  and capacitors, 
intricately interconnected. 

Before continuing, it i s  important to note that no cure for design 

problems has been offered; we have, in effect, done little more  than 

review the a reas  about which we have so much to learn. 

Although not strictly relevant to initiation characterist ics,  i t  may 

be appropriate a t  this point to comment briefly on the posffiring resistance 

of squibs, a squib characteristic which i s  frequently a matter  of concern. 

Such postfiring resistance (or conductance) i s  of interest insofar a s  bat- 

t e ry  drain i s  concerned, but a high posffiring resistance i s  often taken 

erroneously as  an indication that squibs may be f ired successfully in 
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1) REDUCTION IN  PIN SPACING 

:) DECREASE IN CLEARANCE BETWEEN BRlDGEWlRE AND THERMALLY CONDUCTIVE 
SURFACE 

1) DECREASE OF THICKNESS OF MATCH-HEAD COVERING BRlDGEWlRE OR VOIDS 
IN  MATCH-HEAD 

$1 BRlDGEWlRE DIAMETER REDUCED, NO-FIRE HELD CONSTANT BY CHANGE IN  
AL  W Y  

'1 DECREASE IN  THERMAL CONDUCTIVITY OF MATCH-HEAD 

Fig. 6. Effects ( i l lustrated by broken l ines)  of 
various fac tors  on idealized firing curves  



parallel; squibs which exhibit good postfiring resistance may exhibit dead 

shorts during firing, and thus be a potential source of trouble in parallel 

firing arrangements. 

ADVANTAGES INHERENT IN USE OF LOG-CURRENT 
LOG- TIME FIRING CURVES 

One of the most  common forms for  presentation of firing curves i s  

the l inear-current  linear-time plot a s  illustrated in Fig. 7. By compari- 

son, the log-current log-time presentation of Fig. 4 offers several 

advantages: 

ENLARGEMENT IN 
0-40 ms AREA 

I 

0 10 20 30 40 

MILLISECONDS 

0 100 500 1000 
FIRING TIME, rnillisec 

Fig. 7. 50% firing curve of Fig. 4. replotted 
with linear -linear coordinates 

Equal intervals on either ordinate represent equal 

percent changes; the presentation i s  inherently one of 

uniform percentage accuracy. 

The linear "all-fire1' and "no-fire" sections can be 

readily distinguished from the transition area,  making 

the initiation characteristics easier  to comprehend a t  

a glance. 

The linear characteristics of the all -firet1 and '!no- 

fire" a reas  enable sketching of preliminary firing 

curves based on a s  few a s  two test  firings, one well up 



on the "all-firev1 line, and the other well "outn on the 

"no-firen line. So useful i s  this feature that with as  

few a s  four additional samples, the original points can 

be confirmed, the transition a rea  defined, and the ran- 

dom spread estimated, all to a degree of accuracy ade- 

quate for most preliminary purposes. 

4. The linear locus of the intercept between the llall-firelt 

and "no -firev1 lines facilitates extrapolation of test  

results  from one bridgewire diameter to another, and 

in the early assessment of the all-fire" "no-fire" 

ratio of a particular type of squib design. 

Although extrapolation f rom one bridgewire material  to another o r  

from one match-head to another might appear attractive, the designer will 

probably find i t  preferable to obtain, by actual test, at least  one firing 

curve for each likely combination of bridgewire alloys and match-heads, 
J. 

and to res t r ic t  his extrapolations to changes in bridgewire diameter. " 

Such extrapolations will not always prove successful, but should not need 

more than possibly six samples for a check by test. 

A NEW METHOD FOR ANALYZING SMALL-SAMPLE 
TEST FIRING RESULTS 

As discussed ear l ier ,  the line AB of Fig. 2 i s  a line of constant 

energy, and the line BC i s  a line of constant power. Provided actual firing 

curves such a s  those of Fig. 4 exhibit such sections of constant energy or 

constant power, any tes t  results  within these sections may be used to make 

an estimate of firing probabilities within these sections. 

"Some designers estimate a change in Itno-fire" for a change in bridgewire 
material  by making the assumption on which Eq. (2) i s  based, namely that 
the heat which can be dissipated i s  proportional to the bridgewire diameter. 
If a firing curve for a particular combination of bridgewire alloy and match- 
head is not available, such an estimate may save time by indicating that, 
while a particular diameter of a particular alloy may meet a specified bridge- 
wire resistance requirement, the alloy in that diameter would have an entirely 
unsllitable "no-firen level when used with the selected match-head. 

The author has had no success in isolating useful values for the 8 of Eq. (1) 
and (2) ,  nor for the K of Eq. (2); it i s  for this reason that extrapolation 
appears practical only between bridgewire diameters, and even here  second- 
order effects generally convert extrapolations into approximations at best. 



The method i s  outlined simply a s  follows: Assume we have possibly 

3, 5, 10, 100, o r  any number of firing t imes corresponding to various cur-  

rents above the transition region. Calculate the product ~~t for each of these, 

then obtain the mean value and standard deviation of the products. If X i s  the 

mean value, cr the standard deviation, and T F  the tolerance factor appropri- 

ate to some combination of confidence level and probability, the appropriate 

range fa r  12t i s  given by 

We can now separate I and t, and plot one a s  a function of the 

other on our log-current log-time scales, for any desired probability a t  

any desired confidence level. 

The me.thod i s  open to no objections which a re  not also applicable 

to the Bruceton o r  Probit techniques, and has several advantages: 

1. Test  intervals need not be preselected; any valid tes t  

results  may be "retrievedfr from records for the analy- 

sis. 

2. Unlike the Bruceton technique, in. which half the results  

must  be discarded, all valid results  a r e  useful. 

3. The number of samples may be much less  than the 40 

o r  100 often considered to be minimums acceptable for 

Bruceton tests. 



APPENDIX A. GLOSSARY OF TERMS AS USED 

The Glossary summarizes  the intended meaning of some of the t e r m s  

used, and may conflict with usage elsewhere. 

I t  All-fire" The t e r m  al l-f i re  i s  generally used for that current  

which will initiate a squib within a specified length of 

time--frequently 10 mi l l i sec .  In this  paper,  the t e r m  

has  a lso  been loosely used to describe that section of 

firing curves in which the energy input for initiation 

i s  substantially constant. 

End Effects 

Hang-Fire 

Initiation 

Squib 

The heat sink charac ter is t ics  of bridgewire te rmina-  

tions a r e  r e fe r red  to  a s  end effects. 

A condition in  which an abnormal delay occurs 

because the magnitude o r  duration of the applied cur -  

rent  i s  insufficient to produce positive ignition of the 

match-head. 

Initiation i s  used to indicate positive ignition of the 

match-head by heating of the bridgewire; al terna-  

tively it  may be taken to imply the commencement of 

application of a current  adequate for such ignition. 

It may be noted that the t ime at which the match-head 

ignites i s  practically impossible to sense directly. 

The maximum continuous current  which can be passed 

through a squib without causing the squib to ignite. 

The t e r m  can be qualified by assignment of a proba- 

bility such a s  99.9%; the duration of current  i s  some- 

t imes  limited by definition to times such a s  5 min. In 

this  paper the t e r m  has also been used loosely to 

describe that portion of the firing curves in  which 

the power input i s  substantially constant. 

An electrically initiated car t r idge ,  part icularly one 

initiated by passage of current  through a metallic 

bridgewire of c i rcular  cross-sect ion.  



Sure  -f ire  The minimum continuous current  required for  

initiation of a squib; a s  for the "no- f i r e ,  " the 

t e r m  may be qualified by assignment of a prob- 

ability. The 0.1% s u r e  -f ire  corresponds to the 

99. 9% "no-fire. " 

Transition Region This t e r m  i s  used to describe the nonlinear portion 

of firing curves tangential to the "al l-f i re" and 

"no-fire" lines. 

APPENDIX B. DERIVATION O F  EQUATIONS 

Equation (1 ) : 

Electr ical  energy per  unit length = Heat energy per  unit length 

f rom which 

where M = 0.81 for the system of units used in the text.  It i s  interesting to 

note that,  for a typical 1 -w 1 -amp squib using 2-mil nichrome and firing in 

2 mil l isec a t  4 amps,  the temperature r i s e  calculated by use  of the above 

equation i s  over 2300°C, yet nichrome has a melting point of about 1400" C.  

Equation (2) : 

Electr ical  power input = Thermal power conducted 

f rom which 



where N = 1. 0 for  the sys t em of units used in the text. 

Equation (7): 

2 -z 
'all-fire U d t  (Eq. 1 )  

u dL 
'no-fire 

fo r  

- - 
'all-fire 'no-fire' 

f r o m  which d t. But 

3 - 

'no -f i re  u d2 

Therefore,  

Z 
'no -f i re  a t ,  

2 - 
and t u 
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Methods of s t a t i c  output t e s t i n g  inves t iga ted  by Lake Ci ty  Ordnance 
P lan t  included s u b s t i t u t i n g  s t e e l  d i s c s  f o r  l e a d  d i s c s  and modified 
dent  t e s t  using s t e e l ,  s i n t e r e d  b ras s ,  and s i n t e r e d  i r o n  blocks. A 
cont rac t  awarded Franklin I n s t i t u t e  r e s u l t e d  i n  t h e  ion iza t ion  switch- 
photomult ipl ier  method of measurling i n t e r v a l s  between shock f r o n t  and 
f l a sh .  

13. Diode T e s t i m  System Morris Brenner 

Cold cathode diodes a r e  used a s  energy t r a n s f e r  components i n  t h e  f i r i n g  
c i r u u i t s  of c e r t a i n  ordnance devices. The performance c h a r a c t e r i s t i c s  of 
t h e  diode a r e  expressed i n  terms of  vol tage  breakdown, energy t r a n s f e r ,  
and energy t r a n s f e r  time. A system f o r  t h e  automatic and simultaneous 
observation and recording of t h e s e  t h r e e  parameters has been designed. 
The system can be used as wdrking t o o l  both i n  R&D and i n  production t o  
provide r e a l i s t i c  t e s t  d a t a  r ap id ly  wi th  s i g n i f i c a n t  savings i n  cos t  and 
personnel. 

14. A Review of Explosive Output T e s t i n a  Vincent J. Menichell i  

Various methods have been used t o  evaluate  t h e  output  of an  explosive 
device. Usually t h e  c h a r a c t e r i s t i c s  which output  t e s t s  measure do not  
c o r r e l a t e  wi th  t h e  a b i l i t y  of t h e  devices t o  perform properly i n  t h e  end 
item. A review of varkous output  t e s t s  i s  given and t h e  e f f ec t iveness  of  
each t e s t .  i s  discussed. 

15. An Adequate I n i t i a t o r  Development Program Ruth E. Trezona 

A program f o r  t h e  development of e l e c t r i c  i n i t i a t o r s  and t e s t i n g  them 
under normal and adverse condit ions i s  described. The p i t f a l l s  of 
c o r r e l a t i n g  simulated o r  labora tory  t e s t s  with "in servicen  t e s t s  a r e  
discussed. 

16. Prepulsing Studies  (U1 V. W. Goldie 

An experimental procedure, known a s  a successive increment t e s t ,  has been 
used t o  demonstrate t h e  e f f e c t  of prepulses on t h e  normal f i r i n g  
s e n s i t i v i t y  of EEDfs. Laboratory t e s t s  performed on some commonly used 
EEDls have i l l u s t r a t e d  t h a t  prepulsing can cause se r ious  s e n s i t i v i t y  
degradation. 

17. E f f e c t  of Cold Temperature on S e n s i t i v i t y  Leonard Shainheit  

The functioning c h a r a c t e r i s t i c s  of var ious  e l e c t r i c  i n i t i a t o r s  a t  ambient 
and cold  (-65°F') condi t ions  a r e  discussed. The e f f e c t  of cold on both 
input  and output  i s  out l ined .  



18. High Speed Photonra~hv A ~ p l i c a b l e  t o  the  Howard S. Leopold 
Development of E l e c t r o e x ~ l o s i v e  Devices Diane F. McVaney 

Photographic techniques used a t  NOL, White Oak, f o r  invest igat ions  pertaining 
t o  electroexplosive devices a r e  described. Smear camera methods a r e  
described f o r  observing t h e  growth of explosion from a bridgewire, detonation 
t r a n s f e r  a t  explosive in te r faces ,  shock waves from exploding wire, and 
propagation i n  a detonator. Examples of t h e  use of framing cameras f o r  
measuring simultaneity and f o r  in te rp re ta t ion  of explosive events a r e  given. 

19. Instrumentation f o r  Testing E l e c t r i c  I n i t i a t o r s  Charles T. Davey 

The measurable parameters involved i n  t e s t i n g  e l e c t r i c  i n i t i a t o r s  a r e  discussed 
along with methods and instrumentation used t o  obtain th'ese parameters. 
Examples of complete instruments a r e  presented. 



1 2 .  DEVELOPMENT OF IMPROVED STATIC 
TESTS FOR DETONATOR-BOOSTER OUTPUT 

W .  P. Taylor  
W .  L .  Smith 

IED, Lake C i t y  Army Ammunition P l a n t  

PI. R. Smith 
F r a n k l i n  I n s t i t u t e  

For many years the criteria for determining by static means whether 

2 h  fuze detonator-booster output was satisfactory, was based on punc- 

turing of a lead disc or discs. The technique for performing this test had 

remained relatively unchanged. It consisted of assembling a detonator- 

booster train in an aluminum sleeve equipped with a firing pin, positioning 

the assembly on a lead disc or discs, functioning the detonator by dropping 

a ball on the firing pin and thereby functioning the booster. The.booster 

output had to be sufficient to completely perforate either two lead discs, 

each .125" thick or one lead disc .250" thick. The perforation could be of 

any diameter. Detonator output was measured in a similar manner. Such a 

measure of static detonator-booster output was perhaps useful as a process 

control test. However, it became increasingly evident, as production of 20mm 

HE1 cartridges incorporating the M505 fuze increased and low order functioning 

of the fuze occurred periodically, that there was no real correlation between 

the results of static output tests and those of fuze functioning tests. Also, 

it was suspected that booster output, although static tests results were 

comparable, might not be adequate or there might be wide variation in uni- 

formity within lots, from lot-to-lot or between manufacturers. 

In 1958 a steel disc (.049Iq thick) was substituted for the lead disc 

with a requirement of complete penetration. This test appeared to provide 

better differentiation among satisfactory and unsatisfactory detonator- 

booster combinations, but correlation with functioning test results still 

was not good. 



Accordingly, other techniques and methods for measuring 2 h  fuze 

detonator-booster output were studied. Among these were: 1) directing the 

output to move a pendulum and measuring the vertical displacement of the 

pendulum "bob"; 2) measuring the initial velocity of a steel ball propelled 

by the impulse of the output; 3) measuring the movement of a column of mercury 

in an open "U" tube when the explosive output is applied to one end of the 

tube; 4) utilizing the Denver Research Institute electronic equipment 

developed under the supervision of Picatinny Arsenal; and 5) the Naval Ordnance 

Laboratory dent test. It was finally concluded that some adaptation of the 

dent test using available drop test equipment and test fixtures would be the 

most economical and reliable means of performfng the desired output tests. 

Problems encountered and overcome in this adaptation were: obtaining a 

measurable smooth dent by means of an intermediate steel ball, using a 

relatively inexpensive metal witness block for indentation, keeping the 

surface of this block free from powder burns and other distortions that 

could prevent accurate measurement of the indentation depth and devising 

a rapid and accurate technique of measuring the dent depth. 

As time went on further refinements of the method for obtaining detonator- 

booster output were introduced, such as using the detonator-booster assembly 

in a fuze body instead of a sleeve and the use of sintered metal blocks in- 

stead of steel discs. Sintered iron was found to be the best of the blocks 

tried because of better dent depth differentiation and cost advantage. 

Since practical correlation of static output tests with fuze functioning 

was the goal of the improvement program being conducted by the Industrial 

Engineering Division it was felt that before any effort was made to correlate 



dent test results with fuze functioning results - a lengthy and expensive 
program - an effort should be made to determine whether there was a better 
means of measuring output than those already explored and in use. Accordingly, 

the Franklin Institute was awarded a contract to determine whether it was 

possible to devise a static output test more meaningful than that in use at 

the present time. 

The initial portion of the Franklin Institute study was devoted to an 

examination and analysis of the static test procedures now being used for 

quality control in 20mm ammunition. All the static tests in use depended 

upon the measurement of the depth of a dent produced by the explosive compo- 

nent in a block of known hardness to indicate the output level. Those dent 

block criteria used in the static tests of detonators and boosters to in- 

dicate functional quality were simple and easily interpreted, but, as 

mentioned before, there is some doubt as to the degree of correlation between 

the performance of these detonators and boosters in the static tests and 

their performance in firing teats. 

The M505 series fuze for 2 h  ammunition contains two explosive elements, 

a detonator and a booster. It is intended that the output of the detonator 

shock the booster into high order detonation, which in turn will shock the 

main explosive charge into high order detonation. There are, of necessity. 

gaps between each of the elements in the explosive train. To simplify the 

analysis we can assume that the reaction in the train is transferred from 

one element to another solely by shock waves. If we consider the case where 

the detonator, once initiated, goes high order and produces a shock wave of 

significant magnitude then the initiation of the booster might proceed as in 

Figure 1. At time tl the shock wave from the detonatix is shown already 

in the booster material. If energy is continually fed across the gap, the 



condition at time t2 may follow in which the chemical reaction has begun to 

develop a pressure front. Because the explosive tiirough which the shock 

wave has passed is now at a higher energy state, the pressure front or re- 

action front proceeds along the explosive column at increasing velocity 

reducing the separation from the shock front as shown at times tg and t4. 

The separation between the reaction front and the shock front becomes constant 

when, as at time t5, the ideal detonation velocity of the explosive has been 

reached. Behavior of this sort, where the shock front first outruns the 

reaction front, then is overtaken after the chemical reaction has built up 

to the critical stage, is most common where the explosive train has been 

interrupted or in explosive columns of varying sensitivities or densities. 

In the case of the relatively short columns of secondary exp1osive'such as 

those used in the booster of the M505 series fuzes we expect the pressure 

profile of the reacting region migbt appear as shown in Fig. 2. We think it 

reasonable to suppose that a measurement ofthe time or distznce separation 

between the shock front and the reaction front will be indicative of the 

level of reaction and velocity of propagation in the explosive component under 

test. However, the separation of the shock front and the reaction front is 

probably so small in the case of primary explosives or in long columns of 

the more sensitive explosives that its measureme~would appear to be difficult. 

We therefore developed a technique to measure the time separation of 

these two zones in the booster column. A fuze body with detonator and boostkr 

installed in-line is placed in a test fixture so as to rest with the end -of 

the booster on an ionization switch. A photo-multiplier type flash detector 

is focused at this same point. When the shock front emerges from the booster, 



the passage cuases the air in the ionization switch to become more conductive. 

The following reaction front is indicated by the presence of visible light as 

it emerges from the booster column. Time separation of these two events was 

measured with an oscilloscope. A chronograph counter might also be used. 

Typical oscillograph records are shown in Fig. 3. Record 3a is of three 

high-order detonations. The sweep rate from right to left is 2 microseconds 

per division. The upper trace is the output from the photodetector indicating 

the presence of visible light. The lower trace is the ionization switch out- 

put which also serves as the sweep trigger. Time separations in tests from 

which this record was chosen were in the range 1.5 to 4.0 microseconds. Record 

3b is of a low-order detonation. The sweep rqte in this case is 5 microseconds 

per division, also from right to left. In this group of test shots, time 

separations in the range of 20 to 25 microsecondsdwere recorded. 

As a result of this study and experimentation we have been able to 

determine a difference between fuzes which detonate low order andthose which 

detonateehigh order by means of the time separation between two phenomena 

associated with the explosive reaction. This output test promises to be 

useful in the production testing of fuzes because of its ease of performance 

and interpretation and the apparent low cost of the testing operation. 
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12. DISCUSSION 

A person asked i f  consideration had been given t o  t h e  f a c t  

t h a t  some l iqu ids ,  when compressed, produce a voltage. M r .  Taylor was 

not f ami l i a r  with t h i s  aspect of t h e  program, and an unident i f ied  person 

answered t h a t  i n t e r e s t  was detect ing pressure a t  t h e  surface. By viewing 

t h i s  pressure a d i r e c t  measure would be obtained of delay time, which i s  

ac tua l ly  what i s  required. 

M r .  Taylor agreed t h a t  Lake City, a high-production f a c i l i t y ,  

wished a s  sophis t ica ted a method of measuring output a s  possible;  t h e  

method must be simple enough f o r  t h e  average l i n e  operator t o  use and 

in te rp re t .  M r .  Stresau of Stresau Labs asked i f  anyone present could 

explain t h e  hydrodynamics of t h e  s t a b l e  s i t u a t i o n  where a shockwave of 

f a i r l y  small i n i t i a l  pressure r i s e  increased t o  several  times t h a t  of t h e  

i n i t i a l  shock. Mr. S t resau reca l l ed  t h a t  t h e  von Neumann theory p red ic t s  

a higher pressure from t h e  non-reactive shock than from anything behind it. 

Many people, he continued, have made e f f o r t s  t o  t r a c e  t h e  react ion of an 

inner  detonation by measurement of t h e  pressure decay from t h e  non-reactive 

shock down t o  t h e  Chapman-Jouget point. 

M r .  Hannum of FIL answered t h a t  Mr. Stresau was probably best  

qua l i f i ed  t o  answer t h i s  question and pointed out t h a t  no attempt i s  being 

made t o  measure pressure, only t h e  time di f ference between emergence of 

t h e  shock wave from t h e  booster and t h e  appearance of l i g h t  from t h e  reaction.  

A representa t ive  of AVCO Corporation asked how much t h e  current 

t e s t  cos ts  and how long it takes  t o  run it. Mr. Taylor estimated t h e  time 

a t  about 20 minutes fo r  a s e r i e s  of boosters. 

A person from t h e  Sandia Corporation asked i f  the re  was a f a i r  

degree of c e r t a i n i t y  t h a t  t h e  l a r g e  amplitude pulse was not due t o  t h e  

shock wave i n  a i r  i n  f ron t  of t h e  booster. 

M r .  Kelly of The Franklin I n s t i t u t e ,  a p l a i n e d  t h a t  t h e r e  i s  no 

pos i t ive  proof t h a t  t h e  l i g h t  i s  not from t h e  shock wave o ther  than 

comparison of t h e  low order reaction.  The low order was forced by put t ing 

b a r r i e r s  between t h e  detonator and booster. This caused a g rea te r  separation 

of t h e  two s ignals .  Mr. Stresau's  comments, Kelly continued, pointed out 

t h a t  t h i s  e n t i r e  f i e l d  i s  hazy. It i s  f e l t  t h a t  t h e  t e s t  involving delay 

of shock and l i g h t  has p o s s i b i l i t i e s  i n  detect ing t h e  di f ference between 

high and low order detonation. 



M r .  Amicone of The Franklin I n s t i t u t e  s a id  t h a t  he bel ieves  t h a t  t h e  shock 

wave can produce t h e  f i r s t  l i g h t ,  and t h a t  t h i s  can be checked by a gauge 

developed a t  NOL. The gauge i s  prevented from being t r iggered  by 

ionizat ion.  A pressure actuated co l laps ib le  gauge of t h i n  copper i s  used. 

M r .  Lipnick of Harry Diamond Laboratories ssked i f  d e t a i l s  of  t h i s  t e s t  

had been worked out  f o r  explosives of varying geometrical forms and 

br isance i n  an e f f o r t  t o  apply t h i s  t e s t  universal ly.  M r .  Taylor rep l i ed  

t h a t  it would be appl icable  t o  other explosive t r a i n s  but t h a t  t h i s  study 

had been confined t o  20 m rounds. M r .  Smith of The Franklin I n s t i t u t e  

s a id  t h a t  although t h i s  t e s t  was applied t o  components of  t h e  M505 fuze,  

it would probably not be appl icable  t o  primary explosives because of t h e  

small separat ion distances.  



13. DIODE TESTING SYSTEM 

Morris  Brenner  

Harry  Diamond L a b o r a t o r i e s  

ABSTRACT 

Cold cathode diodes a r e  used a s  energy t r a n s f e r  

i n  the  f i r i n g  c i r c u i t s  of c e r t a i n  ordnance devices. 

components 

The perform- 

ance c h a r a c t e r i s t i c s  of the  diode a r e  expressed i n  terms of vol t -  

age breakdown, energy t r a n s f e r ,  and energy t r a n s f e r  time. A sys- 

tem t h a t  provides f o r  simultaneous observation and automatic 

recording of these  th ree  test parameters has been designed. The 

development of a system f o r  the  automatic t e s t i n g  of explosive 

components, based on the  p r inc ip le  of the  diode tester, i s  under 

considerat ion.  

This technique suppl ies  a working t o o l  f o r  both R & D and 

Production t o  generate r e a l i s t i c  test da ta  rapidly and accura te ly ,  

with s i g n i f i c a n t  savings i n  cos t  and personnel. 

INTRODUCTION 

A cold cathode diode i s  used a s  a voltage reference i n  the  

t r a n s f e r  of energy t o  explosive devices i n  c e r t a i n  ordnance items. 

Diodes f o r  t h i s  purpose a r e  se lec ted  on the  bas i s  of t h e i r  per- 

formance c h a r a c t e r i s t i c s .  Three of the  most c r i t i c a l  parameters, 

i n  t h i s  regard, a r e  breakdown voltage,  energy t r a n s f e r ,  and energy 

t r a n s f e r  t i m e .  Ordinari ly,  each of these  parameters is measured 

independently. Since these  parameters a r e  interdependent r a t h e r  

than independent, the  performance da ta  from t h i s  type of t e s t i n g  



l ack  t h e  real ism provided by the  simultaneous observation of t h e  

th ree  parameters. 

The outcome of a study t o  provide such information resu l t ed  

i n  an automatic t e s t i n g  system use fu l  i n  bot'h Production and R & D, 

which, i n  add i t ion  t o  observing the  test parameters simultaneously, 

provides a permanent record i n  the  form of a pr in ted  tape.  

Although the  system was designed primari ly f o r  diode work, 

it should be useful  i n  the  t e s t i n g  and evaluat ion  of e l e c t r i c  

i n i t i a t o r s  i n  general ,  both i n  cases where the  i n i t i a t o r  completes 

a c i r c u i t  through a diode and i n  cases where energy is  t r ans fe r red  

t o  an i n i t i a t o r  through a simple switch c losure .  

The system a s  applied t o  the  t e s t i n g  of diodes w i l l  be de- 

scr ibed t o  provide background information a f t e r  which i ts  use i n  

the  study of e l e c t r i c  i n i t i a t o r s  w i l l  be discussed.  

BASIC CIRCUIT THEORY OF OPERATION 

The t e s t i n g  system is b u i l t  around the  decoupling charac ter -  

i s t i c  of vacuum diodes i n  the  capaci tor  charging c i r c u i t  shown i n  

f igure  1. The diode under test is  connected across a capaci tor  

t h a t  is charged through a r e s i s t o r  and a vacuum diode i n  series. 

When the  capaci tor  is  charged t o  the  breakdown voltage of the  tube, 

the  diode f i r e s  through a simulated load and the  capaci tor  d i s -  

charges through t h e  diode u n t i l  t h e  voltage across  i t  is too  low 

t o  s u s t a i n  the  discharge, i .e. ,  the  tube quenches. The voltage 

a t  which breakdown occurs i s  monitored by another capac i to r  (read- 

ing capaci tor )  c i r c u i t  i n  p a r a l l e l  with the  f i r i n g  capaci tor  but  



decoupled from i t  by a n o t h e r  vacuum d i o d e .  Aux i l i a ry  ci. r c u i t r y  

connected t o  t h e  read ing  c a p a c i t o r  and t h e  s imula ted  l oad  makes 

a  s imul taneous  r eco rd  o f  t h e  breakdown vo l t age ,  energy t r a n s f e r r e d  

dur ing  breakdown, and t r a n s f e r  t i m e .  

The o p e r a t i n g  c i r c u i t  i s  more complex, t o  p rov ide  f l e x i b i l i t y  

i n  use  and o p e r a t i o n .  D e t a i l s  a r e  g iven  i n  appendix A of  t h i s  

P a w  r. 

APPLI CAT1 ON TO EXPLOS IVE COMPONENTS 

The system desc r i bed  is e s s e n t i a l l y  an energy  t r a n s f e r  dev i ce  

w i th  p rov i s i ons  f o r  au tomat ic  moni tor ing of t h e  test paramete rs .  

I n  t h e  p r e sen t  i n v e s t i g a t i o n  t h e  energy was t r a n s f e r r e d  t o  a  resis- 

t o r  load ,  which s imu la t ed  a  d e t o n a t o r ,  th rough  a c o l d  cathode,  

which func t i oned  as a s w i t c h .  

The system i s  d i r e c t l y  a p p l i c a b l e  t o  d e t o n a t o r  s t udy  by s imple  

mod i f i c a t i on  o f  t h e  test c o n d i t i o n s .  

1. The r e s i s t i v e  d e t o n a t o r  s i m u l a t o r  can be r ep l aced  w i t h  t h e  

d e t o n a t o r  i t s e l f .  

2.  The co ld  ca thode  d iode  can s t i l l  be used as a  t r a n s f e r  

sw i t ch ,  i f  t h e  p a r t i c u l a r  a p p l i c a t i o n  c a l l s  f o r  i t ,  o r  any o t h e r  

d e s i r e d  sw i t ch ing  arrangement can  be used.  

3. The charg ing  sou rce  can be v a r i e d  t o  s u i t  r equ i rements .  

a .  Cold Cathode a s  Switch 

The r a t e  a t  which t h e  v o l t a g e  b u i l d s  up  on t h e  f i r i n g  

c a p a c i t o r  can  be c o n t r o l l e d  through t h e  charg ing  r e s i s t o r ,  v o l t a g e  

of t h e  charg ing  sou rce ,  and t h e  magnitude of t h e  s tandby v o l t a g e .  



b. Switch Closure 

The capaci tors  can be charged t o  the des i red  voltage, 

and t h e  f i r i n g  capaci tor  can then be connected t o  the  detonator by 

manual switch closure.  Switch closure can a l s o  be done automati- 

ca l ly .  The voltage on t h e  reading capaci tor  i s  monitored by a 

voltage comparator which is arranged s o  t h a t  when t h e  charging 

voltage reaches a prese t  value, the  f i r i n g  capaci tor  i s  dumped 

automatical ly i n t o  the  detonator.  

The automatic technique would be p a r t i c u l a r l y  useful  

i n  r e l i a b i l i t y  s tud ies .  The voltage comparator can be programmed 

so  t h a t  it automatical ly c loses  the  f i r i n g  c i r c u i t  f o r  prese t  in-  

crements of test voltage.  The comparator can be programmed so  

t h a t  the  detonators a r e  automatical ly given a s t a t i s t i c a l  ( i . e . ,  

Bruceton) test. For automatic operat ion,  the  detonators can be 

fed i n t o  the  t e s t i n g  c i r c u i t  by means of a belt o r  hopper. 

A method of adapting t h e  system t o  the  t e s t i n g  of 

explosive components is shown schematically i n  f i g u r e  2.  



APPENDIX A-DETAILS OF AUmMATIC TESTING SYSTEM 

BASIC CONCEPT 

Current from the charging source E charges the capaci tors  

of the  system through r e s i s t o r  Rc and the  forward res i s t ance  of 

the  vacuum diodes ( f i g .  1 ) .  The reading and f i r i n g  capaci tors  

a r e  connected t o  a common point  P through t h e i r  vacuum diodes. 

When switch S is closed,  the  two capaci tors  a r e  charged simul- 

taneously. When the  vol tage  on t h e  capaci tors  reaches the  break- 

down voltage of the  diode V3 under test, diode V3 breaks down and 

capaci tor  CF discharges through it  and its simulated s e r i e s  load 

R2. The surge of cu r ren t  through the  test diode and simulated 

load produces a voltage drop across  t h e  load, which is fed  back 

i n t o  a con t ro l  c i r c u i t  t h a t  opens t h e  charging switch S .  When 

the  switch S is opened, the  charging source is disconnected from 

the  t e s t  c i r c u i t ,  i . e . ,  capaci tors  and associa ted  equipment. 

The reading capaci tor ,  which was charged t o  the  same voltage 

a s  t h e  f i r i n g  capaci tor ,  i s  now i so la ted .  It cannot discharge be- 

cause of t h e  high back res i s t ance  ( l d O  t o  1011 ohms) of the vac- 

uum diode, which decouples it from the  f i r i n g  capaci tor  t h a t  is 

discharging through the  diode under test. The reading capac i to r  

is connected t o  a f i r i n g  voltage recording system which cons i s t s  

of a d i g i t a l  voltmeter  and an e lec t rometer ,  which a c t s  e f f e c t i v e l y  

a s  a unity-gain impedance transformer with an input  impedance of 

approximately 1013 ohms. ( I so la t ion  devices o the r  than electrom- 

eters can be used, i .e., unity-gain opera t ional  ampl i f ie rs  with 



- 
high  input  impedance, > 101° ohms.) This arrangement makes pos- 

s i b l e  continuous monitoring of t h e  vol tage  on t h e  capac i to r  

without d ischarg ing  it .  When swi tch  S opens, t h e  vacuum-tube vo l t -  

meter ind ica t e s  t h e  vol tage  a t  which t h e  diode under test f i r e d .  

I n  the  s i m p l i f i e d  c i r c u i t  t h i s  event  is  indica ted  by the  sudden 

quiescent  condi t ion  of t h e  vol tmeter  i nd ica t ion .  (Up t o  the  point  

of f i r i n g ,  t he  vol tage  i n d i c a t i o n  increases  i n  keeping wi th  t h e  

inc rease  i n  vol tage  on t h e  capac i to r s . )  This f i r i n g  vol tage  can 

be recorded manually, o r  au tomat ica l ly  wi th  t h e  h e l p  of appro- 

p r i a t e  c i r c u i t r y  t h a t  w i l l  be d iscussed  l a t e r .  

The energy fed  t o  t h e  load is measured wi th  a thermocouple- 

galvanometer arrangement connected across  t h e  load. (By means of 

a photoce l l  mounted on t h e  galvanometer s c reen  a GO/NO-GO indica-  

t i o n  can be p r in t ed  on a t ape . )  The time dur ing  which t h i s  energy 

is t r a n s f e r r e d  is measured wi th  an osc i l loscope  connected ac ross  

t h e  load.  The s to rage  tube type of osc i l loscope  is w e l l  s u i t e d  

f o r  t h i s  type of measurement. I t  can be used f o r  v i s u a l  0 b S e ~ a -  

t i o n  a s  w e l l  as f o r  photographic recording.  

OPERATING CIRCUIT 

I n  t h e  c i r c u i t  shown i n  f i g u r e  3, provis ion  is made f o r  push- 

but ton  i n i t i a t i o n  of t h e  measurement cyc le  w i t h  automatic p r i n t o u t  

of t h e  breakdown vol tage  toge the r  wi th  automatic r e s e t t i n g  of t h e  

measuring system f o r  t e s t i n g  t h e  next  tube.  Energy t r ans fe r r ed  

and time f o r  t r a n s f e r  a r e  s imultaneously observed v i s u a l l y  o r  

photographical ly,  photographic recording being automatic.  I n  



addi t ion ,  provision is made t o  c a l i b r a t e  t h e  system agains t  r e fe r -  

ence standards . 

FIRING CIRCUIT 

General 

The a c t u a l  f i r i n g  c i r c u i t  d i f f e r s  from the  bas ic  concept i n  

t h a t :  

a .  The capac i to r  assembly charging may be s t a r t e d  from some 

convenient prese t  value ins tead  of from zero.  This prese t  o r  

standby voltage w i l l  depend on test requirements. I t  provides a 

s t a b l e  s t a r t i n g  point  and makes possible a rapid r a t e  of t e s t i n g .  

b. The reading capac i to r  is connected t o  the  d i g i t a l  vo l t -  

m e t e r  through a voltage coupler  (electrometer  o r  i s o l a t i n g  oper- 

a t i o n a l  ampl i f i e r  wi th  uni ty  ga in)  t o  prevent discharge of the  

capaci tor .  The reading capac i to r  is  i n  the  form of a capac i to r  

voltage d iv ide r .  I f  t h e  test voltages a r e  too  high (>I00 v) f o r  

d i r e c t  coupling t o  the  voltage coupler ,  t h e  voltage d iv ide r  is  

adjus ted  s o  t h a t  the  input  t o  the  voltage coupler  is exac t ly  

(+0.1$) one-tenth the  voltage appearing across the  reading capac- 

i t o r s  t o  make the  system d i r e c t  reading. 

c .  Provision is  made f o r  c a l i b r a t i o n  of the  f i r i n g  c i r c u i t  

agains t  the  reference voltage b u i l t  i n t o  the  d i g i t a l  voltmeter ,  

a s  well  a s  aga ins t  e x t e r n a l  references.  

d. The l o s s  of charge by t h e  capaci tors  of the  f i r i n g  c i r c u i t  

is minimized through the  use of polystyrene, methyl methacrylate o r  

te t raf luoroethylene  insu la ted  switches and re lays .  The capaci tors  



of the f i r i n g  c i r c u i t  should have a polystyrene o r  e l e c t r i c a l l y  

s i m i l a r  d i e l e c t r i c  . 
Operation 

Standbv Voltage 

The i n i t i a l  charging voltage on the capaci tors  of the f i r i n g  

c i r c u i t  is supplied by the  d-c supply E'  through the  potentiom- 
s 

eter E and the  r e s i s t o r  voltage d ivider  R R v ia  switches S1, 
s 1' 2 

S2, and S This arrangement e f f e c t i v e l y  cons t i tu tes  a form of 
3 ' 

d-c clamping c i r c u i t .  

The i n i t i a l  charging voltage can range from zero  t o  any spec- 

i f i e d  value. 

Capacitor Voltage Divider 

The input  range of the  high-impedance voltage coupler used 

i n  the  current  work is  only 20 v. Since test voltages i n  excess 

of t h i s  value a r e  involved, a voltage adapter  i n  the  form of a 

voltage d iv ide r  (C3, C4) is  connected across  the reading capaci tor .  

Capacitor C4 is chosen a t  some convenient value, and C i s  chosen 3 

together with a trimmer s o  t h a t  the  r a t i o  C4/(C3 + C ) = 1/10, t o  
4 

provide a 1/10 voltage a t t enua t ion  across  the  input  t o  the  voltage 

coupler. The capacitance of t h e  cable t o  the  voltage coupler i s  

included i n  the  r a t i o .  This provides a d i r e c t  reading on the  dig- 

i t a l  voltmeter of the  voltage across  the  combination with the  dec- 

imal point  displaced by a f a c t o r  of 10. Once t h i s  r a t i o  has been 

es tabl ished,  the  remaining capaci tor  is chosen s o  t h a t  the  t o t a l  

of the  capacitance i n  t h e  recording branch of the  c i r c u i t  i s  equal  

(f 10%) t o  t h a t  of t h e  f i r i n g  branch. 



ENERGY TRANSFER 

Theory 

When t h e  diode under test breaks down, t h e  f i r i n g  capac- 

i t o r  discharges through it  and the  detonator,  which is  simulated 

by the  res i s t ance  % i n  s e r i e s  wtth i t .  The f i r i n g  capaci tor  

discharges u n t i l  the  voltage across  it becomes too low t o  s u s t a i n  

the  diode i n  a conducting s t a t e ,  a t  which time the diode is  quenched. 

The energy d i s s ipa ted  i n  the  load between the time of bi-eakdown and 

t h e  t i m e  of quench is re fe r red  t o  a s  the  energy t r a n s f e r  of the  

diode. Mathematically t h i s  energy i s  given by the  expression 

W = f d t  where I3 is t h e  voltage across the  load % 
0 

a t  any i n s t a n t  of t i m e  t .  I n  p rac t i ce  t h i s  measurement i s  made 

with a thermocouple with res i s t ance  simulat ing the  load RL. This 

c i r c u i t  is not shown i n  f igure  3. 

The galvanometer is ca l ib ra ted  by discharging a reference 

capaci tor  C charged t o  a voltage V through the  thermocouple-gal- 

vanometer system used i n  t h e  energy-transfer  test. The de f lec t ion  

on the  galvanometer is a measure of  the energy t ransferred .  Each 

voltage t o  which the  reference capaci tor  i s  charged corresponds 

t o  a p a r t i c u l a r  energy value, i .e,,  W = - x lo7 e rgs .  For con- 
2 

venience the  galvanometer s c a l e  is marked t o  read d i r e c t l y  i n  ergs .  

The reference capaci tor  is  incorporated i n  the  energy-transfer  

c i r c u i t  so  t h a t  c a l i b r a t i o n  can be checked per iodical ly  by a s i m -  

p le  switching system. Cal ibra t ion c i r c u i t  is not shown i n  f igure  3. 



Automatic Record of Energy Trans fe r  

I n  manual measurements of energy t r a n s f e r ,  t h e  galvanometer 

d e f l e c t i o n  i n  t h e  system, descr ibed  above, is observed and a record 

of t h e  corresponding energy made i n  t a b u l a r  form. This  is c a r r i e d  

ou t  a s  a s e p a r a t e  test independent o f  t h e  breakdown vo l t age  test. 

The record ing  of d a t a  can  be automated i n  s e v e r a l  ways. 

I n  a photographic  method, a camera i s  focussed on t h e  s c a l e  

of t h e  galvanometer. The l i g h t  beam is masked s o  t h a t  i s  appears  

a s  a l i g h t e d  half-moon on t h e  s c a l e  w i t h  t h e  v e r t i c a l  edge set t o  

t h e  z e r o  r e f e r ence  of  t h e  galvanometer.  The s h u t t e r  of t h e  camera 

i s  opened and t h e  d iode  is f i r e d .  The galvanometer d e f l e c t s  and 

t h e  camera makes a cont inuous exposure of t h e  d e f l e c t i o n .  The 

r e s u l t  of t h i s  is a p i c t u r e  c o n s i s t i n g  of a sha rp ly  de f ined  whi te  

s t r e a k  superimposed on t h e  galvanometer s c a l e .  The edge of t h e  

s t r e a k  r e p r e s e n t s  t h e  energy t r a n s f e r r e d ,  t h e  va lue  o f  which is 

read from t h e  s c a l e .  I n  t h e  experimental  development of t h e  au to-  

matic system, a Polaro id  camera was used t o  check f e a s i b i l i t y  of  

t h e  system. I n  product ion e i t h e r  16-mm o r  35-mm f i l m  can  be used 

a t  a c o s t  of l e s s  t h a n  one c e n t  per diode.  

A GO/NO-GO i n d i c a t i o n  can be ob ta ined  by r ep l ac ing  t h e  ground- 

g l a s s  s c a l e  of t h e  galvanometer wi th  a narrow, v e r t i c a l - s l i t  photo- 

electric pickup mounted i n  a p o s i t i o n  corresponding t o  t h e  s p e c i f i -  

c a t i o n  f o r  minimum energy t r a n s f e r .  When t h e  galvanometer d e f l e c t s  

t o  t h i s  po in t ,  t h e  p h o t o e l e c t r i c  c i r c u i t  i s  t r i g g e r e d  t o  provide a 

go s i g n a l  t h a t  can  be aud ib l e ,  v i s u a l ,  o r  a command t o  t h e  p r i n t e r  



i n  t h e  form of a  p r i n t o u t .  (The p r in tou t  w i l l  be incorporated 

i n  t h e  cu r ren t  system.) The p r in tou t  of energy t r a n s f e r  w i l l  be 

simultaneous wi th  t h a t  of vol tage  breakdown. I f  a  record of t h e  

a c t u a l  energy t r a n s f e r r e d  is required,  i n  a d d i t i o n  t o  t h e  GO/NO-GO 

pr in tou t ,  a  photograph (16 mm o r  35 mm) can be made a t  t h e  same 

t i m e  t h a t  p r in tou t  occurs .  

A p r in tou t  of energy t r a n s f e r  can a l s o  be obtained through t h e  

use of c i r c u i t r y  t h a t  w i l l  au tomat ica l ly  so lve  t h e  equat ion  

W = f " d t .  E s s e n t i a l l y  a l l  t h a t  would be required is a squar- 
R~ 

i ng  c i r c u i t  combined wi th  an  i n t e g r a t o r .  The ins t rumenta t ion  re- 

qu i red  is considerably more complex and c o s t l y  than  t h e  thermocouple 

approach. I n  add i t ion ,  extended labora tory  i n v e s t i g a t i o n  may be 

requi red  t o  eva lua te  t h e  s i g n i f i c a n c e  of  t h e  i n t e r m i t t e n t  na ture  

of t h e  energy t ransfer - t ime c h a r a c t e r i s t i c  w i th  respec t  t o  the  

magnitude of t he  energy t r a n s f e r r e d  during bxeakdown i n  cases  of 

nonuniform discharge.  

TRANSFER TIME 

A measurement of t h e  energy- t ransfer  t i m e  -- t h e  i n t e r v a l  

during which t h e  energy is t r a n s f e r r e d  from t h e  f i r i n g  c a p a c i t o r  

t o  t h e  load -- is  obtained from an osc i l l o scope  d i sp lay  of t h e  

vol tage  drop across  t h e  load  a s  a  func t ion  of t i m e .  

Before t h e  diode f i r e s ,  t h e  load i s  a t  ground p o t e n t i a l  

(except  f o r  n e g l i g i b l e  dark-current leakage i n  t h e  diode) .  When 

the  diode breaks down, t h e  vol tage  EL ac ross  t h e  load r i s e s  

rap id ly  and drops back t o  z e r o  when the  diode quenches. The i n t e r -  

v a l  between i n i t i a t i o n  (0) and quench (Q) is  t h e  t r a n s f e r  t ime. 



The pa t t e rn  of t h e  discharge genera l ly  approximates t h a t  of 

a capaci tor  discharging through a r e s i s t o r ,  which i n  t h i s  case 

c o n s i s t s  of the  load (thermocouple) i n  series with the  va r i ab le  

r e s i s t ance  of t h e  diode. The pa t t e rn  v a r i e s  from tube t o  tube 

and frequently shows d i s c o n t i n u i t i e s  of an e r r a t i c  nature.  The 

screen of t h e  osci l loscope tube i s  ca l ib ra ted  t o  provide a d i r e c t  

measure of t i m e  i n  microseconds, on a GO/NO-GO bas i s .  

The t r a n s f e r  t i m e  can be recorded on t h e  tape simultaneously 

with t h e  breakdown voltage and t h e  energy t r a n s f e r .  

Several  methods of doing t h i s  a r e  ava i l ab le :  

1. The observer reads the ca l ib ra ted  screen and presses  a 

button, which locks a coded number on the p r i n t e r  wheel. This 

coded number is pr in ted  when the  p r in tou t  command is received by 

the p r i n t e r .  The button can be GO/NO-GO. 

2 .  A photoelec t r ic  pickup can be mounted on the  screen a t  a 

pos i t ion  corresponding t o  the  s p e c i f i c a t i o n  time l i m i t ,  t o  be 

actuated only i f  the  diode f a i l s  t o  quench a f t e r  the  lapse  of the  

spec i f i ed  t i m e  l i m i t .  Thus, i f  a f t e r  the  time l i m i t  t he  vol tage  

on t h e  load (point  P) is g r e a t e r  than zero, the  photographic sys- 

tem is pulsed t o  read NO-GO. 

3. When the  diode f i r e s ,  a counter is s t a r t e d .  Af te r  t h e  

s p e c i f i e d  t i m e  l i m i t ,  t h e  po ten t i a l  a t  point  P is measured. I f  

i t  is above ground, t h e  counter  is t r iggered  and a NO-GO wheel is 

locked on the  p r i n t e r  f o r  pr in tout  on the  tape .  This pulse dura- 

t i o n  technique is inadvisable because of t h e  uncer t a in t i e s  in t ro -  

duced by d i s c o n t i n u i t i e s  i n  the  energy-transfer  pa t t e rn .  



CALI BRATI ON 

C a l i b r a t i o n  of t h e  f i r i n g  c i r c u i t  

t h e  vol tage  shown on t h e  p r i n t o u t  tape  

c o n s i s t s  i n  ve r i fy ing  t h a t  

is t h e  breakdown vol tage  

of t h e  tube under test. Both des ign  and opera t ing  checks a r e  i n -  

volved. Design checks a r e  used t o  v e r i f y  t he  cons t ruc t ion  of t h e  

c i r c u i t .  The ope ra t ing  checks a r e  used i n  rou t ine  t e s t i n g  t o  

a s s u r e  proper  ope ra t ion  of t h e  system. 

Capaci tor  Voltage Divider  

The need f o r  e s t a b l i s h i n g  the  1:10 r a t i o  of t he  c a p a c i t o r  

vo l tage  d i v i d e r  was d iscussed  previous ly .  This r a t i o  is set t o  

a f i r s t  approximation by measuring t h e  capac i tance  of t h e  compo- 

nen t s  of t h e  d i v i d e r .  The f i n a l  o r  v e r n i e r  adjustment is made by 

measuring vo l t age  d i v i s i o n  wi th  t h e  d i g i t a l  vol tmeter .  This  

technique of s e t t i n g  c a p a c i t o r  r a t i o s  reduces t o  t h e  adjustment 

of a t r i m m e r  c a p a c i t o r  u n t i l  t h e  c o r r e c t  vo l t age  d i v i s i o n  i s  ob- 

t a ined .  Conventional c a p a c i t o r  vo l tage-d iv ider  techniques a r e  

used The vol tage  a c r o s s  t he  reading c a p a c i t o r  may be read through 

a n  i s o l a t i n g  e l ec t rome te r  o r  ope ra t iona l  ampl i f i e r .  

Input  Voltage t o  I s o l a t i o n  Diodes 

The charging system is e f f e c t i v e l y  symmetrical ( e l e c t r i c a l l y )  

about P ( f i g .  3),  t h e  junc t ion  common t o  the  two diodes.  The anodes 

of t h e  two diodes a r e  a t  t he  same p o t e n t i a l ,  and t h e  two diodes a r e  

e l e c t r i c a l l y  equal  w i t h  r e spec t  t o  e f f e c t  on t h e  f i r i n g  vol tage .  

The anode vol tage  is checked on each  of t h e  diodes wi th  t h e  d i g i t a l  

vo l tmeter .  The e l e c t r i c a l  equivalence of t h e  diodes is checked by 

in te rchanging  t h e  diodes and applying a test vol tage  t o  t h e  junc t ion  



point P. The forward res is tance  of the  diodes is small compared 

with t h e  charging res is tance  Rc, i .e . ,  ohms compared with megohms. 

This r e s u l t s  i n  a negl ig ib le  e f f e c t  on the  r a t e  of charging the  

capaci tor  of the  system. On t h i s  bas is ,  t h e  diode V2 could be 

eliminated. However, i n  addi t ion  t o  providing e l e c t r i c a l  symmetry, 

the  use of two diodes provides add i t iona l  decoupling between the 

reading and f i r i n g  capaci tor  and reduces leakage paths f o r  the  

f i r i n g  capaci tor .  

Res is t ive  Voltage Divider of Standby Voltage 

me r e s i s t i v e  voltage d iv ide r  is adjusted t o  provide a voltage 

r a t i o  of 1:10 (f0.1$> t o  match t h a t  of the  capacitor  voltage d iv ide r .  

Precision wire-wound r e s i s t o r s  adjusted t o  0.1 percent of speci f ied  

value a r e  commercially ava i l ab le .  The voltage d ivider  current ly  

used cons i s t s  of 45 kohms f O . l  percent and 5 kohms kO.1 percent i n  

series across  a va r iab le  voltage source t o  provide a va r iab le  qtandby 

voltage. 

FLEXIBILITY OF OPERATION 

The system can be used t o  check from one t o  th ree  parameters 

of any type of two-terminal switching device i n  any combination. 

Devices can be screened f o r  a p a r t i c u l a r  parameter. I t  can be 

used t o  study the  c h a r a c t e r i s t i c s  of voltage sources and loads. 

EASE OF VOLTAGE READOUT 

The capacitor-diode decoupling system provides a convenient, 

dependable way of obtaining data  on t r ans ien t s ,  and t o  record func- 

t i o n  voltage with conventional equipment. Thus i n  tube breakdown 



work, d e t a i l e d  v i s u a l  observa t ions  of  o sc i l l o scope  p a t t e r n s  can 

be made wi th  t h e  knowledge t h a t  a record of t h e  test vol tage  is 

being made automat ica l ly .  This is of  cons iderable  i n t e r e s t  i n  

t h e  a r e a  of threshold  vo l t age  measurements, and i n  s t u d i e s  deal-  

i ng  wi th  t h e  s t a b i l i t y  of tube performance and t h e  mechanism of 

t h e  tube breakdown. 

CONTROL OF RATE OF VOLTAGE BUILDUP 

The RC charging method combined wi th  t h e  standby vo l t age  

technique provides a convenient and extremely f l e x i b l e  method 

f o r  varying the  r a t e  of bui ldup of a t e s t  vol tage .  The vol tage  

output  Ec (vol tage  ac ross  t h e  diode) is given by t h e  equat ion  

where 

Es 
= standby vol tage  

E = source vol tage  

R = charging r e s i s t a n c e  

Thus t h r e e  va r i ab le s ,  each  of which can be changed a t  w i l l ,  

can be used t o  con t ro l  t h e  charging r a t e .  I n  add i t ion ,  t h e  standby 

vol tage  makes i t  poss ib l e  t o  c o n t r o l  t h e  poin t  a t  which a v a r i a b l e  

vol tage  is  introduced.  

This type  of c o n t r o l  is necessary i n  s t u d i e s  dea l ing  wi th  

threshold  breakdown vol tage  and i n  checking t h e  response of a sys- 

t e m  t o  very slew charging r a t e s ,  i .e.,  very long t i m e  delays.  
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lsgend f o r  Figure 3 

Rc = charging r e s i s t o r  

V1,V2 = i s o l a t i o n  diodes  (6AL5) 

V = t e s t  diode 
3 

C1, C,,, C = reading capac i to r s  
4 

C = f i r i n g  capac i to r  
2 

R1, R2 = standby vol tage  d i v i d e r  

R = standby vol tage  a t t e n u a t o r  
3 

E = charging vo l t age  

E = standby vol tage  

Els = standby vol tage  source 

S = charging swi tch 

S1, S2, S = con tac t s  on standby vol tage  r e l ay  
3 

S = swi tch on standby power supply 
4 

% = load on t e s t  diode 

C!F = coupling c i r c u i t  (e lec t rometer ,  ope ra t iona l  ampl i f i e r )  





14.  A REVlEW OF EXPLOSIVE OUTPUT TESTING 

Vincent J .  Menichell i  

U .  S .  Naval Ordnance Laboratory 
White Oak, S i l v e r  Spring,  Maryland 

INTRODUCTION 

Evaluating the  output of explosives and explosive 

components is a na tura l  pa r t  of explosive component develop- 

ment. Of the  many cha rac t e r i s t i c s  of an explosive, the  

measurement of output i s  probably the  most d i f f i c u l t .  The 

d i f f i c u l t y  i s  a t t r i bu t ed  t o  the  extremely f a s t  react ion t i m e  

of explosives and t h e i r  highly dest ruct ive  nature. 

Parameters ind ica t ive  of output a re  chemical energy content,  

explosion temperature, and pressure. However, t o  measure 

these  l a t t e r  parameters, which e x i s t  fo r  sho r t  periods of 

time (microseconds), requires elaborate and sens i t i ve  ins t ru-  

mentation. To attempt t o  use such methods fo r  qua l i t y  

control  of production explosive components would be too 

expensive and impracticable. For these reasons output 

evaluation of components has been accomplished primarily 

by measuring the  dest ruct ive  o r  damage e f f e c t  from explosives. 

An example of t h i s  is the  "Bent Nail Test" which was 

used some t h i r t y  years ago. Here we see  a method used t o  

measure output, improvised from need and lacking the  

s c i e n t i f i c  approach. Figure 1 i l l u s t r a t e s  t h i s  t e s t .  It 

consis ts  of at taching the  detonator t o  a four inch long 

(20d) wire f in i sh ing  na i l .  Upon i n i t i a t i o n  of t he  detonator 

the n a i l  is bent t o  some angle, dependent on the  dest ruct ive  



fo rce  of t h e  detonator .  For a given detonator  and n a i l  

t h e  angle i s  q u i t e  reproducible.  

The exact  mechanism of i n i t i a t i o n  of  components i n  an 

explosive t r a i n  is not  e n t i r e l y  understood. Components 

a r e  arranged i n  the "explosive t r a i n "  s t a r t i n g  with very 

s e n s i t i v e  components and leading up t o  t h e  i n s e n s i t i v e  main 

charge. The a b i l i t y  t o  e f f e c t  i n i t i a t i o n  t r a n s f e r  from one 

component t o  t h e  next  i s  not  always a funct ion  of  t h e  damaging 

o r  d e s t r u c t i v e  fo rce  associa ted  with t h e  component. Rather,  

it may be a combination o f  t h e  temperature,  shock pressure  

and fragments produced which determines whether o r  not  t h e  

next component i n  t h e  t r a i n  w i l l  be i n i t i a t e d .  

I n  t h e  major i ty  of  output  t e s t s  used today t h e  v igor  

of  an explosion i s  measured by t h e  amount of damage caused 

t o  a surrounding mater ia l .  I n  a c t u a l i t y  t h e  c h a r a c t e r i s t i c  

which i s  important i s  t h e  a b i l i t y  of  t h e  explosive t o  i n i t i a t e  

t h e  next  component i n  t h e  explosive t r a i n .  It does not  

necessa r i ly  fol low t h a t  a c o r r e l a t i o n  e x i s t s  between t h e  

amount of damage caused i n  t h e  test  and t h e  a b i l i t y  of  t h e  

explosive device t o  i n i t i a t e  t h e  next  explosive component. 

The var ious  output  t e s t s  i n  use  today f o r  m i l i t a r y  

explosive components are :  

(a) Trauzl  Lead Block 

(b) Sand Bomb 

(c) Lead Disc 

(d) S t e e l  Dent 

(e) Gap Type T e s t s  



There a r e  other  t e s t s ,  more sophist icated,  which measure 

such parameters as pressure, temperature and propagation 

veloci ty ,  However, they do not lend themselves t o  s impl ic i ty ,  

nor i s  t h e i r  exact cor re la t ion  with a b i l i t y  t o  i n i t i a t e  

other charges known. The data obtained i n  these t e s t s  is charac- 

t e r i s t i c  of the  explosive but,  not necessari ly r e l a t ed  t o  

its a b i l i t y  t o  s t a r t  i n i t i a t i o n  i n  another explosive. A 

descr ipt ion and evaluation of these t e s t s  are  given below. 

TRAUZL LEAD BLOCK 

The Trauzl Block shown i n  Figure 2 measures the  

comparative disrupt ive  power of explosives through the  

enlargement of a cavity i n  a lead block. Explosives under 

t e s t  are  loaded in to  t he  cavi ty  of the  block and confined. 

After i n i t i a t i o n  the  increased volume is compared with other 

explosives. The da ta  o r  number generated gives a measure 

of t he  brisance and t o t a l  energy content of the  explosive, 

For comparison purposes the  t e s t  is adequate, However, t he  

energy necessary t o  cause the  lead t o  flow need not  be 

delivered a t  high pressure, The lead can flow a l s o  from e i t h e r  

a high temperature or  a low pressure of long duration. 

Since i n  most i n i t i a t i o n  t r ans fe r s  high pressures of approxi- 

mately 2 t o  30 ki lobars  a re  needed the  t e s t  does not  pa r t i cu l a r ly  

co r r e l a t e  with t he  property of i n t e r e s t .  While the  t e s t  

is eas i ly  run on explosives it is not pa r t i cu l a r ly  adaptable 

t o  devices such as  primers and detonators, 



SAND BOMB 

The sand bomb t e s t ,  which i s  widely used, consis ts  of 

i n i t i a t i n g  the  explosive device i n  sand. The apparatus 

fo r  t h i s  t e s t  i s  shown i n  Figure 3. The explosive device 

is buried i n  sand of a known type and p a r t i c l e  s i z e  and 

confined i n  a bomb. After i n i t i a t i o n  the  sand is screened 

and the  sand crushed by the  explosive act ion i s  col lected 

and weighed. The weight of sand crushed is a measure of 

the  brisance of the  explosive item. The inadequacy of t h i s  

type of t e s t  t o  cor re la te  brisance with effectiveness t o  

cause i gn i t i on  of another explosive has been forcibly  demonstratedf. 

In  an invest igat ion of Mk 18 Torpedo f a i l u re s  low order 

action was observed i n  four out  of f i f t e e n  t r i a l s .  Mk 8 Mod 3 

Detonators, which contained mercury fulminate base charges 

were a p a r t  of t h e  explosive t r a in .  Sand t e s t s  indicated 

t h a t  the  detonators were sa t i s fac tory .  However, detonators 

from the  same l o t ,  when t e s t ed  i n  a simulated torpedo mock-up 

gave low order actions. When these detonators were replaced 

with newly loaded detonators, high order act ions  were observed. 

Other detonators were a r t i f i c i a l l y  aged and t e s t ed  i n  t he  

sand bomb and explosive t r a i n  mock-up. Good sand t e s t  

r e s u l t s  were obtained while low orders were observed i n  the  

mock-up. The problem was resolved by replacing the  mercury 

fulminate base charge with lead azide. When the  lead azide 

detonators were t e s t ed  i n  the  sand bomb, lower values than 

those obtained with fulminate detonators were observed ye t ,  



lead azide which builds t o  detonation rapidly gave re l iable  

high order detonations while mercury fulminate gave low 

order actions. A conclusion made from t h i s  investigation 

was that  no correlation exis ts  between sand crushing ab i l i ty  

and ab i l i t y  t o  cause detonation. 

LEAD DISC 

Another widely used output t e s t  i s  the lead d isc  t e s t .  

This t e s t  consists of placing a lead disc approximately 1-1/4 

inches in  diameter and 1/8 inch thick on an anvil. The 

explosive component i s  placed d i rec t ly  above the center of 

the disc as shown in  Figure 4. Upon in i t i a t ion  a hole is 

blasted through the disc. The area of the hole i s  a measure 

of brisance for the item. Experience has shown tha t  the 

position of the explosive device with respect t o  the lead 

disc w i l l  a f fec t  the s ize  of the hole obtained. That is, 

a few thousandths of an inch separation between the lead 

disc and explosive device can resu l t  in  a s ignif icant  difference 

in  hole diameter. Aside from the geometry effects ,  which 

can be controlled, an example of non-correlation of t h i s  t e s t  

with ab i l i ty  t o  cause detonation i s  cited.  The lead disc 

t e s t  was used for output acceptance of the P3k 56 Mod 0 

Detonator. This detonator was designed for  use in  the Mk 78 

20 nun pro jec t i le  fuze. During the development of the detonator, 

high order i n i t i a t i on  of the succeeding explosive components 

i n  the fuze was obtained. The lead disc output data generated 

a t  tha t  same time was used as a cr i ter ion for acceptance of 

the detonator. Subsequent production and output tes t ing  of the 



detonator gave output r e s u l t s  greater  than those experienced 

i n  development. However, when t e s t ed  i n  the  fuze, low 

order i n i t i a t i o n s  and duds occurred. The problem was found 

t o  be associated with t he  d i f f e r en t  confinements afforded i n  

the  t e s t  and i n  t he  fuze. Confined i n  the  fuze the  lower 

output detonator b u i l t  t o  a good detonation, while t h e  

higher output one did  not. J u s t  a s  f o r  t he  sand bomb t e s t ,  

t he  inadequacy of the  lead d i sc  t e s t  was glar ingly  evident. 

STEEL DENT 

An eas i ly  performed t e s t ,  which y ie lds  r e s u l t s  which 

cor re la te  with the  a b i l i t y  of a device t o  cause detonation, 

is the  s t e e l  dent t e s t a .  Figure 5 shows a t yp i ca l  t e s t  

arrangement f o r  t h i s  experiment. The c r i t e r i o n  of t he  t e s t  

i s  the  depth of dent produced i n  the  s t e e l  block. More 

exactly it is the  volume of the  dent. For a given device, 

however, t he  diameter of t he  dent i s  qu i t e  uniform and the  

depth of dent (which i s  much simpler t o  measure) may be used. 

The success of t h i s  t e s t  is due t o  t he  f a c t  t h a t  s t e e l  has a 

compressive s t rength of approximately 100,000 p s i  and does 

not y i e ld  eas i ly .  In order t o  obtain measurable dents 

lrhock pressures of about 7 k i lobars  a re  necessary. This 

is i n  the  range of pressures necessary t o  cause detonation 

i n  high explosives and probably explains the  success of 

t h i s  t e s t .  

The work of S l i e  and Stresau has shown t h a t  fo r  highly 

confined columns of explosives, a  near l i nea r  re la t ionsh ip  



e x i s t s  between the  detonation veloci ty  and depth of dent. 

Figure 6 shows the  depths of dent obtained with four high 

explosives. Four explosive column diameters are p lo t ted  

versus the detonation veloci ty  of the explosives, loaded 

a t  the  same density. The ve loc i t i e s  used i n  t h i s  p l o t  were 

determined from velocity-density data from reference 3. 

The above t e s t s  were conducted with the  explosive 

loaded i n  heavy walled brass  tubes. However, when t e s t i n g  

explosive components, t h i s  type of confinement does not 

always ex i s t .  The depth of dent is influenced by the  manner 

i n  which the  component i s  confined4. Figure 7 shows the  

e f f e c t  of confinement and confining material  on the  M k  63 

Mod 0 Detonator. The depth of dent is p lo t ted  versus the  

cavity diameter fo r  three  materials;  s t e e l ,  brass,  and polystyrene. 

The confining tube has a 0.5 inch length and 1.0 inch outside 

diameter. The detonator has  a 0.193 inch maximum diameter. 

A s  the  density of t he  confining material  increases the  depth 

of dent increases.  Also, a s  the  cavi ty  for  a given material  

increases t he  depth of dent decreases. 

A c loser  look was taken a t  the  e f f e c t  of cavi ty  diameter 

on depth of dent. The item investigated was the  Mk 70 Detonator 

i n  a brass  and polystyrene confinement. The p lo t ted  r e s u l t s  

shown i n  Figures 8 and 9 show t h a t  an optimum cavi ty  diameter 

e x i s t s  . 
Although the  s t e e l  dent t e s t  i s  superior t o  the  other 

output t e s t s  discussed, precautions must be taken. The 



confinement, confining media, type of s t e e l  block and 

hardness of block a re  some of the  parameters af fect ing 

the  resu l t s?  

GAP TYPE TESTS 

The output of some components a re  tes ted  by confining 

the  item i n  a geometry similar  t o  i t s  end application.  The 

next explosive component i n  the  t r a i n  is  a l so  included. The 

c r i t e r i o n  for  acceptance i s  the  i n i t i a t i o n  of t he  second 

explosive component. However, t o  gain some confidence i n  

the  t e s t  a penalty is imposed by increasing the  gap between 

the two components. Past  experience has shown t h a t  i n  

es tabl ishing the  gap t o  be used i n  such t e s t s  more than one 

50% f i r i n g  point  was obtained. 

NON-DETONATING IXPLOSIVE OUTPUT TESTS 

Explosive components which contain non-detonating base 

charges a r e  usually referred t o  as  Actuators, Drivers, Dimple 

Motors and Bellows Motors. The device i s  usually designed 

t o  perform some minimum amount of work. Consequently the  

output t e s t s  applied measure some work function. Examples 

of t h i s  are: compressing springs, shearing rods, and moving 

a mass through some distance. In most cases these devices 

do not i n i t i a t e  another explosive. 

In addit ion t o  the  work measurement type of t e s t  there  

is a pressure bomb t e s t .  A simple explanation of i t s  

operation is, the  device is enclosed i n  a bomb of known volume. 

Attached t o  the  bomb i s  a f a s t  responding gauge which can 



sense pressure changes. The gauge i s  electronically coupled 

t o  an oscilloscope from which a pressure, time curve can be 

photographed. Figure 10 i l lus t ra tes  the t e s t  apparatus. 

This type of measurement can yield character is t ic  pressure 

build-up profi les ,  peak pressure,and t o t a l  energy by integrating 

the area under the pressure time curve. It has proven t o  

be quite useful in  the selection of propellant type explosives 

for particular applications. Peak pressures, obtained by 

th i s  method, are also used as a cr i ter ion for acceptance 

of devices. 

SUMMARY 

We have seen tha t  most output t e s t s  for detonating 

materials rely on the measurement of damage as a cr i ter ion 

for output. The damage measured can be a resul t  of low as 

well as high pressure effects.  It i s  known that  t o  effect  

detonation i n  high explosives, pressures of approximately 

2 t o  30 kilobars or  more are necessary. Therefore it is 

possible t o  accept explosive devices which meet output re- 

quirements but w i l l  not function properly in  an explosive 

t ra in .  For non-detonating devices, which perform some work 

function, the s i tuat ion i s  bet ter .  

There i s  a need in  both cases for t e s t s  which measure 

characteristics which are related to  the intended use of the 

device. Measurement of characteristics such as velocity, 

temperature, pressure, heat flux, t o t a l  energy,and t o t a l  work 

are more significant.  These parameters give a more sc ien t i f i c  

approach t o  output tes t ing  than existing t es t s .  However, the 

exact mechanisms associated with the in i t i a t ion  of one explosive 



i t e m  by another i n  a f ixed  geometry are not adequately 

known. Unt i l  more work i s  done t o  determine the  governing 

mechanism, it is l i k e l y  that  output t e s t i n g  w i l l  fol low 

the same approaches o f  the  past .  
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In  reply t o  a request f o r  information on ca l ib ra t ion  of t h e  s t e e l  

dent and t h e  bas i s  f o r  a decision on what depth of dent i s  acceptable, 

M r .  Menichelli said t h a t  a pressure of 7 ki lobars  w i l l  give a dent. The 

current devices de l iver  t h a t  much pressure. I f  fur ther  ca l ib ra t ion  i s  desired 

the re  i s  no ready answer. 

Someone commented t h a t  M r .  Stresau has wr i t ten  some repor ts  t h a t  

may of fer  background f o r  t h e  dent t e s t ;  t h e  depth was r e l a t e d  t o  detonation 

parameters . 
M r .  Ay-res of NOL pointed out t h a t  an explosive acceptor af  known 

s e n s i t i v i t y  can be used a s  a measure of output. A Bruceton type of t e s t  

can be used t o  f ind  t h e  i n i t i a t i n g  capabi l i ty  of a device of unknown output. 

M r .  Menichelli said t h a t  M r .  Taylor of Lake City Arsenal made a 

good point when he sa id  t h a t  t he re  i s  a need fo r  a quick, cheap output 

t e s t .  

M r .  Tweed of AVCO mentioned a problem involving a donor charge, 

a b a r r i e r  and an  acceptor charge. He sa id  t h a t  t h e  acceptor charge 

detonated low order,  and he wanted t o  measure output with a cheap t e s t  l i k e  

t h e  n a i l  t e s t .  M r .  Menichelli suggested t h a t  t h e  s t e e l  dent t e s t  might 

be used. 

M r .  Stresau asked f o r  a comment on one s l i d e  (Figure 6) t h a t  

showed various l i n e s  pressing through a s ing le  point. M r .  Menichelli 

sa id  t h a t  most of these  da ta  were on t h e  r i g h t  hand s ide  of t h e  graph. 

Something l i k e  two ki lobars  i s  required t o  give a measureable dent. 

S l ides  6 and 7 were used t o  i l l u s t r a t e  t h i s  discussion. A 1 1  t h e  da ta  were 

taken a t  about 5800 meters per second o r  higher. These l i n e s  appear t o  be 

converging a t  a point.  I f  s t e e l  dent t e s t s  a r e  t r i e d  a t  l e s s  than 2 ki lobars ,  

t he re  would be no dent,  no data.  

M r .  Stresau sa id  t h a t  he had derived an equation t h a t ,  i n  

addit ion t o  involving hardness and other  var iab les ,  showed t h e  depth of 

dent divided by t h e  charge radius t o  become a constant which he demonstrated 

on t h e  blackboard. 

Theory and reasons f o r  possible  deviation from t h e  theory were 

given. 



M r .  Dietr ich of Atlas  Chemical Indus t r ies  added t h a t  output 

t e s t i n g  i s  necessary; and where one system i s  concerned, t h e  r e s u l t s  lead 

t o  va l id  conclusions. The exis t ing  t e s t s  serve a s  a production control  on 

output. 

M r .  Menichelli cautioned t h a t  some primary explosive cause e f f ec t s  

t h a t  a r e  d i f f i c u l t  t o  explain. 

M r .  Heinemann of Picatinny Arsenal, considering t h i s  review of 

explosive t e s t ing ,  spoke favorably of The Franklin I n s t i t u t e  regarding 

t h e i r  development of evaluation equipment f o r  input s ens i t i v i ty .  He sa id  

t h a t  s imi lar  means a r e  ava i lab le  f o r  evaluating explosive output 

s c i en t i f i ca l ly .  The t e s t s  t h a t  he mentioned a r e  not necessari ly  of t h e  

I1quick and d i r ty"  type but may include photographic apparatus and equipment 

necessary t o  evaluate explosive output s imi lar  t o  t h e  i n i t i a t o r  t e s t  

s e t s  designed a t  The Franklin I n s t i t u t e .  

M r .  Menichelli sa id  t h a t  these  t e s t s  have not been forgot ten,  

but t h a t  so f a r  t h e  numerical r e s u l t s  have no cor re la t ion  with a b i l i t y  

t o  i n i t i a t e  secondary explosives. 

M r .  H a n m  of FIL suggested a p r a c t i c a l  way of ca l ibra t ing  t h e  

s t e e l  dent t e s t  f o r  use i n  production t e s t i n g  i f  t h e  i n i t i a t o r  o r  donor i s  

f i r s t  proven t o  be ab le  t o  detonate t h e  acceptor. A donor charge of same 

diameter and density and about f i v e  diameters i n  length can be used a s  a 

reference f o r  fu r the r  output t e s t i n g  of t h e  donor o r  i n i t i a t o r ,  by finding 

what depth of dent t h i s  makes i n  s t e e l .  M r .  Menichelli sa id  t h a t  t h i s  

sounded similar  t o  t h e  suggestion of Jim Ayres. He commented fu r the r  t h a t  

depth of dent i s  c r i t i c a l l y  influenced by confinement. 

M r .  Davis of Thiokol warned t h a t  o r i en ta t ion  of t h e  detonator 

h<th respect  t o  t h e  dent block i s  c r i t i c a l  because of t h e  s ide  e f f e c t s  

t h a t  can be produced. M r .  Menichelli agreed, saying t h a t  t h e  cross  sec t ion  

of t h e  dent w i l l  o f ten  ind ica t e  t h e  alignment, which has l a rge  e f f ec t  on 

dent depth. 





1 5 .  A N  ADEQUATE INITIATOR DEVELOPMENT PROGRAM 

Ruth E . Trezona 

P i ca t inny  Arsenal ,  Dover, N . J .  

The design and development of an i n i t i a t o r  can be accomplished 

i n  a matter of a f e w  days o r  may require  many months. For a detonator 

t o  be used f o r  system t e s t s  only, given a broad s e t  of requirements 

and no requirement f o r  environmental t e s t ing , the  detonators can be 

assembled from components ava i l ab le ,  t e s t ed  f o r  a guesstimate of the 

energy needed t o  f i r e  and taken "up t he  hilln t o  be f i r e d  i n  t he  shel l .  

It works f ine .  Now the  t rouble  begins. The users  a r e  i n  a hurry and 

promise it w i l l  never be used except f o r  l oca l  t e s t s .  They proceed 

t o  have a l a r g e  quanti ty made. The detonators do not  work q u i t e  the 

same; i t  seems t h a t  they didnt  t have "qui t eN the same bridge wire on 

hand. You can guess what happens next. A s  f a n t a s t i c  a s  t h i s  s to ry  

sounds i t  has happened t o  US, NOW l e t  u s  back up and start again 

j u s t  a s  we had t o  do f o r  the  group i n  a hurry. We w i l l  now make 

has te  slowly with an "adequate" program f o r  developing an i n i t i a t o r .  

I f  i n  the  following program, aspec t s  a r e  not mentioned which a r e  

important t o  your programs i t  may be because we, i n  our A r t i l l e r y  

group, a r e  s t i l l  ea r th  bound and though i n t e r e s t ed  i n  the exo t ic  

space and underwater work, do not  encounter t h e  same problems. 

The miss i le  men f o r  ins tance ,  who have t r i e d  t o  adopt some of our 

o ld  standard detonators i n  t h e i r  items have found t h a t  the  i n i t i a t o r s  



were not  designed f o r  t h e  extremes of temperature, temperature 

cycl ing ,  reduced pressure  and v i b r a t i o n s  requi red  of them. For the  

underwater group hermetic sea l ing  of the i n i t i a t o r s  i s  important. 

Which comes f irst  - the fuze  o r  the  i n i t i a t o r ?  I f  t h e  fuze  

comes f i r s t  we may be given d e f i n i t e  e l e c t r i c a l  power inpu t  

requirements b u t  allowed only space enough f o r  a miniaturized 

i n i t i a t o r .  I f  the i n i t i a t o r  i s  developed f i r s t  t o  a given s e t  of 

physical  and e l e c t r i c a l  requirements the  development i s  s t r a i g h t  

forward - u n t i l  - t h e  time a r r i v e s  f o r  t e s t i n g  i n  t h e  fuze. 

Although t h e o r e t i c a l  knowledge of i n i t i a t o r s  i s  growing rap id ly  

a s  witnessed here by the  papers being presented we s t i l l  a l s o  work on 

pre-conceived ideas  and use the  c u t  and t r y  method u n t i l  we meet our 

ob jec t i v e s  mechanically, e l e c t r i c a l l y  and funct ional ly .  

The s i z e  and shape of i n i t i a t o r s  f o r  conventional ammunition i s  

genera l ly  l i m i t e d  and i n f  ac  t should be standardized. MIL-S'TD-320 

"Terminology, ~ m e n s i o n s  and Mate r i a l s  of Explosive Components f o r  

Use i n  Fuzesf1 should be complied with whenever possible.  Using the  

standardized dimensions f o r  new developments l e a d s  t o  the  interchange- 

a b i l i t y  of  t h e  complete i n i t i a t o r s  t h e i r  i n e r t  p a r t s  and tooling.  

The i n e r t  components f o r  wirebridge i n i t i a t o r s  a r e  f a i r l y  well 

established.  They c o n s i s t  i n  our a p p l i c a t i o n s  of drawn s t e e l  cups, 

glass-sealed headers (plug) o r  lU? protec ted  plugs and the  bridgewire. 



The explosive t r a i n  cons i s t s  of a primary explosive such a s  l ead  

styphnate and o r  lead azide and a secondary explosive such a s ,  

RDX o r  PETN. 

Design f ac to r s  t h a t  a f f e c t  the f i r i n g  s ens i t i v i t y  a r e  the 

bridgewLre material  and dimensions; the primary explosive p a r t i c l e  

shape and s i z e ,  loaded density and contact  with the bridge wire. 

I n  addi t ion to the  usual e l e c t r i c a l  t e s t s  of the assembled 

items including a t e s t  f o r  s t a t i c  s e n s i t i v i t y  i t  i s  wise t o  x-ray 

them and eliminate those t h a t  appear defective before character izat ion 

and environmental t e s t s .  I wont t go i n t o  a discussion of the  various 

methods of determining s t a t i s t i c a l l y  the  a l l - f i r e  and no-fire input  

s ens i t i v i t y  of the item. We agree with those who do not use the 

Bruceton s t a i r ca se  s ens i t i v i t y  t e s t  (except f o r  f inding the 50$ 

point)  t h a t  the  end po in t s  may not be too re l i ab le .  However, we 

calcula te  the  points  usually the 9 9 . 6  and 0.1% with 90$ confidence 

and then f i r e  a quant i ty  a t  t ha t  po in t  t o  es'tablish a ce r t a in  

r e l i a b i l i t y  and confidence according t o  the number tested. For 

example, values of M f o r  zero (0) fa i lu res .  

Re l i ab i l i t y  Confidence Level 

22 
230 299 

328 427 

2302 2995 



Values a r e  taken from Picatinny Arsenal SAAS Report No. 48 ''Tables 

of Binomi~l  Expansion f o r  S t a t i s t i c a l  Reference Vol 2". 

Since more power i s  required t o  f i r e  a t  cold temperatures and 

l e s s  a t  h o t  temperatures, the a l l - f i r e  point  may be higher a t  

-05 '~  and the  no-fire po in t  lower a t  +160°F than a t  ambient. Thus 

another valuable s e n s i t i v i t y  check i s  to run Brucetons a t  the  

extreme temperatures. A s t a t i s t i c a l l y  determined quant i ty  should 

a l s o  be t e s t e d  t o  confirm the a l l - f i r e  a t  -65'~. and the no-fire 

a t  1 6 0 ~ ~ .  

We receive  Technical Data Sheets from I n d u s t r i e s  claiming t o  

have i tems highly r e l i a b l e  with the degree of r e l i a b i l i t y  determined 

by a Bruceton; any degree can be picked f o r  ca lcu la t ions  bu t  I 

wonder i f  they checked the  points  by t e s t i n g  q u a n t i t i e s  a t  %he 

inpu t  quoted. 

Design f a c t o r s  a f f e c t i n g  the outpu t of the  i n i t i a t o r  a r e  

r e l a t e d  t o  the  densi ty ,  quant i ty  and confinement of the explosive 

which detonates. The i n i t i a t o r  must be capable of detonating the 

next  port ion of the  explosive t r a i n  e.g., a  l e a d  o r  booster ,  thru  

b a r r i e r s  and across  a gap. For a r t i l l e r y  app l i ca t ions  the fuze 

must a l s o  be s a f e  aga ins t  accidenta l  f i r i n g  of the  l ead  when i n  the 

out-of-line posi t ion.  Yany methods have been used to  measure the 

output  of detonators ,  from the sand bomb t e s t  t o  shock ve loc i ty  

and detonation pressure measurements. Since i t  i s  too c o s t l y  t o  



t e s t  the complete t r a i n s ,  t h e  popular method of measuring output  

i n d i r e c t l y  i s  the s t e e l  dent  t e s t .  The s t e e l  den t  t e s t  i s  now a 

standard test ,  MIL-ST&316 I1Detonator Output Measurement by the  

S t e e l  Dent Testn.  An important f a c t o r  t o  consider i n  the  output  

t e s t  i s  the  external  confinement of the  i n i t i a t o r .  Simulate fuze  

confinement a s  c lose ly  a s  possible.  Too much confinement may be 

more misleading than too l i t t l e .  Af te r  it has  been determined 

t h a t  the  new i tem fulfills o r  more than f u l f i l l s  the  speci f ied  

i n p u t  and output  requirement, the  ruggedness of t h e  design i s  

checked by subjec t ing  groups (usual ly  of 25) t o  cold funct ioning,  

ho t  funct ioning,  J o l t ,  Jumble, Temperature and Humidy cyc le ,  

Transportat ion Vibra t ion ,  S a l t  Spray, High Temperature Storage,  

Low Temperature Storage,  Water Immersion, 40 f t. drop and shock 

t e s t  i n  a i r  gun (lokg, 30kg, lOOkg e t c .  depending on expected 

acce le ra t ion  i n  end i tem),  When f i r i n g  the  conditioned items 

information i s  obtained on time of f i r i n g  and i f  poss ib le  t h e  

output  as determined by dent  i n  s t e e l .  

Valuable informa t i o n  on designing i n i t i a t o r s  and conducting 

the  above t e s t s  can be found i n  KIL-STD-322 I1Basic Evaluation 

Tes t  f o r  Use i n  Development of E3ec t r i c a l l y  I n i t i a t e d  Explosive 

Components f o r  Use i n  Fuzes1' a l s o  i n  KLI-23659 (WEP) lgXni t ia tors ,  

E l e c t r i c  , Design and Evaluation of ", 



'*at a r e  some of the  e f f e c t s  of the  various environmental 

t e s t s  on the  perf  ormance of loaded i tems? I n  high temperature 

s torage  o r  i n  cycling the  bridgewire may be broken a s  a r e s u l t  

of tension caused by thermal expansion; the  functioning times may 

be  longer due t o  expansion and then contrac t ion  of the  explosive 

upon re tu rn  t o  normal temperature causing separat ion from bridgewire. 

I n  low temperature tests t h e  burning, i n i t i a t i o n  growth and 

propagation of t h e  explosives can be re tarded o r  prevented. For 

de lay  i n i t i a t o r s  it i s  espec ia l ly  important t o  run the  cold-f i r ing  

t e s t s  e a r l y  i n  the  development t o  determine the e f f e c t  on propagaticm 

and delay time. I n  the impact t e s t s  J o l t ,  Jumble, Air Gun, 

Vibrat ion,  the re  may be s t r u c t u r a l  damage of the  i n e r t  p a r t s  o r  

of the explosives. I f  t h e  design i s  such t h a t  crumbled explosives 

can become lodged i n  c rev ices  repeated impact o r  f r i c t i o n  might 

r e s u l t  i n  i n i t i a t i o n .  

The program j u s t  ou t l ined  i s  based ch ie f ly  on Ifcut and tryf1 

and on an accumulation of experience i n  the i n i t i a t o r  f i e l d .  

I would l i k e  t o  think , however, t h a t  a day w i l l  come when 

technica l  knowledge w i l l  advance t o  the  s tage  t h a t  we can 

program our requirements f o r  the  computer and completely design the  

i n i t i a t o r  on paper. 



It i s  visual ized  t h a t  bridgewires of var ious  ma te r i a l s ,  

d i a q e t e r s  and l eng ths  w i l l  be evaluated f o r  energy requi red  t o  

i g n i t e  var ious  explosive compositions. From t h i s  evaluat ion,  

l i t e r a t u r e  w i l l  be prepared which can be u t i l i z e d  i n  designing 

e l e c t r i c  i n i t i a t o r s .  I n  add i t ion ,  equipment capable of measuring 

the o u t  p u t  of var ious  explosives under a s e r i e s  of condi t ions  

w i l l  be developed. An i n v e s t i g a t i o n ,  using t h i s  equipment, w i l l  

be conducted and a r e p o r t  of a l l  da ta  prepared. 

A s  a r e s u l t  of t h i s  work, i t  w i l l  be poss ib le  f o r  a designer 

t o  s e l e c t  the  bridgewire, explosives and container  dimensions 

f o r  an  i n i t i a t o r  simply by knowing the  inpu t  and out  p u t  require- 

ments. Once making t h i s  se lec t ion ,  prototypes can be  assembled. 

I n  add i t ion ,  t e s t i n g  equipment. which w i l l  be used f o r  100$ 

non d e s t r u c t i v e  inspec t i o n  of e l e c  t r i c  i n i t i a t o r s  w i l l  i n su re  t h a t  

each i tem accepted w i l l  funct ion  r e l i a b l y  when used i n  i t s  

intended appl ica t ion .  

There i s  a d i t t y  t h a t  runs  - 
I f  all s t r a i g h t  p i n s  t h a t  have been l o s t  

Should take  a sudden not ion  

To r i s e  and shine with all po in t s  up, 

What a commotion! 



To parody the d i t t y  l e t  us  say - 
If a l l  i n i t i a t o r  data  recorded and l o s t  

Should take a sudden notion 

To r i s e  and feed i n t o  the conputers 

Nhat a commotion! 

I don ' t  want t o  leave  you with the idea  that a l l  i s  commotion. 

Rugged and r e l i a b l e  items can be developed by ca re fu l  designing 

based on the p resen t  state of the a r t  and by thoroughly t e s t ing  

the  design. 



17.  THE EFFECT OF COLD TEMPERATURE ON SENSITIVITY 

Leonard Shainheit  

Picatinny Arsenal, Dover, New Jersey 

From time to time, it is of importance to the engineer to evaluate 

the performance of explosive items at extreme conditions. For instance, 

investigations pertaining to the performance of initiators are incom- 

plete unless data are obtained at the extremes of temperature. Unfor- 

tunately, it is not always possible for the engineer to conduct his 

tests in climates having the desired temperature. Certainly, one would 

not expect the engineer to pick up and travel to Alaska whenever he has 

to conduct low temperature tests. Perhaps, for obvious reasons, the 

Eskimo engineer doesn't mind this inconvenience, but the government, 

because of increased incurred expenses, does. Thus, such a policy be- 

comes unlikely, or is precluded altogether. As an alternative, an 

engineer must somehow simulate these tests by employing suitable condition- 

ing chambers. It is possible to conduct firings in the conditioning 

chamber, thereby obtaining meaningful data, when initiators of low brissance 

are employed. However, powerful initiators are considerably destructive. 

Consequently, in order to prevent destruction of expensive equipment, the 

engineer is often forced to test outside the conditioning chamber. As a 

result of such practices, the data obtained lose their significance because 

the actual firing temperature is unknown. 

Specifications have been written in which the procedures for con- 

ducting tests of this sort are outlined. For example, military 



specification, MIL-S-45428A, requires testing the M2 Electric Squib in 

the following manner. The squibs are conditioned for a period of 16 

hours at minus 65 plus or minus 5 degrees Fahrenheit. At the end of 

the conditioning time, one squib at a time is removed from the tempera- 

ture chamber and fired within 2 minutes. The time interval between 

removal and fire is recorded. 

It is believed that the results obtained from tests conducted in 

this manner are not indicative of firing at the actual cold temperature 

conditions. Because the squibs are removed from their cold environment 

and exposed to ambient conditions prior to fire, it may be assumed that 

they are actually tested at some higher temperature. Consequently, a 

study was initiated to evaluate and to determine the efficiency of such 

methods as have just been described. 

Tests were conducted on M2 Squibs conditioned at -65.~ in order to 

obtain a temperature-time relationship as the items warmed at room 

temperature. Because thermocouples were to be utilized in these tests, 

it was necessary that several be calibrated prior to performing the 

tests. This was accomplished in the following manner: the thermocouples 

were placed in the conditioning chamber at -65°F for 16 hours. Then the 

thermocouples were connected to a brush recorder and the voltage at -65OF 

obtained. The temperature in the chamber was lowered and the equilibrium 

voltage recorded. This technique was continued until sufficient data 

were obtained so that subsequently a graph could be plotted. This pro- 

cedure was repeated on each thermocouple. The slide (Slide 1) shows a 



typical temperature-voltage calibration curve obtained for one of the 

thermocouples. By means of such curves it was possible to accurately 

and expeditiously determine the temperature within the squibs. The M2 

Squibs were prepared in accordance with the following scheme: The 

explosive charge and bridgewire were removed from the squib and a thermo- 

couple was installed so that when the explosive charge was "buttered in", 

the thermocouple was completely submerged in the charge. After drying at 

room temperature for 24 hours, the squibs were conditioned for 16 hours 

at -65'F. The squibs were removed from the conditioning box one at a 

time, and a temperature-time relationship was established at room tem- 

perature by means of a b m ~ h  recorder. This next slide (Slide 2) shows 

the temperature-time relationship for one of the squibs as it warmed 

from -68°F at "Ow time to about 75'~ at time equal to 280 s&onds. The 

curve shows that after an elapsed time of 120 seconds, the squibs warmed 

to about +45OF. As mentioned earlier , MIL-S-45428A stipulates that the 

squibs may be fired in up to 120 seconds after removal from the condition- 

ing chamber. Consequently, the squibs can be fired at a much higher 

temperature than the one we are interested in. 

Tests were conducted to study the actual influence of temperature 

on the sensitivity of M2 Squibs. The Bruceton Test was employed for this 

purpose. A brief description of the Bruceton idethod of statistical 

ardysis used in determining the sensitivity of explosives will be presented 

at this time for those of you who are not familiar with this technique. 

The procedure consists of testing explosive items at input energies which 



differ by a fixed value. An input energy estimated for the 50% firing 

reliability is used as the starting value. In the event the explosive 

is actuated, the energy is lowered by a fixed amount. If the explosive 

does not fire, the input energy is raised by this fixed interval. This 

procedure insures that the majority of the testing occurs at the input 

level at which half of the items tested explode. A suitable statistical 

analysis was used to determine the input energies at the extremes or 

99.9% and 0.1% firing reliabilities for a 90% confidence level, referred 

to as the all-fire and no-fire points, respectively. For further details, 

it is suggested that the report entitled Statistical Analysis for a New 

Procedure in Sensitivity Experiments prepared by the Statistical 

Research Group, Princeton University be consulted. 

Three Bruceton constant current sensitivity tests were performed on 

a single lot of M2 Squibs. The first was conducted at ambient temperature 

(78'~). The second at -65O~ and the third in accordance with MIL-S-45428A, 

using the maximum allowable warmup time of two minutes . 
The slide (Slide 3) shows a summary of the results obtained in the 

3 tests. It can be seen, from a comparison of these results, that the 

current calculated to obtain a 99.9% firing reliability at 90% confidence 

level as well as for the 50% firing point is higher at -65OF than at 

ambienttemperature. These data show also that the current values for the 

0.1% firing point at the 90% confidence level did not differ significantly 

at these two temperatures. The results of the test performed in accordance 

with MIL-S-45428A lie somewhere in between those of the other two tests, 

with the exception of the current value for the estimated 0.1% fire with 



90% confidence. This value is higher than either of the corresponding 

values for the other 2 tests. These results show that the data obtained 

in tests performed in accordance with military specifications of the kind 

mentioned earlier are not indicative of the conditions that are of 

primary concern. Resistance measurements on squibs immediately after 

removal from the -65.~ atmosphere were considerably lower than the 

corresponding values obtained for these squibs about 2 minutes aftbr 

removal. This was expected, because owing to the temperature rise within 

the wire bridges, a corresponding increase in reistance occurs. Conse- 

quently, it would be expected that these equibs would require less 

energy than those fired at -65OF and more than those fired at ambient 

temperature. The data presented in the previous slide supports this kind 

of reasoning. 

For the reasons mentioned earlier, initiators with high output are 

not tested within the conditioning apparatus. Consequently, investigative 

effort was spent evaluating different insulating materials in an effort 

to determine their suitability for this application. One of these 

materials, called styrofoam, was found to satisfactorily insulate such 

large initiators as the M6 Blasting Cap. That is to say, the insulation 

maintained nearly test temperatures for a sufficient time and thus 

afforded the engineer with ample time to complete the test. The following 

describes the tests conducted on the M6 Blasting Cap to evaluate the 

styrofoam insulation. 

M6 Blasting Caps were placed in 1 inch x 1 inch x 4 inchbng styro- 

foam insulation and conditioned for 16 hours at -65°F. By means of 



thermocouples, the temperature rise of the caps was measured as they 

warmed toward ambient temperature in a manner similar to that discussed 

earlier. The caps warmed from -65'~ to -55OF in 120 seconds. After 60 

seconds no noticeable change in temperature was observed. 

The slide (Slide 4) shows a typical time-temperature relationship 

obtail ed for the M6 cap, contained in styrofoam insulation, as it 

warmed from -65'~ toward ambient temperature. It should be observed 

that for the first minute or two, only a slight change in temperature is 

observed. However, after this short time lapse the curve appears to take 

the shape of the representative curve shown earlier (Slide 2) for the M2 

Squib. The resultsjust presented show that environmental conditions may 

nevertheless be maintained if insulating materials are used to contain 

the initiators. That is if the test can be conducted rapidly and efficent- 

ly, reliable and meaningful data will be obtained. 

Three Bruceton constant current sensitivity tests, similar to those 

pefformed on the M2 Squib, were conducted on the M6 Blasting Cap. The 

first test was performed at ambient temperature (7a0E'), the second at 

-40.F and the third conducted in the manner prescribed in MIL-S-45428A. 

Once again, in the last of the three tests mentioned, a maximum warmup 

time of two minutes was employed before actuating the caps. 

The next slide (Slide 5) shows a summary of the results obtained in 

these three tests. A comparison of the results shown in the table points 

up what was stated earlier pertaining to the M2 Squib. It can be seen, 

as in the case of the M2 Squib, that the current estimated to obtain a 



99.9% firing reliability at 90% confidence level as well as for the 50% 

firing point is higher at cold temperatures (-40'~ in this case), than 

at ambient temperatures. These data show also that the current values 

estimated for the 0.1% firing point at the 90% confidence level did not 

differ at these two temperature conditions. As with the M2 Squib, the 

value for the means or 50% firing points for the M6 cap, lay somewhere 

in between the corresponding values obtained in the other two tests. 

Furthermore, the estimated current for the 0.1% fire at 90% confidence 

was higher in this test (Test 3) than the corresponding values calculated 

from the data in Tests 1 and 2. This result was likewise in order with 

that obtained in the test series conducted on the M2 Squibs. It should 

be noted that the calculated current for the 99.9% fire at 90% confidence 

was lower in Test 3 than the corresponding values obtained in Tests 1 and 

2. This was not the same situation experienced in tests conducted on M2 

Squibs. Observe also that the current range between the 99.9% point and 

0.1% point at the 90% confidence level is narrow or the standard deviation, 

for this test is smaller than that in either of the other two. Now, Test 

3 was conducted while the caps were in the process of warming toward 

ambient temperature. It could be that this unstable condition (brought 

about by rapid warming which possibly led to physical or transitional 

changes in the explosive charges and to thermal expansions and contractions 

which in turn could have produced thermal ~tresses) was responsible for 

the unusual data obtained in Test 3. In the corresponding test performed 

on the M2 Squib, more reasonable or expected results were obtained. 



Because the  squibs a r e  more open o r  exposed than a r e  the  b l a s t i ng  caps,  

i t  is  conceivable t h a t  they warmed a t  a f a s t e r  r a t e  and thereby could 

have reached a more s t a b l e  s t a t e  i n  a s h o r t e r  time. A t e s t  t o  v e r i f y  the 

da ta  obtained i n  Test  3 on the  M6 cap i s  planned. This t e s t ,  however, has 

not been conducted a s  ye t .  A b r i e f  de sc r i p t i on  of the  t e s t  i s  i n  order ,  

and i s  a s  follows: one-hundred M6 caps w i l l  be conditioned a t  -400F f o r  

a minimum of 16 hours. F i f t y  w i l l  be removed and allowed t o  warm t o  

ambient temperature. Af t e r  an  a r b i t r a r i l y  imposed 24 hour period a t  

ambient temperature ( t o  assure  attainment of s t a b l e  conditions ), a Bruceton 

constant  cur ren t  s e n s i t i v i t y  t e s t  w i l l  be conducted. The o ther  50 w i l l  be 

t e s t ed  i n  accordance with  MIL-S-45428A using the  maximum a l l o t t e d  2 minute 

wai t ing  period. A subsequent comparison of da t a  obtained a t  ambient 

temperature and i n  accordance wi th  the  m i l i t a r y  spec i f i c a t i on  w i l l  be made. 

This information w i l l  be furnished by Picatinny Arsenal t o  anyone i n t e r e s t ed  

i n  the  outcome of t h i s  inves t iga t ion .  

I n  conclusion, I would l i k e  t o  recommend t h a t  ca re  be taken i n  conducting 

i n i t i a t o r  s e n s i t i v i t y  and output  t e s t s  a t  extreme temperatures t o  insure  

t h a t  the  i n i t i a t o r  i s  maintained a t  the  des i red  t e s t  temperature. Cer ta in  

i n su l a t i ng  mate r ia l s  a r e  adequate f o r  t h i s  purpose. It may be even more 

de s i r ab l e  t o  bu i ld  barr icades  i n t o  condi t ioning equipment s o  t h a t  t e s t i n g  

i n  the  chamber may be e f fec ted .  Thank you 
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18.  HIGH SPEED PHOTOGFULPHY APPLICABLE TO THE 
DEVELOPMENT OF ELECTROEXPLOSIVE DEVICES 

Howard Leopold 

Diane McVaney 

U.  S. Naval Ordnance Laboratory 
White Oak, S i l ve r  Spring, Maryland 

INTRODUCTION 

Wider applicat ion of high speed photography t o  the  

design and development of e l e c t r i c  i n i t i a t o r s  can of ten 

serve a s  a bas i s  for  b e t t e r  understanding t h e i r  fundamental 

operat ional  principles.  Both smear and framing camera 

techniques have been used for many years t o  study high 

explosive and detonation phenomena. Sophisticated methods 

1 , 2  have been developed by invest igators  i n  these f i e l d s  . 
Invest igators  of primary explosives, however, have made 

much l e s s  use of high speed photography, and especia l ly  of 

3 the  smear camera. Bowden has spread sens i t ive  explosives 

on g l a s s  or  mica-plates and used the  smear camera t o  study 

4 t h e i r  growth of explosion. Roth has used the  smear camera 

t o  study the  t r a n s i t i o n  from burning t o  detonation i n  

ce l lu lose  ace ta te  tubes. Also, it was encouraging t o  note 

t h a t  two papers506 were presented a t  the  1960 E lec t r i c  

I n i t i a t o r  Symposium i n  which the  employment of smear camera 

photography was reported. High speed photographic techniques 

used a t  the  NOL(W0) t o  study i n i t i a t o r s  and i n i t i a t i n g  



explosives are  described i n  t h i s  paper i n  the hope tha t  

more extensive use of high speed photography t o  these 

study areas w i l l  be stimulated. 

S m A R  CAMERA TECHNIQUES 

Fundamentally, a smear camera is  a continuous writing 

instrument which i n  i t s  simplest sense gives a time-distance 

record. The camera uses a ro ta t ing  mirror a s  shown i n  

Figure 1, o r  a ro ta t ing  drum. The s l i t  of the camera i s  

aligned t o  observe the desired event which must be luminous. 

The rota t ing mirror or  drum sweeps the  image across the  

film giving a time-position record of the l i g h t  emitted. 

GROWTH O F  EXPLOSION FROM BRIDGEWIRE 

Information on the  growth of explosion can be extremely 

helpful  i n  understanding the  mechanisms leading t o  detonation. 

The t e s t  arrangement which we have used t o  study growth of 

explosion from a bridgewire i s  shown i n  Figure 2. A wire 

i s  mounted a t  the  transparent plastic-explosive interface.  

The s l i t  of a smear camera i s  then aligned perpendicularly 

t o  the  wire. This arrangement w i l l  give a time distance 

record of the  growth of explosion t o  both s ides  of the  

bridgewire along the  surface of the  explosive i n  contact 

with the  p las t ic .  Figure 3 shows typ ica l  records taken 

with t h i s  arrangement. I n  these records three  types of 

lead azide a re  compared for growth of explosion a t  a 

3 density of 3.25 g/cm . For the  records shown, it was found 



t h a t  RD-1333 lead az ide  e x h i b i t s  a  very s h o r t  acce le ra t ing  

b u i l d  up t o  f i n a l  detonat ion ve loc i ty ,  mil led PVA lead  az ide  

goes d i r e c t l y  i n t o  f u l l  de tonat ion  ve loc i ty ,  and mi l led  

dex t r ina ted  lead  az ide  has  a  shor t  dura t ion  low v e l o c i t y  

regime. The f i n a l  v e l o c i t i e s  a t  a  dens i ty  of 3.25 g/cm 3  

were 3850 meters/sec for  RD-1333, 3720 meters/sec fo r  

mi l led  PVA, and 3280 meters/sec f o r  t h e  mi l led  dext r ina ted .  

Time-distance curves can be p l o t t e d  from t h e  photographs a s  

shown i n  Figure 4. The numerical cons tants  needed f o r  t h e  

t r a n s f e r  from t h e  smear record t o  a  graph must f i r s t  he  

determined. These cons tants  w i l l  depend upon t h e  magnifica- 

t i o n  of  t h e  objec t  and t h e  sweep speed of  t h e  camera. By 

tak ing  t h e  s lope o r  f i r s t  d e r i v a t i v e  a t  var ious  po in t s  of  

t h e  time d i s t ance  curve, one can ob ta in  t h e  v e l o c i t y  of  t h e  

propagation. This can be pursued one s t e p  f u r t h e r  by tak ing  

t h e  d e r i v a t i v e  of a  t ime-veloci ty  o r  d i s t ance  v e l o c i t y  curve 

and obta in ing  the  acce le ra t ion  o r  dece le ra t ion  of  t h e  

r e a c t i o n  a t  any point .  

GROWTH O F  EXPLOSION AID INTERFACE TRANSFER I N  A COLUYlil 

Explosive reac t ions  i n  c y l i n d r i c a l  columns a r e  of  d i r e c t  

i n t e r e s t  t o  e l e c t r i c  i n i t i a t o r  des igners  who genera l ly  load 

t h e i r  explosives i n  t h i s  form. A technique which we have 

used t o  observe t h e  growth o f  explosion i n  a  hemicyl indr ica l  

column i s  s h w n  i n  Figure 5. The bridgewire i s  mounted a t  

t h e  bottom of  t h e  explosive column a t  t h e  p las t ic -explos ive  



i n t e r f a c e .  This  f i x t u r e  i s  p r e s e n t l y  being used t o  s tudy 

i g n i t i o n  t r a n s f e r  from a column of  normal l ead  s typhnate  

t o  one o f  d e x t r i n a t e d  l ead  azide.  A t y p i c a l  record  i s  

shown i n  Figure 6. The loading p ressu re  i n  t h i s  case  was 

20,000 p s i  f o r  both explosives .  A t  t h e  i n t e r f a c e  a b u i l d  up 

i n  t h e  l e a d  az ide  i s  observed. A s teady s t a t e  de tonat ion  

s t a r t s  about 1.4 mrn (0.056 inch) above t h e  i n t e r f a c e .  

I r r e g u l a r  r e t o n a t i o n  waves i n t o  lead  styphnat.e have 

a l s o  been observed. Simultaneously with t h e  format.ion of  

t h e  s teady s t a t e  de tonat ion ,  a ret.onat.ion wave may form 

which t r a v e l s  backwards t o  t h e  o r i g i n  of  i n i t i a t i o n .  

Retonation i n d i c a t e s  t h a t  t h e  l ead  s typhnate  had previously 

only p a r t i a l l y  reacted.  Unfortunately,  we have so f a r  n o t  

obtained a s  much d e t a i l  a s  we'd l i k e  t o  have. Burning 

normal l ead  styplmate does n o t  emit l i g h t  of  s u f f i c i e n t  

inteilsi- ty t o  r e g i s t e r  on t h e  f i lm.  Methods t o  improve t h e  

lul-flinosity involve some cornpromise. The a d d i t i o n  of  f i n e l y  

powdered aluminum t o  t h e  s typhnate  inc reases  t h e  luminosity,  

but decreases  the  burning r a t e .  Widening of  the  camera s l i t  

and. use of  a slower sweep s ~ x e d  inc rease  t h e  f i lm  exposure 

t ime, b u t  t h e  accuracy of  t h e  record  i s  decreased. 

SHOCK WAVES FROM EXPLODING WIRES 

Another technique a s  shown i n  Figure 7 i s  employed t o  

observe t h e  normally non-luminous shock wave from an 

exploding w i r e .  Th i s  method was developed by   en nett^ a t  



the Aberdeen Proving Ground, A mirror is placed 7 to 10 cm. 

in back of the wire. The wire explosion is backlighted by 

its own reflection when the mirror is normal to the optical 

axis. The shock wave refracts the light resulting in an 

image of the shock wave on the film. Figure 8 shows the 

type of photograph taken, Both the highly luminous plasma 

and shock wave expansion can be examined. From this shock 

wave expansion one can calculate the energy release per unit 

wire length by means of the ~ a ~ l o r - ~ i n *  equation. 

PROPAGATION IN A METAL CLAD CHARGE 

Events that are normally non-luminous need an auxiliary 

light source. For example an exploding wire may be used 

as shown in Figure 9 to illuminate the disintegration of a 

No, 6 comercial blasting cap, The blasting cap surface is 

made highly reflective by covering it tightly with a thin 

aluminized plastic film. The light from the exploding wire 

is reflected onto the blasting cap by a half silvered mirror 

placed 45' to the optical axis. The mirror also permits 

camera observation of the blasting cap. As the cup 

disintegrates, light is no longer reflected to the lens by 

the disintegrated portion of the cup, thus permitting the 

propagation to be followed. The type of photograph obtained 

is shown in Figure 10. The arrival of the shock wave at 

the surface of the blasting cap can first be seen from the 

change in light intensity. This is followed by the 

disintegration of the metal cup. 



FRAMING CAMERA TECHNIQITES 

SIMULTANEITY TESTING - High speed framing cameras 

such a s  t h e  Beckman & Lfhitley Model 189 a r e  used f a i r l y  

e x t e n s i v e l y  t o  measure d e t o n a t o r  s i m u l t a n e i t y .  F igu re  11 

shows s e l e c t e d  frames o f  an  exp lo s ion  sequence t a k e n  a t  a  

framing r a t e  o f  1 ,000,000 frames/second. The s i m u l t a n e i t y  

o f  i n i t i a t i o n  o f  two l e n g t h s  o f  Primacord b17 a  s p e c i a l  

d e t o n a t o r  was be ing  checked. Explodin? w i r e s  beh ind  two 

l e n s e s  w e r e  used t o  b a c k l i q h t  t h e  even t .  

GEXEIaL  INFONILnTIOX - Slower framing cameras (1000 t o  

10,000 frames/second) a r e  o f t e n  u s e f u l  f o r  o b t a i n i n g  

inforrnqt ion cn  s p e c i f i c  problems. Qne problem t h i s  t y p e  

o f  camera r e c e r t l y  he lped  r e s o l v e  v7as t h e  d i f f e r e n c e  i n  

t ime  d i s p e r s i o n  between l o t s  o f  o h t u r a t e d  1.5 second d e l a y  

a c t u a t o r s  a s  made i~ produc t ion .  Loading tests, hardware 

i n s p e c t i o n ,  py ro t echn i c  i n s p e c t i o n ,  and m o i s t u r e  a n a l y s e s  

a l l  f a i l e d  t o  g i v e  any c l u e s  f o r  t h e  d i f f e r e n c e  i n  d e l a y  

t i m e  d i s p e r s i o n .  However, when t h e  d e l a y s  were i n i t i a t e d  

under  w a t e r  b e f o r e  a  framing camera t h e  camera r e v e a l e d  

t h ~ t  lo t s  e x h i b i t i n g  h i g h e r  d i s p e r s i o n s  a lways  had  a v e r y  

much g r e a t e r  g a s  l eakage  th rough  t h e  b a k e l i t e  i n i t i a t o r  

p lug  t h a n  t h o s e  l o t s  which had  c o n s i s t e n t  t i m e s .  A t y p i c a l  

r e c o r d  i s  shown i n  F igu re  12. The photographs  showed i n  

a d d i t i o n  t h a t  t h e  g a s  leak was between t h e  b a k e l i t e  and 

m e t a l  i n s e r t s ,  a  h e r e t o f o r e  unsuspec ted  t r o u b l e  spo t .  

With t h i s  i n fo rma t ion  remedial a c t i o n  was p o s s i b l e .  



SI.IMMARY 

The techniques described are f a i r l y  simple and have been 

very use fu l  i n  interpret ing explos ive  events  a t  the NOL(W0). 

Wider applicat ion o f  high speed photography can be very 

he lp fu l  i n  e l e c t r i c  i n i t i a t o r  designs and should be more 

f u l l y  exploited.  
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DISCUSSION 

M r .  Smith of NOL, Corona, suggested t h e  use of color f i lm on 

some of t h i s  work. M r .  Leopold rep l ied  t h a t  t h e  camera requires  extremely 

f a s t  film. Polaroid 3000 (ASA speed of 3000) i s  current ly  in use, Color 

f i lms with top ASA ra t ings  of between 200 and 400 a r e  probably not f a s t  

enough. 



19. INSTRUMENTATION FOR THE TESTING OF 
ELECTRIC INITIATORS 

by Charles T . Davey 
The Franklin I n s t i t u t e  

Laboratories f o r  Research and Development 

I n  t h e  past decade e l e c t r i c a l l y  i n i t i a t e d  explosive devices 

have become extremely important i n  miss i le  and space appl icat ions .  The 

evaluation of these  devices i n  t h e  design, development and production 

s tages  and t h e  means by which evaluation t e s t s  a r e  accomplished a r e  

c r i t i c a l  i n  conveying information from one organization t o  another or,  

f o r  t h a t  matter from one person t o  another. The means by which an e l e c t r i c  

i n i t i a t o r  i s  characterized including t he  s t a t i s t i c a l  t e s t  plan and t he  

instrumentation must consider t h e  use, t h e  user,  and t h e  developer. 

We believe t h a t  t he  user  should have var ia t iona l  information 

on a device t h a t  i s  cha rac t e r i s t i c a l l y  quantal (go, no go). I n  transforming 

t h e  quantal response of explosive devices i n t o  va r i a t i ona l  i n f o r m t i o ~ ~ ,  

many items must be t e s t ed  by one of many avai lable  t e s t  plans (1,2,3). 

Each of these  plans may have pa r t i cu l a r  advantage i n  a given s e t  of 

circumstances but it i s  not necessary t o  elaborate on t h i s  subject now. 

No matter which of t h e  t e s t  plans i s  used, t h e  measures of cen t ra l  tendency 

and dispersion--the r e l i a b i l i t y  and confidence--are an expression of t h e  

performance of t h e  t e s t  equipment a s  well  a s  of t h e  device being tes ted .  

Unfortunately these  cannot usual ly  be separated once t h e  t e s t  has been 

made. We cannot say t ha t  so  much of t h e  stimulus went i n t o  system losses  

and t h e  r e s t  f i r e d  t he  device. There i s  a need t o  develop and f u l l y  

evaluate items of t e s t  equipment f o r  s l e c t r i c  i n i t i a t o r s  before they a r e  

placed i n t o  service .  Further, t he r e  i s  a need t o  be assured of continued 

r e l i a b i l i t y  i n  performance a s  the  equipment ages. 



I n  order t o  understand t h e  need f o r  t e s t  equipment, we w i l l  

review b r i e f l y  t h e  cha rac t e r i s t i c s  of the  items t o  be t es ted .  Unt i l  

recently,  t he  s t a t i c  o r  simple dc res is tance of t h e  device was t he  only 

non-destruct ive  e l e c t r i c a l  t e s t  t h a t  could be applied t o  e l e c t r i c  i n i t i a t o r s .  

Recent advances i n  t h e  dynamic proper t ies  of this measurement have opened 

new p o s s i b i l i t i e s  i n  non-destructive t e s t i ng .  These a r e  discussed 

elsewhere ( 4 ) r ( 5 ) .  S t a t i c  res is tance must be measured with a current  t h a t  

w i l l  have no appreciable influence on subsequent f i r i n g  charac te r i s t i cs  

of t h e  device under t e s t .  I n  a t e s t  s e t  it i s  e s sen t i a l  t h a t  the  measuring 

current f o r  determining s t a t i c  res is tance be kept down t o  a l e v e l  which 

wLll leave unaffected any i n i t i a t o r  t h a t  may be t e s t ed  on the  equipment. 

This means a very low current indeed f o r  some devices. 

I n  measuring s e n s i t i v i t y  of e l e c t r i c  i n i t i a t o r s ,  t he  type of 

i n i t i a t o r  being t e s t ed  and i t s  ult imate appl icat ion a r e  both of importance. 

There a re  a number of d i f fe ren t  types of e l e c t r i c  i n i t i a t o r s  avai lable  

today and probably many new hybrids i n  t he  development s tages .  The usual  

devices include t h e  hot wire o r  conventional bridgewire, t he  carbon bridge, 

the  spark gap and t h e  conductive mix types. These o rd inar i ly  contain 

primary explosives. Some of t h e  more recent ly  developed explosive i n i t i a t o r s  

contain only secondary explosives. These include some of t he  exploding 

bridgewire devices and some t h a t  have conductive mixes. 

The nature of t h e  pulse applied t o  each of these  i n i t i a t o r s  w i l l  

obviously vary. Different  types of i n i t i a t o r s  have d i f fe ren t  appl icat ions .  

One cannot expect t h e  A r m y  t o  supply each anti-tank round with an exploding 

bridgewire device and associated power supply a t  a cost  perhaps 100 times 

t h a t  of a carbon bridge detonator and fe r ro-e lec t r i c  wafer. On t h e  other 

hand there  a re  other appl icat ions  where t he r e  i s  a de f in i t e  need f o r  t he  

fea tures  of an exploding wire device. 



Jus t  a s  the re  i s  a need f o r  d i f fe ren t  types of electroexplosive 

i n i t i a t o r s  the re  i s  a need f o r  d i f fe ren t  types of power sources t o  actuate  

them and a need f o r  d i f fe ren t  types of input f o r  t h e i r  evaluation. As a 

general ru le ,  t h e  s e n s i t i v i t y  of carbon bridges i n i t i a t o r s  i s  evaluated 

using a capacitor discharge. Capacitor discharge t e s t s  have been proven 

of value i n  comparing evaluation data  i n  f i e l d  problems with information 

t h a t  i s  published on t he  performance of i n i t i a t o r s  i n  the  E l ec t r i c  I n i t i a t o r  

Handbook (6) 

Capacitor discharge t e s t i n g  i s  a l so  of value i n  determining t he  

s ens i t i v i t y  of t h e  more sens i t ive  of t h e  wire bridge i n i t i a t o r s .  I n i t i a t o r s  

of high s e n s i t i v i t y  must be used i n  applications where t h e  space occupied 

by t h e  device and i t s  power source must be kept a s  low a s  possible. It 

follows t h a t  t h e  device is  usual ly  assembled with spec ia l  safety precautions 

i n t o  a system t h a t  i s  inherently a safe  one. This usual ly  means t h a t  

t h e  subassembly of which t h e  i n i t i a t o r  i s  par t  i s  a completely enclosed 

system, f r e e  f romthe  e f f ec t s  of s t a t i c  e l e c t r i c i t y  and of t he  pos s ib i l i t y  

of ign i t ion  o r  damage by radio frequency energy. Indeed, t he r e  i s  a 

de f in i t e  need f o r  sens i t ive  e l e c t r i c  i n i t i a t o r s .  

Wire bridge devices are more sui ted t o  t e s t i n g  by constant current  

impulse than by any other means. They a r e  t e s t ed  e i t h e r  by t h e  appl icat ion 

of a s tep  function of current o r  by a timed pulse. I n  any case it i s  

possible t o  observe the  voltage drop across the  i n i t i a t o r  under t e s t  and 

t o  obtain information on energy, power, and voltage during the  pulse. Once 

t h i s  information has been obtained, it i s  possible t o  make predictions 

of t h e  performance of these  devices from almost any type of power source 
( 7 )  t h a t  can be described e l e c t r i c a l l y  and mathematically . 



Spark gap and conductive mix i n i t i a t o r s ,  while po ten t ia l ly  

important i n  some applications,  a re  not a s  popular a s  t h e  conventional 

hot-wire devices. The spark gap i s  usual ly  t e s t ed  and f i r e d  from capaci tor  

discharges and t h e  conductive mix i s  excited from almost any source t h a t  

can be imagined. Both a r e  characterized by rad ica l  res is tance changes 

i n  t h e  process of functioning. 

Exploding bridgewire (EBw) devices a r e  r e l a t i ve ly  new i n  t h e  

ordnance f i e l d ;  t h e  f u l l  impact of these  devices has not yet  been f e l t .  

Presently there  i s  a t rend toward a systems approach on these  devices i n  

which t h e  EBW i s  purchased with t h e  power source and custom-fitted t o  a 

weapon. This approach seems sound, but without proper safeguards it 

could r e s u l t  i n  very high cost ,  pa r t i cu l a r l y  i n  t h e  determination of 

qua l i t y  and r e l i a b i l i t y .  Independent evaluation of the power source and 

t h e  explosive device appears t o  be one approach t o  reasonable expenditures 

i n  systems evaluation. 

Many weapon designers, i n i t i a t o r  developers and manufacturers 

i n  both government and industry have been faced with t he  problem of 

evaluating e l e c t r i c  i n i t i a t o r s .  Often there  a r e  problems involved i n  

performance of a prototyye system o r  subsystem t h a t  can be t raced d i r e c t l y  

t o  a lack of qual i ty  o r  uniformity i n  t h e  instrumentation used fo r  t h e  

evaluation of the  i n i t i a t o r  i n  t h e  system. We may suppose t ha t  some of 

t h i s  trouble can be eliminated i f  some of t h e  problems and t h e i r  solutions 

a r e  understood. For t h i s  reason we a r e  presenting some of t he  information 

on instrumentation t h a t  we have accumulated i n  twelve years of designing 

and developing equipment, and a l so  put t ing it t o  use f o r  evaluation. 

Let us begin with t he  problems t h a t  a r e  common t o  most i n i t i a t o r  

t e s t i ng .  The f i r s t  measurement i s  usual ly  bridge res i s tance .  I n  order t o  

measure res is tance we must pass some current  through t he  bridge c i r c u i t  

of t h e  i n i t i a t o r  under t e s t .  I n  t h e  usual  case there  i s  a need t o  limit 

t h e  current t o  a safe value. It i s  not suf f ic ien t  t h a t  t he  device remains 

unini . t iated;  safe  current is ,  from a t e s t i n g  point of l ~ i e w ,  one which 



leaves t he  device unaltered i n  any respect .  Actually, tne chemical 

react ion t h a t  i s  hastened by t h e  appl icat ion of heat t o  the  explosive is  

accentuated by even the  s l i gh t e s t  r i s e  of temperature i n  the  bridge c i r c u i t .  

If a part of the  chemical contained i n  the  i n i t i a t i o n  region of the  

i n i t i a t o r  undergoes any kind of react ion then t h e  EED under t e s t  is no 

longer t h e  same device; subsequent t e s t  r e s u l t s  may not necessari ly apply 

t o  the  device i n  i t s  or ig ina l  condition. We must exercise caution t o  

use very low currents  f o r  measuring res is tance and the implication i s  never 

t o  waste time r e t e s t i ng  an item exposed t o  bridge current  unless the 

magnitude of exposure i s  proven safe .  The sa fe  value of current f o r  

each spec i f ic  type of i n i t i a t o r  may be determined by a s e r i e s  of t e s t s  

t ha t  c l a s s i fy  t he  charac te r i s t i cs  of t h e  device. This has been done 

f o r  a number of specif ic  c lasses  of i n i t i a t o r s ,  l i k e  t he  wire bridge, t o  

t he  extent t na t  we a r e  s a t i s f i e d  with t h e  appl icat ion of a current  of 1 

milliampere f o r  res is tance measurements. 

Similarly,  t h e  carbon bridge, i f  properly manufactured, w i l l  

t o l e r a t e  a current  on t he  order of 10 microamperes(*). Tolerance limits 

have not been established f o r  many of t h e  conductive mix i n i t i a t o r s ,  

although our experience ind ica tes  t h a t  it i s  advisable t o  use a s  low a 

current a s  i s  possible. Exploding wire types of i n i t i a t o r s  a r e  a l so  not 

f u l l y  described i n  t h i s  sense although currents smaller than those required 

t o  fuse t h e  bridgewire should ce r ta in ly  be used. We generally specify a 

current t h a t  i s  high enough t o  give t h e  required resolut ion of res is tance 

r~icasurement and low enough so t ha t  t h e  bridgewire remains well below t h e  

fusing point .  

Two means of measuring res is tance have been found sa t i s fac tory .  

These a r e  shown i n  Figure 1. The f i r s t  method ( ~ i ~ .  1A) used a conventional 

Wheatstone bridge with a current-limiting a r e s i s t o r  i n  s e r i e s  with a 

ba t te ry  power supply. The current l imi t ing  r e s i s t o r  is  changeable according 

t c  the  type of i n i t i a t o r  under t e s t ,  so t h a t  t h e  current  i s  appropriate.  

The necessari ly low current  means t h a t  the  indicat ing galvansmeter must be 



sensi t ive .  I n  the  second o r  voltage drop, method (Fig. 1 ~ )  the current 

through the  device under t e s t  i s  kept constant, and the  voltage across 

the  device i s  amplified by a precision amplifier  whose output i s  fed t o  

a d i g i t a l  voltmeter t h a t  presents t he  res is tance of the  i n i t i a t o r  d i g i t a l l y .  

Following the  res is tance check, the  electroexplosive device i s  

usually exposed t o  an input stimulus. I f  t he  t e s t  i s  f o r  acceptance, the  

exposure l eve l  i s  generally specified and a l l  f i r i n g  i s  executed a t  one 

input l eve l .  I f  s ens i t i v i t y  i s  being checked, the  input stimulus is 

varied according t o  one of t he  t e s t  plans referenced e a r l i e r .  W h e ~  input 

conditions a r e  described i n  terms of more than one variable,  a l l  but one 

of the var iables  a r e  held constant. 

The th ree  main types of t e s t  equipment f o r  e l e c t r i c  i n i t i a t o r s  

a re  capacitor discharga, constant current and constant voltage. Simplified 

versions of these t e s t  c i r c u i t s  are  shown i n  Figure 2.. 

The need f o r  the  capacitor discharge t e s t  becomes evident i f  one 

considers t he  energy l eve l  a t  which t he  i n i t i a t o r  f i r e s .  Theoretically 

only t ha t  energy avai lable  on t he  capacitor i s  allowed t o  enter t he  input 

terminals of the  i n i t i a t o r .  I n  r ea l i t y ,  it has been found tha t  the  input 

energy alone i s  not a good c r i t e r i on  f o r  judging t h e  performance of an 

i n i t i a t o r .  I f  both capacitance and voltage a r e  specified,  then the  

capacitor discharge t e s t  has more meaning. Certain regions of the  log- 

capacitance vs log-voltage curve f o r  some i n i t i a t o r s  a r e  l i nea r  and do 

exhibit  the  correct  slope t o  be of constant energy response. 

There a r e  losses  t o  be reckoned with i n  any t e s t  s e t ;  these  

become of major importance i n  capacitor discharge t e s t  s e t s .  Previous 

papers presented on t h i s  subject l i s t  i q  d e t a i l  some of t he  problems 

associated with capacitor discharges t e s t i ng (9 ) .  Some of t h e  more 

important parameters t ha t  must be considered, a s  contributing t o  capacitor 

qual i ty ,  a re  d i ss ipa t ion  factor ,  d i e l ec t r i c  hysteres is ,  voltage breakdown, 

and leakage res is tance.  Dielectr ic  mater ia ls  t h a t  have been found t o  be 

su i tab le  f o r  i n i t i a t o r  t e s t i n g  include Teflon, polystyrene, and W l a r .  



I n  t e s t i n g  i n i t i a t o r s ,  t he r e  have been differences i n  r e s u l t s  

when capacitors with d i f f e r en t  d i e l e c t r i c  mater ia ls  were used, which 

shows t h e  need f o r  care i n  specifying and recording t h e  exact conditions 

of  every t e s t .  

Another important f a c to r  in  capacitor discharge equipment i s  

t h e  leakage res i s t ance  of t h e  c i r c u i t .  This becomes of c r i t i c a l  importance 

i f  t h e  time lapse  between disconnection of t h e  power source and t h e  

connection of t he  detonator i s  long o r  var iable .  The switch o r  re lay  i n  

t h e  f i r i n g  l i n e  must not bounce o r  degrade with repeated use. The s t r ay  

capacitance on t h e  f i r i n g  l i n e  end of the  equipment introduces l o s se s  

t h a t  can be important, p a r t i cu l a r l y  when t h e  value of f i r i n g  capacitance 

i s  low. The attachment of aux i l i a ry  equipment including t h a t  f o r  safe ty ,  

r es i s t ance  and functioning time introduces s t r a y  capacitance and shunt 

res is tance  t o  t h e  extent  t h a t  a compromise i s  required between l o s s  

parameters and ease of use of t h e  equipment. 

The problems assbciated with constant current  t e s t i n g  a r e  

d i f f e r en t  from those of t he  capacitor  discharge t e s t .  F i r s t ,  a means of 

obtaining a constant current  i s  needed. Some evaluators have advocated 

t h a t  a res i s t ance  the  same a s  t h a t  of t he  i n i t i a t o r  be placed i n  a c i r cu i t  

t h a t  i s  e s sen t i a l l y  a constant voltage source. A t  t he  time of t h e  t e s t ,  

t h e  i n i t i a t o r  i s  switched i n to  the  place of t he  r e s i s t o r .  This t e s t  method 

i s  acceptable i f  t h e  res i s t ance  of the  i n i t i a t o r  does not change with t h e  

appl ica t ion of Tower. There a r e  but a few i n i t i a t o r s  in existence t h a t  a r e  

thus  characterized;  most t h a t  we have evaluated change by a factor  of from 

two t o  four  i n  t h e  process of being excited.  It can be concluded t h a t  

t h i s  approach does not y i e l d  a constant current t e s t .  Electronic regula t ion 

has been considered f o r  providing constant current .  The main problem here 

i s  t h a t  it takes  a r e l a t i v e l y  long time f o r  t h e  regula tors  t o  t ake  hold. 

We have found t h a t  a r e l a t i v e l y  high voltage, high current power supply 

f i t t e d  with s e r i e s  current l imi t ing  r e s i s t o r s  o f f e r s  one of the  b e t t e r  

means of t e s t i n g  a wire bridge device, e.s i s  shown in Figure 2B. 



The switch used i n  supplying t he  current  t o  t h e  device under 

t e s t  can be a mercury relay,  preferably one t h a t  has mercury t o  mercury 

contact i f  a s tep  function of current i s  desired.  There i s  a l s o  t h e  

probabi l i ty  t h a t  a pulse of controlled appl icat ion time i s  desired.  

Solid s t a t e  devices have been used t o  obtain rectangular pulses 

f o r  which t h e  conduction time can be control led( lO) .  The leakage current 

involved i n  these  devices i s  usual ly  i n  t h e  microampere region which makes 

them adequately i so l a t i ng  f o r  use a s  a switch i n  t e s t i ng  wire bridge and 

conductive .nix i n i t i a t o r s .  The switching current t h a t  these devices 

a r e  presently capable of handling reaches i n t o  t h e  hundred-ampere region. 

Our experience has been t h a t  pulses a s  short  a s  100 microseconds can be 

delivered with r e l i a b l e  performance, by t h e  use of a s i l i con  controlled 

r e c t i f i e r  (SCR) switch. Transistors t h a t  a r e  now i n  production appear 

t o  o f f e r  many advantages a s  switching devices f o r  timed current appl icat ions  

t o  i n i t i a t o r s .  For i n i t i a t o r  t e s t i ng  with pulses l e s s  than 100 micro- 

seconds, we have found t h a t  a pulse-forming network and thyrat ron o f f e r  

a reasonably shaped and reproducible pulse. The lower l i m i t  i n  time nor 

has the  upper l i m i t  i n  magnitude of the  applied pulse (current ly  on t he  

order of 16 amperes f o r  conventional wire bridged devices) have not been 

approached t o  date.  

Constant voltage t e s t s  a r e  conducted i n  a manner similar  t o  t he  

constant current t e s t s  with a c i r c u i t  s imilar  t o  t h a t  shown in Figure 2C. 

The paver source i s  usual ly  a rugged device capable of delivering a 

hundred o r  more amperes. The switch i s  a mercury r e l ay  or  a su i tab le  

so l i d  s t a t e  device. So f a r ,  constant voltage t e s t i n g  has been l imi ted 

t o  devices t h a t  have r e l a t i ve ly  high res is tance and t h a t  a r e  r e l a t i ve ly  

sens i t ive .  It i s  important t h a t  t he  power source have good voltage 

regulation from no-load t o  t h e  maximum load expected from the  i n i t i a t o r s  

which may be t e s t ed .  Transients from t h e  power source i n  any of the  t e s t  

s e t s  a r e  not des i rable  f o r  they tend t o  complicate evaluation of t h e  

i n i t i a t o r  and lead t o  misunderstandings where data  are compared. Inductive 

r e s i s t o r s  a re  one of t h e  g rea tes t  offenders i n  producing t r ans i en t s .  



The exploding bridgewire device i s  found i n  the  r e a l m  of capacitor 

discharge tes t ing .  The c i r c u i t  requirements a r e  so dif ferent  f o r  t h i s  type 

of t e s t i ng  t h a t  volumes of material  have been wr i t t en  concerning c i r c u i t s  

and responses. The prime requirement f o r  repeated t e s t i ng  i s  t h a t  the  

equipment s tay t he  same. One of t h e  weak points of ea r ly  EEW f i r i n g  

c i r c u i t s  was t he  switching device. Some gap switches t h a t  have been i n  

use a re  reported t o  have had a l i f e  of some 30 shots, a f t e r  which performance 

degraded t o  t he  point t h a t  the  switch ra ther  than t h e  detonator was being 

evaluated. This i s  obviously undesirable i n  any t e s t  s e t .  Though these 

switches have been improved, we have solved the  problem i n  a d i f fe ren t  way. 

We use a General E l ec t r i c  7171 Igni t ron t h a t  i s  capable of standing off 

10,000 vo l t s ,  and conducting current with a magnitude a s  high a s  35,000 

amperes f o r  a few microseconds. This type of device has been i n  use f o r  the  

application of pulses t o  EBW devices f o r  a period of about th ree  years.  

During t h a t  time several  thousand pulses have been applied t o  various 

devices without any measurable degradation of performance, 

The capacitor used i n  EBW c i r c u i t s  must be careful ly  selected 

for  very low in t e rna l  inductance and res is tance.  High qua l i ty  capacitors 

fo r  use i n  EBW c i r c u i t s  a r e  avai lable  from a number of well-known suppliers 

t h a t  w i l l  build capacitors t o  any reasonable specif icat ion.  

Transmission l i n e s  present a problem i n  t e s t i n g  EBW devices . 
Maximum power o r  energy i s  delivered t o  the  device when the transmission 

l i n e  matches t he  load. In  most p r ac t i ca l  s i tua t ions  where the  l i n e  is 

very shor t ,  there  i s  no great  line-impedance e f fec t  upon energy t ransfe r .  

The difference i n  cha rac t e r i s t i c  impedance i s  nevertheless measurable, 

Low impedance l i n e s  a r e  not p l en t i fu l  commercially. Recently some low 

inductance, low impedance l i n e s  have been advertised, but no information 

is available on these l i n e s  i n  connection w i t h  t e s t i n g  EBW devices. 



Knowledge of the  functioning time of most i n i t i a t o r s  i s  important, 

because it permits t h e  qua l i t y  and app l i cab i l i t y  of a  device t o  be 

determined f o r  a  specif ic  t ask .  Furthermore, it serves a s  a  check on t h e  

dispersion of t h e  l o t  of items being tes ted .  We have defined functioning 

time a s  t h e  time lapse  between appl icat ion of an e l e c t r i c a l  impulse t o  

t h e  input of t h e  i n i t i a t o r  and t h e  f l a sh  of l i g h t  from the  i n i t i a t o r .  

We obtain functioning time by detecting t he  l i g h t  output of the  i n i t i a t o r  

with a  photomultiplier c i r c u i t .  Many other methods of indicat ing t h a t  

t he  i n i t i a t o r  has functioned such a s  ionizat ion gaps, sound, f r e e  surface 

veloci ty ,  and break contacts have been used by others .  We have used a  

10 megacycle t imer a s  an indicator  t h a t  permits sensing of t he  leading 

edge of the  input s ignal  a s  a  s t a r t  pulse and receives t h e  output of t he  

photomultiplier as a  stop pulse. I n  pract ice  there  i s  l i t t l e  difference 

i n  iunctioning time measurements of detonating devices by t h s  photo- 

mul t ip l i e r  method and t h e  ionizat ion gap method i f  done properly. I n  any 

case some care  must be exercised i n  s e t t i ng  up t h e  equipment. The photo- 

mul t ip l i e r  method of determining functioning time permits one t o  check t h e  

accuracy of t he  equipment without t h e  need f o r  f i r i n g  detonators. This 

may be done using small p i l o t  lamps i n  place of t he  i n i t i a t o r .  This check 

i s  more d i f f i c u l t  i n  t he  other  methods mentioned. Furthermore, the ease 

and eff ic iency of using t h i s  method f o r  determining a  time mark a t  

functioning has not been surpassed. No modifications or  f i t t i n g s  a r e  

required on o r  i n  t he  v i c i n i t y  of t h e  i n i t i a t o r  being t e s t ed  and there  

i s  no need f o r  changing hardware a f t e r  each shot. 

I f  t he  job of running a l l  of the  t e s t s  i n  the laboratory is  not 

t o  f a l l  t c  t he  designer of t he  equipment, some means of in tegra t ing  t he  

equipment i n t o  a  p rac t ica l  and convenient un i t  is required. Even though 

the cquipnect i s  well integrated,  t he  operator must have a  high degree 

3f technical  s k i l l  t o  cope with normal, everyday problems t h a t  a r i s e  i n  

i n i t i a t o r  t e s t i ng ;  but with in tegrated equipment t h e  t ask  of t e s t i ng  

becomes more routine.  It w i l l  a l so  be found t h a t  t h e  r e s u l t s  of repeated 

t e s t s  become more meaningful. A "f ir ing-benefi t"  of t ha in tegrated 



instrument approach t o  i n i t i a t o r  t e s t i n g  i s  t h e  v i r t u a l  elimination of 

instrument-snatching. The non-integrated t e s t  s e t  up i s  subject t o  l i g h t  

hearted pi l ferage by others  i n  a laboratory.  It appears t h a t  t h i s  i s  t o  

be expected when the  equipment i s  l e f t  i n  unsightly and loosely-organized 

assembly. This i s  f a r  l e s s  t r u e  i f  equipment is supplied in a rack, neatly 

assembled and l e t t e r ed .  The equipment tends t o  s tay  i n  a package, t o  t h e  

substant ia l  benefit  of a l l  concerned. Circuit  changes o r  apparently minor 

modifications may be introduced unknowingly o r  wrongly be considered 

ins ignif icant  when equipment i s  changed repeatedly. 

We have constructed a number of t e s t  s e t s  of t he  d i f fe ren t  types 

t h a t  a r e  discussed b r i e f ly  i n  t h i s  paper. The f i r s t  one t h a t  we undertook 

t o  construct was f o r  our own use here, wher, t h e  evaluatiori and characterizatioi  

of e l e c t r i c  i n i t i a t o r s  was f i r s t  assigned us a s  a t ask .  We went through 

the  throes of designing and evaluating t h i s  t e s t  s e t  t he  hard way. Most 

of the  components t h a t  we or ig ina l ly  selected were eventually replaced. 

Under t h e  sponsorship of Picatinny Arsenal we constructed 11 of t h e  f i n a l  

models of t h i s  instrument t h a t  we cal led The Franklin I n s t i t u t e  Laboratories 

I n i t i a t o r  Test Se t  (FILITS) Model 2. Model 1 could not even be transported 

across t h e  laboratory without the  need fo r  minor repa i r .  Figure 3 is a 

photograph of t h e  model 2 equipment. Many of these capacitor discharge 

t e s t  s e t s  a r e  s t i l l  i n  use, Unlike t he  present s i tua t ion ,  t h e  cry a t  

t h a t  time was f o r  more and more sens i t ive  i n i t i a t o r s .  Units, tens ,  and 

hundreds of ergs was t h e  s ens i t i v i t y  range discussed a t  the f i r s t  
(11 1 Elec t r ic  Detonator Symposium . 

Missile c i r cu i t ry  and the  pos s ib i l i t y  of inadvertent f i r i n g  

caused a res tora t ion  of i n t e r e s t  i n  l e s s  sens i t ive  devices, which s t i l l  

prevai ls .  Some combination capacitor-discharge and constant-current t e s t  
(12 1 s e t s  were designed f o r  Lockheed Aircraf t  f o r  use on the  Polar is  program . 

An example of one of these  i s  shown i n  Figure 4. 



Pulse t e s t i n g  under constant exc i t a t ion  was a l s o  of great  i n t e r e s t  

t o  the  Army a t  t h i s  time. A s  a r e s u l t  The Franklin I n s t i t u t e  Universal 

Pulser  (FILuP) (13) was designed. Three of these  u n i t s  were constructed. 

One was supplied t o  Picatinny Arsenal which sponsored the  development of 

t he  equipment, one went t o  White Sands Missile Range and one remains a t  

The Franklin I n s t i t u t e .  This equipment i s  shuwn i n  Figure 5. It contains 

a l l  of the  equipment and ins'truments necessary t o  make res is tance ,  functioning 

time and s e n s i t i v i t y  measurements on e l e c t r i c  i n ik i a to r s  from constant 

current  and constant voltage rectangular  pulses.  I n  addit ion,  it fea tu res  

d i g i t a l  readout of current  and voltage.  An oscil loscope i s  b u i l t  i n  t o  

provide f o r  t he  examination of waveforms i n  t he  equipment and on t h e  

i n i t i a t o r  a s  t e s t s  a r e  being made, 

Two types of generators a r e  used t o  provide pulse? ranting f r o r  

1 microsecond t o  several  minutes. Current i s  available up t o  about 40 

amperes and voltages up t o  800 vo l t s .  There a re  l im i t a t i ons  on both 

current  and voltage with t he  load res is tance  of the  device under t e s t .  

More de ta i l ed  cha r ac t e r i s t i c s  of the FILUP a r e  ava i l ab le  f r o m t h e  

references c i t ed .  This equipment i s  present ly  t h e  work horse of our 

evaluation program. It i s  well su i t ed  f o r  t e s t i n g  t he  one-ampere, one- 

watt devices t h a t  a r e  so much discussed today. 

A device f o r  t e s t i n g  exploding bridgewire detonators (14) is 

shown i n  Figure 6 ,  This equipment was designed t o  be used with the  FILUP 

o r  with measuring equipment external  t o  t h e  instrumentation shown i n  t h i s  

photograph, A precis ion power source i s  used here with an upper l i m i t  of 

3000 vo l t s  . The f i r i n g  switch i n  t h i s  c i r c u i t  i s  unique, we bel ieve  f o r  

t h e  evaluation of EBW devices. This equipment i s  qu i t e  ea r th  bound 

r a the r  than  airborne,  and f o r  t h a t  reason we have place i n  it a ground- 

based switch (which was mentioned e a r l i e r )  t h a t  i s  known as a General 

E l e c t r i c  7171 Igni t ron.  Thi s switch w i l l  control  10,000 vo l t s ,  and 

conduct 35,000 amperes f o r  a few microseconds i f  it needs t o .  This i s  

not  the  bes t  f ea tu re  of t h e  switch, howcver. The cne Ice have i n  our 



l a b o r a t o r i e s  has been r i r ed  thousands of  t imes and we a r e  unable t o  d e t e c t  

any appreciable change i n  performance when waveforms a r e  checked across  

a r e s i s t i v e  load .  This s t a b l e  opera t ing  c h a r a c t e r i s t i c  i s  h ighly  necessary 

t o  t h e  continuing opera t ion  of  a  t e s t  s e t .  Spec ia l  capac i to r s  having very  

low inductance a r e  used. They a r e  se l ec ted  by a very heavy switch;  va lues  

of  c a p a c i t a n e  a r e  1, 2 and 1 0  microfarads and they  a r e  r a t ed  a t  6000 

v o l t s  . 
A coaxia l  current  shunt i s  b u i l t  i n t o  t h e  equipment s o  t h a t  t h e  

current  waveform of t h e  device under t e s t  can be observed wi th  an 

osc i l loscope  f o r  each shot .  Sync pulses  and monitor jacks a r e  provided 

i n  t h e  r e a r .  I n  add i t  ion t h e  equipment has been in t e r locked  f o r  s a f e  

ope r a t i o n .  

R ~ c s n t l y ,  t h e  FILITS has been revamped t o  provide mom convenient 

and p rec i se  capac i to r  discharge t e s t i n g  of e lec t roexplos ive  devices.  This 

l a t e s t  piece of t e s t  equipment i s  shown i n  Figure 7 and i s  c a l l e d  FILITS 
'3(15). It provides f o r  t h e  d i g i t a l  i n d i c a t i o n  of bridge r e s i s t a n c e  

ranging from a few hundreths of an ohm t o  15,000 ohms. This i s  accomplished 

with measuring cu r ren t s  of t e n  microamperes i n  t h e  case of s e n s i t i v e  devices. 

One milliampere i s  used on low r e s i s t a n c e  devices t h a t  a r e  l e s s  s e n s i t i v e .  

The c i r c u i t  shown i n  Figure 1 B  i s  t h e  one used t o  measure r e s i s t a n c e .  This 

c i r c u i t  i s  e a s i l y  adjus ted ,  it i s  f a s t  t o  use,  and operat o r  e r r o r  i s  

i n h e r e n t l y  low by v i r t u e  of t h e  d i g i t a l  presenta t ion .  

S e l ~ c t i o n  of +,he f i r j n g  capaci tor  i s  accomplished simply. A l l  

zf  t h t  ava i l ab le  capac i to r s  a r e  mounted behind a panel with connectors 

from each capac i to r  t o  one t e r n n a l  of a  two-conductor female r ecep tac le  

on t h e  f a r e  of t h e  panel .  One of the  f i r i n g  c i r c u i t  l e a d s  i s  common t o  

a l l  t h e  capac i to r s ;  t h e  o the r  i s  common t o  t h e  r ecep tac le s .  Placing a 

two-pronged jumper plug i n t o  one of t h e  c l e a r l y  marked recep tac le s  connects 

t h e  chosen capac i to r  i n t o  t h e  c i r c u i t ,  The i n t e r l o c k  switch provided on 

t,he swing-dcwn p o r t i o ~  of t h e  capac i to r  s e l e c t o r  panel provides s a f e t y  f o r  

t h e  opera tor ;  zhe charged capaci tor  can d e l i v e r  a pa in fu l  or. harmflu1 shock. 



This in te r lock  disconnects t h e  source of power and discharges the  f i r i n g  

capacitor  c i r c u i t .  A space posi t ion i s  provided on t h e  capaci tor  bank 

so t h a t  the  u se r  may connect any capacitor  he des i res  i n to  the  c i r c u i t .  

The chosen capacitor  i s  charged by a precision power supply t h a t  

i s  adjus table  t o  u n i t s  of v o l t s  with an upper l i m i t  of 1000 v o l t s .  Not 

completely s a t i s f i e d  with t h i s ,  we have made provision f o r  dividing t h i s  

voltage by t e n  o r  by 100. The reasons f o r  t h i s  i s  evident t o  those who 

have made t e s t s  on well-made, sens i t ive  detonators.  Adjustment t o  

hundreths of v o l t s  i s  sometimes des i rable .  Jus t  t o  be sure t h a t  t h i s  

excellent  power supply s tays  t h i s  way, the d i g i t a l  voltmeter i s  l e f t  

connected t o  t he  power supply s ide  of t h e  f i r i n g  re lay.  The po ten t ia l  

on t h e  capacitor  is  known up t o  the i n s t an t  of f i r i n g ,  

Functioning t h e  measurements a r e  made using a 10-negaLycle 

EPUT and t imer.  This instrument ind ica tes  functioning time t o  the  nearest  

t en th  of a microsecond, and sometimes readings of t h i s  precision a r e  

necessary. The leading 'edge of the  capacitor  discharge pulse i s  used t o  

s t a r t  t h e  counter, and in the  case of detonators and squibs, t h e  f l a s h  

output of t he  device i s  used t o  produce a s top s ignal .  

New concepts have been introduced i n t o  the  i n i t i a t o r  f i e l d  

recent ly  t h a t  have opened a need f o r  experimental assessment of i n i t i a t o r  

response t o  repeated pulses.  There i s  a need t o  prevent radio  frequency 

energy o r  pulsed telemetry current  from af fec t ing  performance. The need 

fo r  t h e  information i s  evident i f  m e  examines and compares ex i s t ing  RF 

s e n s i t i v i t y  data  f o r  continuous wave (CW) and pulsed radar .  The t o t a l  

energy o r  average power required t o  a f f e c t  a devtce i s  o f ten  l e s s  i n  the 

case of pulsed energy than it i s  f o r  CW. There a re  mathematical and 

physical explanations f o r  t h e  apparently g rea te r  s e n s i t i v i t y  and some 
(16 experimental data  on a few types of these  devices , 



The task of evaluating i n i t i a t o r  s ens i t i v i t y  t o  repeated pulses has i n  

most cases been complicated by the  addit ion of ar, RF component included 

i n  the  pulse envelope. The need t o  eliminate t h e  RF and obtain a c leare r  

pic ture  of pulsed performance ins t iga ted  t he  development of a repe t i t ive  

pulse generator. 

Such an instrument has recently been developed f o r  the  application 

of constant current pulses t o  wire bridge i n i t i a t o r s .  The na tura l  evolution 

of the  generator i s  from a radar pulse modulator, and t h a t  i s  where we 

began. We found t h a t  a conventional pulse modulator when suddenly connected 

t o  a load gave a response s imilar  t o  t h a t  shown i n  Figure 8. Note t h a t  

the amplitude decays rapidly  a t  an exponential r a t e  upon application of 

successive pulses. I f  adjustment i s  made using a dunnn;y load, the  f i r s t  

few pulses and the  assessment of i n i t i a t o r  input a r e  always higher than 

the steady s t a t e  amplitude. Several inef fec t ive  schemes were designed t o  

e l h a t e  t h i s  problem; t he  power supply and associated equipment were 

never qui te  good enough. 

We f i n a l l y  arr ived a t  the  c i r c u i t  t h a t  i s  depicted i n  Figure 9 ,  

The regulation of the  pulser  becomes of minor importance i n  the  c i r cu i t  

because the  output i s  t ransferred from a dummy c i r cu i t  t o  the i n i t i a t o r  

c i r cu i t  without the  pulser being "aware" t h a t  it has been switched. 

Desired pulse conditions, r epe t i t i on  ra te ,  pulse width and amplitude, 

a r e  se t  by viewing conditions with the  dummy c i r cu i t  i n  use. I n  t h i s  

s t a t e ,  pulses from the  pulse repe t i t ion  r a t e  generator a re  discharging 

t h e  pulse forming network i n t o  t he  dummy load. 

A t  the  desired time and f o r  a desired in te rva l ,  governed by t h e  

output of the  gate,  the  pulses a r e  switched i n t o  t he  i n i t i a t o r ,  The 

resu l t  i s  exposure of t h e  i n i t i a t o r  t o  a t r a i n  of precisely  controlled 

pulses. Present l imi ta t ions  on this device a r e  Pulse Repetition Frequency 

( P W ) - ~ O  t o  2500 PPS: Pulse width-1 t o  10 microseconds; Amplitude-up t o  

20 amperes; Application time 1 millisecond minimum. The range of most 

of these charac te r i s t i cs  can be expanded by the  use of more refined 

components. This equipment, known a s  FILREP, i s  shown in Figure 10,  
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A l l  of these instruments cover a wide range of precisely  controlled 

input st imuli .  Output charac te r i s t i cs  a r e  summarized i n  Table 1. They a r e  

evaluation too ls ,  but jus t  a l i t t l e  more than t h a t .  They a re  specia l  t o o l s  

f o r  specialized craftsmen i n  a specialized f i e l d .  The need fo r  t h e  r e su l t s  
* 

t h a t  these t oo l s  can produce i s  great .  A common language i n  e l e c t r i c  

i n i t i a t o r  technology i s  being generated by t h e i r  use dai ly .  New information 

i s  being produced and disseminated on i n i t i a t o r  sens i t iv i ty ,  performance 

and qua l i ty .  This information we f e e l  i s  va l id  and correct  from an 

instrument point of view. Results could be reproduced from day t o  day, 

month t o  month and year t o  year ,  This i s  a f t e r  a l l  t he  r e a l  objective of 

evaluation instrumentation. Further, the  r e s u l t s  can be applied t o  

p rac t ica l  problems concerning i n i t i a t o r  use including sa fe ty  and r e l i a b i l i t y .  

To these problems there  can be no compromise answers. 

We have a long way t o  go before we can say a l l  instrumentation 

problems with e l e c t r i c  i n i t i a t o r s  a r e  solved, New problems a r e  continually 

ar is ing,  and some turn  out t o  be very perplexing indeed. 

People a r e  thinking, developing, t e s t i ng  and creating new 

i n i t i a t i n g  devices f a s t e r  than the  old ones can be f u l l y  evaluated. As 

i n  most other technology understanding improves exis t ing devices and opens 

new domains t h a t  i n  themselves contain a host of new problems t o  be solved. 

This process can only improve t h e  performance, r e l i a b i l i t y  and efficiency 

of t he  weapons and spacecraft tha t  need i n i t i a t o r s  t o  perform t h e i r  function. 

The. author i s  appreciative of the  support and encouragement of 

the  sponsors including Ficatinny Arsenal, who sponsored a major portion 

of t he  work reported here, White Sands Missile Range and the  Navy sponsored 

Lockheea Aircraft  Company. Willard Wsiss deserves most of the  c red i t  f o r  

building t h e  equipment. Others both a t  Franklin I n s t i t u t e  and a t  Picatinny 

Arsenal have contributed i n  many ways t o  the  development of t h i s  equipment. 
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19. DISCUSSION 

M r .  Hauser of t h e  A i r  Force Aeronautical Systems Division sa id  

t h a t  a statement was made t h a t  t he r e  i s  a need f o r  data  concerning t h e  

response of EEDs t o  e l e c t r i c a l  pulses. He s t a t ed  fu r ther  t h a t  he had 

spent time recent ly  searching f o r  l i t e r a t u r e  on t h i s  subject .  He asked 

i f  any information was being published on t h i s  o r  i f  the re  were references 

ava i lab le  on t h i s  t o  he lp  i n  t h e  assessment of hazards. M r .  Davey 

suggested searching t h e  proceedings of t h e  recent HERO Congress, which 

contain information on pulsing. He a l so  mentioned a paper on t h i s  

subject  which was presented a t  t h e  l a s t  E l ec t r i c  I n i t i a t o r  Symposium. 

The author of t h e  paper was Mr. Kabik and others  a t  NOL, Whit e Oak. 

This paper i s  a t heo re t i c a l  treatment of t h e  response of i n i t i a t o r s  t o  

t r ans i en t  pulses. The references i n  t h e  paper a r e  a l so  helpful .  

M r .  Kabik added t h a t  t he r e  w i l l  be another paper on t h i s  subject  by 

D r .  Rosenthal, l a t e r  i n  t h e  program. 

I n  reply  t o  a question by M r .  Digney of du Pont, M r .  Davey sa id  

t h a t  a 1P22 photomultiplier was used t o  sense t h e  i n i t i a t o r  f lash.  

Response time of t h e  photomultiplier i s  of t h e  order of 10-l3 seconds. 

Times of i n t e r e s t  a r e  only low6 t o  seconds. The photomultiplier tube 

i s  not usual ly  t h e  limiting f ac to r  i n  t h e  response, but  ra ther  t h e  l i g h t  

output from t h e  i n i t i a t o r .  The biggest problem i s  i n  assuring t h a t  

adequate l i g h t  i s  available.  Sens i t i v i t y  of t h e  counter i s  a problem too. 

It i s  necessary t h a t  both s t a r t  and stop s ens i t i v i t y  s e t t i ngs  a r e  correct .  
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21. Low Enerm. Secondary B ~ l o s i v e  Detonator Robert L . Wagner 

A mechanically insens i t ive ,  low energy ac t iva ted  detonator i s  being 
developed f o r  conventional ammunition fuzing. This paper presents  t h e  
progress and problems i n  reproducib i l i ty  and r e l i a b i l i t y  of such a 
detonator. 

22. The Physics and S t a t i s t i c s  of t h e  E l e c t r i c a l  J. W. Martin 
I n i t i a t i o n  Process i n  Conductina Com~osi t ion Systems (u) 

The va r i a t i ons  i n  e l e c t r i c a l  r e s i s t ance  and s e n s i t i v i t y  of conducting 
composition and carbon bridge i n i t i a t o r s  a r e  s tudied by means of random 
rectangular  a r r ays  of res i s tances .  The mechanism of hot spot formation i s  
s tudied together  with means of energy t r a n s f e r  t o  t h e  explosive components. 
Deductions a r e  given concerning threshold s e n s i t i v i t y  and conditions a r e  
given f o r  obtaining f i r i n g  i n t e r v a l s  of a few microseconds. 

23. Bridnewire Diameter Design Considerations f o r  an Harold S. Leopold 
EBW I n i t i a t o r  

The e f f e c t  of wire diameter on t h e  vigor with which a wire explodes from a 
high energy input  and t h e  subsequent i n i t i a t i o n  of  PETN surrounding t h e  
wire was invest igated.  The wire with t h e  most vigorous explosion i s  not 
necessar i ly  t h e  most e f f i c i e n t  f o r  e f fec t ing  detonation. The diameter 
of t h e  wire can be chosen so a s  t o  favor t ime reproducib i l i ty ,  r e l i a b i l i t y  
of e f fec t ing  detonations, o r  vigor of t h e  bridgewire explosion. 

24. Electrothermal Characterization of E l e c t r o e x ~ l o s i v e  L. A. Rosenthal 
Devices 

The basic  theory used t o  descr ibe t h e  electrothermal  proper t ies  of an EED 
i s  reviewed. Several instruments and techniques capable of providing 
such measurements a r e  presented. Various sources of e r ro r s  and problems 
a r e  discussed. Resul ts  a r e  presented t o  i nd ica t e  t h e  type of measurements 
possible.  Areas of fu tu re  appl ica t ion  a r e  examined. 

25. S e n s i t i v i t y  Predict ions Using Nondestructive Michael G. Kelly 
Techniaues (U) Raymond G. &cone 

It i s  shown t h a t  a non-destructive measurement of i n i t i a l  res i s tance  and 
bridgewire power s e n s i t i v i t y  may be used t o  make accurate  pred ic t ions  of 
t h e  f i r i n g  s e n s i t i v i t y  of  a given EED. The equipment, t h e  measuring 
technique, and . t h e  associated theory a r e  discussed as a r e  some of t h e  
more p r a c t i c a l  appl ica t ions  of non-destructive EED t e s t i n g .  

26. Shock I n i t i a t i o n  Through a Barr ie r  Edward L. Mi l le r  

The i n i t i a t i o n  of one explosive component by another explosive component 
through a b a r r i e r  without penetrat ion of t h e  b a r r i e r  has been accomplished. 
The use of such a system i n  a rocket motor has been successful ly  demonstrated. 



27. A Proposed Mechanism fo r  Shock I n i t i a t i o n  of Low- L.. B. Seely 
Density Granular E X D ~ O S ~ V ~ S  

Stagnation, a process in which shock-driven mater ia l  from explosive gra ins  
a t  one l e v e l  i n  a charge i s  brought t o  r e s t  against  gra ins  i n  t h e  
succeeding l eve l ,  produces hot spots  responsible f o r  t h e  f i r s t  s tage i n  
shock i n i t i a t i o n  of granular charges. It explains a number of puzzling 
shock-sensitivity phenomena, some of which are  reviewed. 

28. Bruceton Tests: Resul ts  of A Computer Study on J. W. Martin 
Small Sample Accuracy Mrs. J . Saunders 

The s t a i r c a s e  s e n s i t i v i t y  t e s t  of Dixon and Mood, a l so  ca l led  t h e  Bruceton 
t e s t ,  has been simulated on an e lec t ronic  computer which generates a known 
sample mean and standard deviation. Using t h e  r e s u l t s  equivalent t o  200,000 
f i r i n g s  t h e  accuracy of t e s t s  on samples of 25 t o  100 items i s  assessed. 
For samples of 100 items t h e  adequacy of l a rge  sample theory i s  confirmed but 
fo r  smaller samples l a r g e  correct ions a r e  necessary f o r  t h e  standard 
deviat ions and t h e  confidence limits a r e  wider. The r e l a t ed  "run-downn t e s t  
i s  discussed i n  an Appendix ana suggestions a re  made concerning t h e  best  
t e s t  spacing and grouping. The run-down t e s t  i s  compared t o  t h e  Bruceton 
t e s t  . 
29. I n i t i a t i o n  Parameters (U ) Z. V. Harvalik 

Thermal and nonthermal parameters t o  accomplish i n i t i a t i o n  of explosives i s  
discussed. The s ignif icance of these  parameters i n  establ ishing a mode of 
i n i t i a t i o n  i s  elaborated i n  conjunction with energy in t e rac t ions  with 
metastable compounds. An attempt i s  made t o  define t h e  s e n s i t i v i t y  of an 
explosive . 
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INTRODUCTION 

The desirability of an electric initiator containing only secondary 

explosives with i t s  resultant mechanical insensitivity has been discussed in 

a number of papers given previously at these electric initiator symposia. 

Such an initiator, one that can be activated from compact power sources 

such a s  Lucky crystals, (eliminating the bulky power sources required for 

Exploding Bridge Wires) could advance the state-of- the- a r t  of conventional 

ammunition fuze design. 

This paper presents the progress and some of the problems in 

achieving reproducibility and reliability of this initiator. 

BACKGROUND 

Approximately six years ago the Diamond Ordnance Fuze Laboratory 

initiated a project through a contract with the American Cyanamid Company 

to investigate the feasibility of developing an electric detonator which con- 

tained explosive materials no more impact sensitive than PETN. In addition 

to this work, various investigators, E. I. du Pont de Nelmours Co., Inc. and 

Armour Research Foundation in the United States and The Royal Armament 

Research and Development Establishment in the United Kingdom, have worked 

on this problem. R.esults of the work by these people established design 



parameters for achieving burning to detonation in a secondary high explosive 

such as  PETN and RDX. 

One of the more i m p  rtant aspects in the design of such a detonator 

i s  i t s  activation by a relatively low energy electrical power supply. The 

primary objective of work in this connection i s  to activate the burning in 

an initiator with a capacitor discharge of 10,000 ergs at 1,000 volts. The 

limited energy requirement imposed segregates this development f rom the 

exploding bridge wire type initiators. 

In pursuing this objective, Hanley Industries, Inc., St, Louis, 

Missouri has been engaged by Picatinny Arsenal under Contract No, DA- 

23- 07 2- ORD- 157 5 to study the design parameters affecting the sensitivity 

of a low energy electric detonator of the burning-to-detonation type, This 

paper presents the results obtained by Hanley Industries, Inc. 

HARDWARE AND ASSEMBLING 

Most of this discussion will center around the conductive mix itself. 

However, considerable effort went into the design, testing and selection of 

hardware, and the optimization of techniques for assembly. 

The parameters in loading and assembling which were studied in- 

cluded insulating material, length of gap, consolidation pressure, column 

lengths and column diameters. The design of detonator hardware which 

resulted from these studies i s  shown in slide No. 1. 

One of the important considerations in  the design, a s  you might 

well guess, i s  confinement, Aside from the parameters which influence 

confinement in every initiator such a s  column diameter, length, wall 

thickness, etc, , there a r e  a few unique areas  within the detonator where 

small variations in confinement significantly affect sensitivity. Mostly 



these a re  related to assembly operations. 

During consolidation of the conductive mix the confines include the 

metal walls of the column into which the mix i s  being pressed, the metal 

column bottom against which the mix i s  being pressed and the surface of 

the circular insulating film which divides the conductive mix column. The 

insulating film area is  the point where the confinement may vary during con- 

solidation. 

Experiments have shown that an incomplete o r  otherwise inferior 

bond line around the perimeter of this circular spark gap can result either 

in total malfunction o r  a decrease in sensitivity. The low energy discharge 

across the gap will physically push the mix out of the gap area if an avenue 

i s  available rather than initiating it. The result i s  usually a malfunction 

showing an open circuit and traces of conductive mix pushed between the in- 

sulating film and one o r  both of the brass electrodes. 

Data which illustrates this i s  shown on slide No. 2. Sensitivity of 

detonators in which the bonds were deliberately broken i s  compared with 

detonators which were assembled carefully so that the bond was not disturbed. 

All the items were loaded using a conductive mix which had never 

failed a t  10,000 ergs under normal conditions, Results of this experiment 

show that only 60% of the initiators having disrupted bonds fired at  10,000 

ergs. 

Another place where care  must be taken to prevent variation in 

confinement is in the torque load applied to the hardware azsembly after 

loading, The initiator sub- assembly i s  confined finally by the application 

of 17 - 20 ft, lbs. torque. This i s  the maximum that can be applied in this 

system without damage to the metal parts. 



A reduction in this load results in decreased sensitivity. Slide No. 

shows the results of omitting the torquing operation on ten (10) initiators 

loaded using a conductive mix that normally would be expected to function 

a t  10,000 ergs. The percentage of f ires decreased to less  than 85010, 

There is one more place where confinement is not controlled strictly 

by dimensions and that is in the mechanical back-up provided by the explosive 

loaded next to the conductive mix charge. This confinement i s  largely in- 

fluenced by the density of the charge. The effect of loading pressure of this 

charge on sensitivity o r  propagation of the conductive mix charge has not 

been studied extensively. Some testing was conducted which indicated the 

effect of omitting the charge below the conductive mix. 

Slide No. 4 shows the effect of reduced c~nfinement below the con- 

ductive mix charge. The conductive mix used in  this test  was one which 

f i res  consistently at 10,000 ergs in normal detonators. With the down- 

stream explosive charge omitted the percentage f ires decreased to less  than 

90%. 

Although no specific data exists to prove conclusively that increasing 

the consolidation pressure of the explosive below the conductive mix charge 

significantly affects sensitivity, there i s  a feeling on the part of the investi- 

gators that it may. There have been enough happenings during the program 

which seem to indicate a trend. One case in point which admittedly i s  in- 

significant if considered by itself i s  a test where the 50010 firing point was 

elevated to the 60010 point when consolidation pressure was raised from 

8, 000 p. s. i. to 12, 000 p. s. i. These results a r e  shown on slide No, 5. A 

portion of the work going on at the present time i s  directed toward studying 

this more tho roughly. 



THE CONDUCTIVE MIX 

Sporadic success has been obtained with sub- sieve RDX/acetylene 

black mixes. Of more than fifty (50) mixes prepared with these ingredients 

only three exhibited ignition characteristics indicating that a detonator meet- 

ing the 10,000 e rg  design requirement was possible. 

In over three hundred (300) tests  utilizing one of the three sensitive 

mixes there have been no failures with a firing energy of between 9,000 and 

10,000 ergs, 

A reproducible process for  making the RDX/acetylene black conduct- 

ive mix of this sensitivity has been elusive. Batches of mix made using 

identical processing perform differently. Considerable effort has been ex- 

pended in attempting to characterize those parameters most influencing the 

final sensitivity of the mix, and in defining the physical properties of a good 

mix. 

The parameters which have been studied most a r e  ingredient per- 

centages and mixing methods. 

The results of this work have been disappointing in  that we were 

unable to define a process which would produce a mix which would give re- 

producible results on a batch to batch basis. Even when materials from the 

same lot were used and the mixes were made side by side, results were not 

consistent. Great pains were taken to control temperature, mixing time, 

equipment and even who would be the individual assigned to prepare the mix. 

During this period of preparing and evaluating many batches of mix it  ap- 

peared that uniformity of coating the RDX was perhaps more influential than 

m e r e  proportions of the ingredients. 



In line with this indication a conductive material which had good dis- 

persion and coating properties was used. An extremely fine graphite with 

a particle size of less than one micron suspended in a butylene glycol and 

manufactured by the Joseph Dixon Crucibles Company a s  No, 78- 24 Colloidal 

Graphite, has given encouraging results. 

Seven (7) consecutive mixes have been processed by one method 

using this material and sub- sieve RDX and the results, based on limited tests  

indicate that all are  equal to o r  slightly higher in sensitivity than the best 

previous mix using other materials. Slide No. 6 shows the results of these 

tests. 

The pre-mixed ingredients included 85% sub-sieve RDX and 15% 

colloidal graphite (dry basis) in 700 cc. distilled water. 

A procedure was adopted which included ball mill mixing for twelve 

(1 2) hours with a Fisher Scientific No. 8- 38 2 milling jar and 88, 3/4" 

diameter by 3/4" long ceramic milling cylinders, The mill turned at  20 to 

21 rpm. 

After removal from the milling jar, the mixes were placed in trans- 

parent glass containers and allowed to settle for a minimum of four hours, 

The RDX settled, taking with i t  that graphite which had become attached to it, 

Most of the remainder of the unattached graphite remained in suspension and 

was removed along with the liquid by decantation, 

The results of the seven consec~tive mixes processed in this manner 

indicate that a conductive mix of the desired sensitivity can be produced and 

reproduced. 

In addition to these ball milled mixes, four batches mixed in a Waring 



Blender have given similar results. Slide No. 7 shows the results of one 

which i s  typical of the group. 

The blender was a Waring Model 7 00B. Ingredient percentages were 

again 85/15 (dry basis) but because of the smaller mixing container only 

approximately 300 cc. of distilled water was used. 

Mixing times ranged from one-half hour to two hours with the variation 

apparently not affecting the sensitivity. 

In a further step toward simplification of mixing, a mix was made in 

which the mix ingredients were mixed together in a beaker by slurrying for 

just a few minutes. In this case the explosive used was from a fifty pound 

production batch of primer grade RDX purchased from E. I. du Pont de 

Nemours, Inc. as  Lot No. 7-5. The mix performed very well, all tests 

firing without failure with a s  little a s  2, 500 ergs. Slide No. 8 shows the 

results of this test. 

CONCLUSIONS 

Having defined the materials and some of the parameters involved 

in the successful production and reproduction of acceptable low energy 

initiators, optimizing the geometry of the initiator seem s to be in order. 

The present initiator assembly has been chiefly a test vehicle in 

which a number of characteristics could be easily varied. It was designed 

without respect to size o r  weight limits. 

To be of a practical size o r  shape, much of the external mass would 

be removed since the initiator would no longer need to be a s  rugged o r  ad- 

justable and not at  all re- usahl e. 



A miniaturized version of this initiator has been incorporated into 

an M51 fuze and fired successfully when a piezoelectric ceramic placed in 

the nose of the fuze was crushed by a six foot drop of the fuze. This particu- 

l a r  version was l/4" diameter by 1/2" long. The following slides show the 

fuze in action. Slide No. 9 shows the test set up. Slide No. 10 shows the fuze 

in mid-air. Slide No. 11 shows the fuze exploding. 

We have come a long way with this development. There were times 

when i t  appeared that the design goals might not be achieved. We feel, how- 

ever, that there i s  yet much to be done. There a r e  still many questions 

unanswered. F o r  example, although it  i s  possible to reproduce results now 

using a particular conductive material, we do not fully understand why. 

Work will continue to study the properties of the materials separately and 

when mixed. Included in the program a r e  light microscope and electron- 

micrmscope studies of the materials, Also of interest may be the polarity 

characteristics of the conductive material and surface oxygen. 

It i s  hoped that the future will bring application in new initiator design 

work of the burning- to- detonation principals studied. 



HANLEY EIDOSTRES, INC 
ST LOUIS, MO. 



SLIDE NO. 3 

SLIDE NO. 2 
EFFECT OF TORQUE I N  FINAL ASSEMBLY 

EFFECT OF BROKEN BOND ON FUNCTIONING 

No. No. No. 
Tested F i red  Fa i l ed  

Normal Detonators 10 10 0 

Detonators With 10 6 4 
Broken Bonds 

Detonators Contained Conductive Mix HA 10D 
F i r i n g  Energy 10,000 e rgs  (1000 VDC . 0 0 2 y f  
capac i to r )  

SLIDE NO. 4 

EFFECT OF DECREASE OF CONSOLIDATION PRESSURE 
ON EXPLOSIVE CHARGE NEXT TO THE CONDUCTIVE MIX 

Explosive Charge No. No. No. 
Next To Conductive Tested F i red  Fa i l ed  
Mix 

8,000 p s i  (Normal) 15 15 0 

Explosive Omitted 15 13 2 

Detonators Contained Conductive Mix HA 10D 
F i r i n g  Energy 10,000 e r g s  (1000 VDC . 0 0 2 y f  
c a p a c i t o r )  

No. No. No. 
Tested F i red  Fa i l ed  

Normal Detonators 10 10 0 
Torque 17-20 # l b s  

Detonators 
No Torque 

Detonators Contained Conductive Mix HA 10D 
F i r i n g  Energy 10,000 e r g s  (1000 VDC .OO2yf 
c a p a c i t o r )  

SLIDE NO. 5 

EFFECT OF INCREASE OF CONSOLIDATION 
PRESSURE ON EXPLOSIVE CHARGE NEXT TO 

THE COMlUCTIVE M I X  

Exp 10s i v e  Charge No. No. No. 
Next To Conductive Tested F i r ed  Fa i l ed  

8,000 p s i  (Normal) 10 5 5 

12,000 p s i  15 9 6 

Detonators Contained Conductive Mix HA 42 
F i r i n g  Energy 10,000 e r g s  (1000 VDC . 0 0 2 q f  
c a p a c i t o r )  



SLIDE NO. 6 

CONDUCTIVE MIX SUBSIEVE RDX AND DIXON 78-24 
COLLOIDAL GRAPHITE BLEXWED I N  BALL MILL 

C o n d u c t i v e  M i x  Number 

E n e r g y ,  E r g s  HA-5 7 HA-60 HA-61 - HA-5 8 - HA-5 9 - - HA-62 - HA-63 - 
  ired   ailed   ired   ailed   ired F a i l e d  F i r e d  F a i l e d  F i r e d  F a i l e d  F i r e d  F a i l e d  F i r e d  F a i l e d  

5 0 5 0 5 0 5 0 5 0 5 0 5 0 

S a m p l e  No .  

1 
2 
3 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

SLIDE NO. 7 

CONDUCTIVE MIX - SUBSIEVE RDX AND DIXON 78-24 
COLLOIDAL GRAPHITE BLENDED I N  A WARING BLENDER 

F i r i n g  E n e r g y  
( e r g s )  

10,000 
10,000 
10,000 
10,000 

7,500 
7,500 
7,500 
7,500 
7,500 
5,000 
5,000 
5,000 
5.000 
5,000 
2,500 
2,500 
2,500 
2,500 
2,500 

Fired F a i l e d  
Sample  No. 

SLIDE NO. 8 

C o n n W C W L Y  AVAILABLE PRIMW GRADE RDX WIM AN 
AVERAGE 60 UICRON PARTICLE SIZE WAS W E  EXF'LOSIVE 
INGREDIENT AND DIXON 78-24 COLLOIDAL GRAPHITE 

HAND SLURRIED IN A BEAKW 

Firing Energy  
( e r g s )  

10,000 
10,000 
10,000 
10,000 
10,000 
7,500 
7,500 
7,500 
7,500 
7.500 
5,000 
5,000 
5,000 
5,000 
5,000 
2,500 
2,500 
2,500 
2,500 
2,500 

Fired Failed 





23 . BRIDGEWIRE DIAMETER DESIGN CONSIDERATIONS 
FOR AN EBW INITIATOR 

Howard S. Leopold 

U .  S .  Naval Ordnance Laboratory 
White Oak, S i l v e r  Spring, Maryland 

INTRODUCTION 

Factors governing the choice of the bridgewire dimensions 

of an EBW (exploding bridgewire) initiator are much more 

complicated than those for conventional hot wire items. 

Compounding the difficulty is the small amount of literature 

available on this aspect of EBW design. One of the many 

decisions confronting the designer of an EBW initiator is 

the choice of the bridgewire diameter. Preliminary work has 

been done on this problem at NOL/WO and may be of help to EBW 

designers. Some of the effects of varying the bridgewire 

diameter on the wire explosion and subsequent growth of 

explosion in PETN surrounding the wire are given in this paper. 

ELECTRICAL CIRCUITRY 

The firing circuit used in this study is shown in 

Figure 1. A GL-7964 triggered spark gap tube was used as 

the switching device. Circuit dimensions were kept as small 

as possible consistent with the necessity for testing in an 

explosive firing chamber. The firing circuit had the follow- 

ing parameters : 

C = 0.97 microfarad 

L = 0.58 microhenry 

R = 0.35 ohm 

V, = 2000 volts 



The c i r c u i t r y  was t y p i c a l  i n  t h a t  many EBW f i r i n g  u n i t s  i n  

use cons i s t  of a 1 microfarad capac i tor  charged t o  2000 vo l t s .  

EXPERIMENTAL METHODS 

The outputs  of  platinum bridgewires ranging i n  diameter 

from 0.0005 t o  0.005 inch w e r e  determined. A photographic 

technique used by ~ e n n e t t l  was employed t o  observe t h e  shock 

wave from and t h e  plasma expansion of t h e  w i r e .  The w i r e  was 

mounted i n  a holder  as shown i n  Figure 2. The s l i t  of  a 

smear camera w a s  a l igned perpendicularly t o  t h e  w i r e .  The 

r e f l e c t e d  image of the w i r e  explosion provides backl ight ing 

f o r  t h e  event. Unfortunately, only t h e  upper por t ion  of 

the w i r e  explosion t r a c e  was usable ,  Reflect ions  set i n  

almost immediately i n  t h e  lower por t ions  because of t h e  

s h o r t  length (0.050 inch) of bridgewire, 

The growth of explosion i n  t h e  PETN surrounding t h e  w i r e  

was observed i n  a t e s t  f i x t u r e  as shown i n  Figure 3. The 

t ransparent  p l a s t i c  permitted camera observation of t h e  

bridgewire a t  t h e  explosive-plast ic  in t e r f ace ,  The s l i t  of 

a s m e a r  camera was  a l igned perpendicular ly  t o  t h e  bridgewire 

between t h e  contac t  p ins ,  The smear record thus  showed t h e  

growth of explosion along the sur face  of the test explosive 

i n  contac t  with  t h e  t ransparent  p l a s t i c ,  

Concurrent with  t h e  smear camera records,  oscillograme 

w e r e  obtained of t h e  cu r ren t  and vol tage waveforms. The 

vol tage was cor rec ted  f o r  t h e  induct ive  component, Resistance, 

power, and energy values  w e r e  then ca lcu la ted ,  



EXPERIMENTAL RESULTS 

Let us f i r s t  take a look a t ~ v a r i o u s  diameter platinum 

wires of the same length behave i n  the experimental c i rcu i t ,  

Figure 4 shows an idealized* current-time trace. Superimposed 

on the trace are the points where the various diameter wires 

explode, As is t o  be expected, the time t o  wire explosion is  

i n  the order of increasing diameter. An examination of the 

oscillograms shows tha t  the 0.0005, 0,001, 0,0015, and 0,002 

inch diameter wires explode on successively higher levels of 

the f i r s t  current pulse, The 0.003 inch diameter wire explodes 

just  a f te r  the f i r s t  current peak. The 0,004 and 0,005 inch 

diameter wires do not receive enough energy t o  completely 

vaporize by the time current ceases t o  flow af te r  two or three 

half cycles. 

Nash and Olsena have shown tha t  there is a close tc  

l inear relationship between the cross sectional area of the 

wire and the t i m e  t o  burst a t  constant i n i t i a l  voltage. Our 

resul ts  plotted in  Figure 5 confirm t h i s  relationship up t o  

the 0,003 inch diameter with the same s l ight  curvature as 

shown by Nash and Olsen. A defini te  deviation i s  noticed 

with the larger diameter wires which received insufficient  

energy t o  completely vaporize. 

Let us now look a t  a typical smear photograph showing 

the growth of explosion in  PETN, Figure 6 is  such a photograph. 

*This is idealized because each diameter wire would produce a 

trace somewhat different  from the traces for other diameter wires. 

This occurs because of the differences i n  wire resistance and 

minor changes i n  wire inductance. 



The PETN w a s  a t  a densi ty  of 1.0 g/cma. This is  56.5% of 

theore t i ca l  maximum density.  We f i n d  t h a t  t h e  PETN i s  

apparently i n i t i a t e d  a t  t h e  t i m e  of the w i r e  burs t .  There 

follows a period of acce lera t ing  burning during which t h e r e  

are simultaneous e l e c t r i c a l  and chemical energy contr ibut ions 

t o  t h e  reaction. A detonation wave becomes d i sce rn ib le  approxi- 

mately 1 nm from t h e  bridgewire i n  less than 1 microsecond 

a f t e r  t h e  w i r e  burs t .  Reflected shock waves from t h e  steel 

containing r i n g  are a l s o  apparent. Once detonation commences 

no more e l e c t r i c a l  energy is  needed t o  sus ta in  t h e  chemical 

reaction. Thus t h e  t i m e  i n t e r v a l  ( i n  which w e  a r e  in teres ted)  

i s  t h e  t i m e  t o  b u r s t  p lus  approximately 1 microsecond. In  

hundreds of shots  conducted w i t h  platinum w i r e s  we  have never 

observed an ins tance  where detonation develops a t  a l a t e r  per iod 

o r  is  caused by a secondary electrical pulse. 

The photographic observations of the  bare  w i r e s  have been 

examined and p l o t t e d  as  shown i n  Figure 7 t o  show t h e  shock 

wave and plaama expansions a s  funct ions of t i m e .  The curves 

are p lo t t ed  over the maximum t i m e  i n t e r v a l  of  observation, o r  

up t o  a maximum of 2 m.icroseconds. The vigor of  the w i r e  

explosion, a s  measured by t h e  r a d i a l  expansion from t h e  t i m e  

of wire burs t ,  shows t h a t  an optimum w i r e  diameter e x i s t s .  

Prom t h e  two p l o t s  i n  Figure 7 it can be seen t h a t  f o r  t h e  

c i r c u i t  condi t ions t h e  0.003 inch diameter w i r e  gave t h e  most 

vigorous output, c lose ly  followed by t h e  0.002 and 0.0015 inch 

diameter w i r e s .  



The existence of an optimum diameter can be rat ionalized 

on the bas is  t ha t  very th in  wires are poorly matched t o  the 

f i r i ng  c i rcu i t .  They explode i n  short  times using l i t t l e  

of the available stored energy. I f  the wire diameter i s  too 

large, it w i l l  not absorb suf f ic ien t  energy t o  cause vaporization. 

This occurs even though the stored energy i s  suf f ic ien t  t o  

completely vapozize the wire. I f  it is  hypothesized tha t  the 

vigor of the wire explosion is  di rect ly  re la ted t o  the ab i l i t y  

of the  wire t o  e f f ec t  detonation, then a 0.003 inch diameter 

wire should be optimum for  the c i r c u i t  parameters employed. 

Each wire's ab i l i t y  t o  e f fec t  detonation should decrease as 

the vigor of the wire explosion decreases. This was tes ted 

i n  the following manner. A ser ies  of t e s t  shots was run t o  

reveal the optimum w i r e  diameter for detonation of PETN by 

gradually decreasing the  sens i t iv i ty  of the PETN around the 

wire. This was done by increasing the density of the PETN. 

This method eliminated any change i n  the e l ec t r i ca l  parameters. 

The r e su l t s  are  shown i n  Table 1. Whereas the vigor of the  

wire explosion was observed t o  be i n  the following decreasing 

order : 

1) 0.003 inch diameter wire 

2) 0.002 * w Y 

3) 0.0015 a 
a a 

4 )  0.001 Y Y 

The a b i l i t y  t o  e f f ec t  detonation by the  wires was found t o  

be i n  the order: 



1) 0.002 inch diameter w i r e  

2) 0.0015 * (I (I 

3)OaO03 * a W 

4) 0.001 * I) w 

The bare  w i r e  w i t h  the most vigorous shock output is not  

the best f o r  e f f e c t i n g  detonation when surrounded by explosive. 

An examination of t h e  oscil lograms showed t h a t  t h e  cu r ren t  

pulse  dropped o f f  rap id ly  with the 0.003 inch diameter w i r e  

when exploded i n  contact  with PEW. See Figure 8. Wires 

less than 0.003 inch i n  diameter r e t a i n  t h e  resurge. It 

appears that energy of e l e c t r i c a l  o r i g i n  i n  t h e  i n t e r v a l  

j u s t  after the w i r e  b u r s t  can be benef i c i a l  i n  e f f e c t i n g  detonation. 

Energy deposi t ion t o  t i m e  of w i r e  bu r s t ,  energy deposit ion 

during the microsecond i n t e r v a l  after burs t ,  and t h e  t o t a l  

energy deposi t ion d i d  not  c o r r e l a t e  w i t h  the a b i l i t y  of  t h e  

w i r e  t o  e f f e c t  detonation. This can be seen from Figure 9. 

Neither energy dens i ty  nor average power showed a cor re la t ion .  

The average power and peak power a r e  shown i n  Figure 10. Peak 

power does c o r r e l a t e  with the a b i l i t y  t o  e f f e c t  detonation. 

Peak ,Power occurs almost concurrently with t h e  peak vol tage 

and may ind ica te  t h e  most important per iod of  e l e c t r i c a l  

energy deposition. 

It was a l s o  not iced that the best t i m e  r ep roduc ib i l i t y  

is obtained when the w i r e  explodes on the i n i t i a l  por t ion  of 

the current  pulse. The length of the block rec tangle  i n  Figure 

5 ind ica te s  t h e  t i m e  spread observed f o r  each w i r e  s i z e .  



SUMMARY 

Work is  continuing t o  f i n d  t h e  f a c t o r s  t h a t  determine 

t h e  growth t o  explosion of PETN. Wire length and wire 

mater ial  s tud ies  a re  current ly  adding new ins igh t s  which 

w i l l  be reported on i n  the  fu tu re ,  

In  conclusion, with the  c i r c u i t  parameters used r e l a t i v e l y  

t h i n  and r e l a t i v e l y  l a r g e  diameter platinum wires a re  unable t o  

e f f e c t  detonation i n  PETN, The intermediate diameter s i z e s  

t h a t  e f f e c t  detonation should be chosen so as  t o  explode on the  

port ion of t h e  current  pulse t o  give the  desired e f fec t .  This 

is  i l l u s t r a t e d  i n  Figure 11, I f  time reproducib i l i ty  i s  t h e  

main consideration, the  wire should explode i n  region A with 

enough of a s a f e t y  f a c t o r  t o  insure detonation. I f  general  

functioning r e l i a b i l i t y  i s  t h e  main consideration, region B 

should be chosen. I f  maximum wire output i s  desired (i.e., t o  

break diaphragms, e tc . )  region C should be chosen. 
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23. DISCUSSION 

M r .  Cameron of  Douglas Aircraf t  asked i f  these  s tudies  were run 

only on platinum wire. M r .  Leopold sa id  t h a t  t h i s  was t r u e  f o r  t h e  s tud ie s  

of  diameter, but current  work i s  being done with o ther  materials.  He 

continued t h a t  i n i t i a l l y  t h e r e  was no idea of what wire material  was best .  

Solderabi l i ty  and r e l a t i v e  iner tness ,  i n  addi t ion  t o  thermal dynamic 

propert ies ,  were considerations in t h e  choice of  a wire material.  

M r .  Sealy of  Los Alamos asked how t h e  ve loc i ty  i n  t h e  burning 

phase compared t o  sound velooity. M r .  Leopold sa id  t h a t  they had t r i e d  

t o  determine t h i s .  The sound veloci ty i n  these  non-homogeneous materials ,  

h a l f  PETN and ha l f  air, was not known. I n i t i a l  burning measures 700 or 

800 meters per second and close t o  5000 meters per second a t  detonation. 

M r .  Forbess of GLA gathered t h a t  t h e  e lec t ronics  were held 

constant through t h i s  e n t i r e  program. He asked i f  t he re  was any information 

on t h e  e f f ec t  of r i s e  time o r  r a t e  on t h i s  subject.  M r .  Leopold indicated 

t h a t  some of  t h e  ear ly  s tudies  were concerned with inductance and 

resis tance.  He indicated fu r the r  t h a t  it i s  des i rab le  t o  get  a s  high a 

r i s e  r a t e  a s  possible.  This has t o  do with the  lfpinch ef fec t f f  i n  t h e  wire. 

The g rea t e r  t he  current density t h e  higher t h e  pinch e f f ec t .  

M r .  Forbess asked i f  M r .  Leopold believed t h e r e  was no l i m i t  t o  

r i s e  t ime a s  f a r  a s  improving performance i s  concerned. M r .  Leopold s a i d  

t h a t  i f  t h e  device has a l i m i t ,  he didn't  bel ieve it could be achieved 

with conventional f i r i n g  c i r c u i t s .  I f  super-refined c i r c u i t r y  i s  used, 

such a s  t h a t  mentioned by Mr.  Stresau, then the re  may be an optimum. 

M r .  Forbess asked i f  a current magnitude had been approached a t  

which l e s s  des i rab le  r e s u l t s  were obtained. M r .  Leopold answered t h a t  

within t h e  limits of t h e  c i r cu i t ry ,  t h e  maximum current  ava i lab le  was 

found t o  be best .  M r .  Forbess then mentioned t h a t  t he re  was no control  of 

t h e  time of  wire break. M r .  Leopold agreed, saying t h a t  any addi t ional  

res i s tance  o r  inductance in se r t ed  in t h e  f i r i n g  l i n e  decreased t h e  a b i l i t y  

t o  e f f ec t  detonation. 

M r .  Forbess asked i f  t h e r e  was any information r e l a t ing  t h e  

frequency of t h e  discharge t o  t h e  qual i ty  of t h e  r e su l t s .  M r .  Leopold sa id  

only r e l a t i v e  t o  t h e  inductance ava i lab le ,  t h a t  ranged from 6 t o  13 



microhenries. He sa id  t h a t  any decrease i n  frequency which i s  indica t ive  

of increased inductance over t h i s  range would be harmful. 

M r .  Moses of Holex asked i f  any card-gap s e n s i t i v i t y  t e s t s  

had been performed on low densi ty PETN. Mr. Leopold sa id  he hadn't made 

any such t e s t s .  Around t e n  d i f f e ren t  types of build-up o r  decay have been 

observed f o r  detonation produced by t h e  bridgewire. These w i l l  be 

explained i n  repor ts  but no work has been done with a i r  gaps nor has any 

mechanical s e n s i t i v i t y  t e s t  been performed. 

M r .  Fisher of Aerojet asked f o r  a comment on t h e  use of ribbon 

a s  opposed t o  t h e  cy l ind r i ca l  wire t h a t  was used. Mr. Leopold expressed 

h i s  view t h a t  energy densi ty would be l o s t  and t h a t  t h i s  would be harmful. 

I f  t he re  i s  abundant input energy avai lab le ,  he saw no reason why a ribbon 

wouldn't work. 

Mr. Hauser of Aeronautical Systems Division commented t h a t  t h e r e  

i s  a discontinui ty i n  t h e  coaxial  cable feeding t h e  EEL). He asked i f  

r e s u l t s  might be biased by t h e  discontinui ty because of t h e  e f f ec t  on t h e  

waveform slope, and i f  any work had been done with other  coupling c i r cu i t s .  

M r .  Leopold answered t h a t  he had not ye t  examined t h e  transmission l i n e  

e f fec ts .  Energy ca lcula t ions  a r e  made from t h e  input t o  t h e  wire o r  a s  

near t o  t h e  wire a s  possible.  





24. EIXCTROTHEFONL CHARACTERIZATION OF 
ELECTRO-EXPLOSIVE DEVICES 

Consultant, Naval Ordnance Laboratory 
White Oak, S i l v e r  Spring, Maryland 

INTRODUCTION 

The performance of an electro-explosive device is related 

to  the efficiencies of conversion of electrical energy into 

heat in  the bridgewire and heat transmission from the wire 

to  the explosive in  intimate contact with it, Nany aspects 

of this  electrothermal conversion process can be characterized 

by electrical  measurements made a t  the device input terminals, 

Providing the bridgewire can be used as i ts  own resistance 

thermometer, the temperature r i se  and the response time of 

the bridgewire can be evaluated. The object of such electro- 

thermal characterizations is to  make meaningful measurements 

which can be used to  evaluate overall EED performance. 

PRINCIPLE CONCEPTS 

Consider the simplest single time constant model to  

describe this electrothermal process, Power ~ ( t )  is put 

into an EED and results in a temperature r i se  (0)  of the wire 

(and the explosive i n  contact with it) according to 

In th i s  expression "C * is the heat capacity (wa t t - sec r~)  
P 

of a lumped composite system, Heat loss is represented 

by 'yY which is expressed in w a t t r ~  and includes a l l  

* Also Prof, of Electrical Engineering, Rutgers University, 

New Brunswick, New Jersey 



possible patha. In  the assumption of t h i s  simple lumped 

model, these two parametere essent ia l ly  describe the electro- 

thermal converaion process. Thermal reeponse i s  described 

by a time colutant T - c ~ / Y .  The r igh t  hand of equation #I 

i a  the forcing function, power, which w i l l  be some t i m e  

function. 

In  order t o  obtain the  parameters C and Y, simple 
P 

paarer functiono a re  applied t o  the SEDI, By solving equation 

41, we ant icipate the teanperature rise solution 0 ( t )  . 
Experimental techniques provide a physical solution from 

which C and Y aan be extracted i n  l i g h t  of the solutions 
P 

developed, Cases w i l l  a r i s e  where the simple model f a i l s  

t o  completely, or  with suff ic ient  deta i l ,  confirm the  experi- 

mental observations, These problems w i l l  be described l a t e r ,  

I f  the  experiment f i t s  the  proposed model then C and Y are 
P 

clearly defined for  this lumped equivalent and a re  the  sought 

a f t e r  characterizations of the  BED, 

Consider the application of a current s tep  function (I) 

t o  the EXD, How P( t )  = I ~ R  but R i a  re la ted  t o  the temperature 

rise 0, A solution t o  equation #l resu l t s  i n  
IOR 

0 - 7  [ I - e  -yet/cp ] #2 

Thie is a simple exponential r i s e  as  shown i n  figure 1. 

Note t ha t  a modified heat  loss factor  

YY - Y - I O R ~  

r e su l t s  due t o  thermal feedback, Because the uni t  heats up 

and increases its resistance, there is a further  grabbing 



of power. The term "a" is the temperature coefficient of 

resistivity at the starting or reference temperature. 

It is apparent that the final temperature achieved 

in figure 1 ( is 

from which Y can be evaluated. The slope of this curve at 

the origin is 

de/dt] - I.R/C 
tro P 

from which C can be resolved. 
P 

If the step function is reduced to a narrow pulse as 

shawn in figure 2 then power is pat into the device 

adiabatically and by examining the cooling curve from an 

initial temperature go, the time constant can be readily 

determined. If the cooling follow8 

0 - eOe -t/r #3 

then the mimple model is confirmed. The peak temperature 

excursion is related to the energy (E) in the input burst 

according to 

where 

The developing 

getting C and 
P 

of a convenient experimental procedure for 

Y ie the instrumentation aspect of these 

characterization studies. If the model proposed is an 

accurate represatation, then the solution of equation #l 



fo r  known waveforma w i l l  y ie ld  the desired parametere, 

When the model f a i l s  t o  describe the  actual  performance 

then although C and y can be individually measured, they 
P 

have less meaning, The instrumentation technique6 w i l l  

be described, 

ZLJGTRUMEQITATIOIY TECHNIQUES 

In  the  previously c i t ed  solution of the power equation 

the temperature r i s e  "g" must be measured external t o  the  

device, Providing the  bridgewire has a moderate a, then 

the resis tance change can be used inetead, Actually a 

monitoring current muat be passed through the device mince 

voltage changes corresponding to  resistance - temperature 

changes w i l l  be sensed, This relat ionship i e  

Re  - R(l+a8) 

where R i m  the remistance, f o r  a temperature change 8, 
8 

from the reference resistance level  R, For a change 

R e - R m A R m @ e  

The factor  a ~ ( 4 d )  appears repeatedly i n  mimy solutions and 

is a basic parameter of the  bridgewire', 

Two t rans ient  t e s t ing  techniques have been developed 

based on the previously c i t e d  solution t o  the electrothermal 

equations, These are shown i n  f igure 3, It is desirable 

t o  avoid photographic evaluation techniquem where possible, 

An impulse o r  cooling curve, t e s t ing  techadque is shown 

i n  3 ( A ) ,  A current burs t  (I,) i n  the form of a half-sine 

wave dumps energy in to  an EED i n  an adiabatic manner, By 



passing a t r i c k l e  cur rent  (It) through the device a negative 

going exponential (V,) i s  observed. The discharge pulse  (1.) 

is a l so  passed through an RC c i r c u i t  which generates a 

pos i t ive  going exponential (VI)  as shown. This RC c i r c u i t  

has an adjustable  t i m e  constant. A scope i s  employed t o  

observe the cancel la t ion of these two exponentials. Since the 

RC c i r c u i t  is cal ibrated,  the t i m e  constant can be measured 

d i r e c t l y  a t  cancellation.  By measuring the  amplitude of the  

cooling curve (V,) and r e l a t i n g  it t o  the energy input, C 
P 

can be determined. A per fec t  cancel la t ion of the two generated 

exponentials would support t he  concept o f  a a ingle  t i m e  

constant model. 

A second t r ans ien t  t e s t i n g  technique employs a square 

wave driven bridge c i r c u i t  shown i n  f igu re  (3B). Based on 

the previously c i t e d  example of s t e p  function response, the 

voltage drop across an EED when driven by a constant current  

I i s  sketdhed i n  f igu re  (4B). There is an i n i t i a l  step and 

an exponential rise due t o  beating. The res i s tance  increases  

by due t o  heat ing and an e l e c t r i c a l  equivalent fo r  this 

performance can be constructed. It i s  only good f o r  the 

heat ing portion of the  cycle s ince  the  thermal energy s tored  

cannot be re f l ec ted  a s  an e l e c t r i c a l  equivalent. The bridge 

shown can match the components R,, % , and C, t o  the e lec t ro-  

thermal model. In  turn,  Y and 7 can b6 extracted a t  balance 

f o r  the EED under test. Here again it i s  possible  i n  many 

cases t o  g e t  good balance conditions as evidence of a s ing le  



time constant. The square wave must be of sufficient duration 

so that equilibrium conditions are reached. By making R 

( ~ i g  3 ~ )  large compared to the EED resistance, the constant 

current testing mode is employed. 

These transient tests are described in another publication4. 

In cancelling out exponentials, as in both these techniques, 

the existence of other time constants sometimes becomes 

apparent. For example, a dominant time constant can be 

removed leaving a smaller, superimposed, response. Three 

time constants have been observed at times, A fast response 

is generally associated with heat flow along the wire and 

the wire surface. A longer time constant is related to the 

explosive perhaps in a cylindrical zone about the wire, A 

much longer time constant is associated with heat diffusion 

into the ambient plug and environment. For a Mark 1 Squib 

these time constants could be typically lms, 5ms, and 500ms. 

If the long time constant is ignored then a model as shown 

in figure 4A could be proposed for certain units. This 

considerably complicates the analysis and interpretation. 

Both time constants can be dependent on the intimacy of the 

explosive contact with the bridgewire to different degrees. 

The impulse testing accentuates the fast time constants since 

the response is essentially the derivative of the square 

wave response, However, one can establish a composite time 

constant which is actually the dominant time constant and 

show that it is most representative of the importance of the 

explosive surrounding the wire. 



It is  not  necessary t o  use only one instrumentation 

procedure f o r  character izat ion.  For example, C can be 
P 

determined by dumping any known energy bur s t  ad iaba t ica l ly  

i n t o  the EED and measuring the res i s tance  change and r e l a t i n g  

it v i a  a t o  C Then y can be determined by steady-state 
P* 

techniques; f o r  example, the temperature rise a t  equilibrium 

f o r  a cur ren t  step.  There has been f a i r l y  good co r re l a t ion  

i n  a l l  t r a n s i e n t  type measurements. 

Another recent ly  developed technique f o r  electrothermal 

measurements is based on the  so lu t ion  of equation#l when 

the  input is  a s inusoidal  dr iving current6.  An EED w i l l  

thermally l a g  t h e  c y c l i c  power f luc tua t ions  by some phase 

angle ( B ) .  Thus the  r e s i s t ance  is a double frequency 

va r i a t ion  a t  some lagging angle. In  the  presence of the 

fundamental current ,  a t h i r d  harmonic i s  generated which 

is  uniquely r e l a t e d  t o  the electrothermal c h a r a c t e r i s t i c s  

of the EED. By measuring the  phase angle l a g  of the t h i r d  

harmonic a s  w e l l  as  i t s  amplitude, Y and 7 a r e  r ead i ly  

evaluated. The instrument developed has been designated a 

phase s h i f t  bridge6. Figure 5 shows t h e  bridge c i r c u i t  and 

some of the defining equations . The typ ica l  t h i r d  harmonic 

Lissajous f igu re  f o r  a balanced condit ion is  included. 

The bridge i s  a normal A.C. l i n e  frequency bridge which 

a t  balance w i l l  leave a res idua l  t h i r d  harmonic e r r o r  voltage 

(V) . The r e s i s t o r  Rl i s  se l ec t ed  t o  dr ive  the  EED with a 

s inusoidal  constant current.  An aux i l i a ry  phase s h i f t  lagging 



network provides a calibrated phase lagging voltage for the 

horizontal (H) scope display. A unique closed figure corre- 

sponde to the desired balance condition. 

This new method, although less accurate in resolution 

than transient techniques, provides several advantages. 

It is very rapid and insensitive to lead length and circuit 

inductance. Devices with small temperature coefficients can 

be measured since the third harmonic detection results in 

high signal/noise resolution capabilities. The useful range 

is limited by the line supply frequency, although power 

oscillators can be used. Measurements are made as a Ctylramic 

oscillation about a thermally stable elevated temperature. 

Although C determinations compare very well with transient 
P 

measurements, the values of Y are consistently higher. There 

is correlation however. In a dynamic measurement we sense 

and favor the fast time constants which results in a high 

effective Y. Study and evaluation of this measurement 

technique is continuing. 

Another valuable instrument for static resistance 

measurements is the self-balancing bridge as shown in figure 

6. It consists of a tuned high gain amplifier and a positive 

feedback bridge circuit. If initially the bridge is at or 

close to balance then the circuit will not oscillate. When 

unbalanced the oscillation amplitude will build up until 

heating in the EED relstores the bridge to near balance in 

the presence of oscillation. This self-balance action keeps 

the bridge at near balance for any oscillation state. The 



break-in point of o s c i l l a t i o n  can be used for  res is tance  

measurements a t  no power diss ipat ion.  By placing the  EED 

i n  a temperature programmed box, accurate res is tance  temperature 

curves can be obtained by repeatedly es tabl i sh ing  the  break-in 

condition. A s  another aspect, by s e t t i n g  t h e  self-balancing 

bridge i n t o  o s c i l l a t i o n  and s e t t i n g  the  EED i n t o  a ho t  box, 

the  change (decrease) i n  self-balancing power i s  re la t ed  t o  

temperature environment yielding Y as  A P / A ~ .  

The aforementioned measurement techniques with var ia t ions  

and extensions have been applied i n  character izat ion studies.  

Where the  simple thermal models are applicable good 

r e s u l t s  can be obtained l imited by experimental e r ro r s ,  

The l a r g e s t  source of e r r o r  is  i n  the determination of a 

which enters  all calculat ions,  Since the  temperature 

coeff ic ient  is  the only means of reading information out of 

t h e  BED, var ia t ions  i n  a can ser iously mask electrothermal 

measurements, It has been observed t h a t  a given group of 

EED's made under carefu l ly  control led conditions does not have a 

broad d i s t r ibu t ion  i n  i ts  charac ter i s t ics ,  It takes 

extremely carefu l  measurements t o  resolve differences i n  

u n i t s  which are c lose  t o  begin w i t h ,  In addition t o  a 

variat ions,  the  device res is tance  and current  flow during t e s t i n g  

m u s t  be carefu l ly  measured s ince they enter  most equations 

a s  the square and cube respectively.  An accurate determination 

of aR = M o f f e r s  a convenience i n  many measurements, A poorly 

welded o r  soldered bridgewire j o i n t  can introduce er rors ,  Solder 



wetting the w i r e  can upset the  a value. 

MEASuRmmms 

Dramatic evidence of these electrothermal measurements 

r e su l t s  when the  bare wire measurements are compared t o  

loaded measurements. For example, the  bare bridgewire of a 

Mark 114 Pr imer  yielded the  following data  by the  electro- 

thermal phase s h i f t  bridge 

Resistance T Heat Loss Y Heat Cap (cp) 

Environment (ohms &!!EL (uw/'c) (uw-secp C)  

Air 4.25 4.2 70 0.294 

Ethyl Acetate 4.15 1.6 318 0.510 

Water 4.11 0.98 1220 1 200 

Lacquer (Dry) 4.11 0.73 1270 0.930 

There is a great  s ens i t i v i t y  of C Y and T t o  the  surround- 
P ' 

ing medium. 

By t rans ient  t e s t i ng  techniques the  following was 

observed for  a Mark 1 Squib 

T y (wP c )  c (Clw-secP~) 
P 

Unloaded 14.0 ms 180 2.5 

Loaded 4.6 ms 618 2.84 

The above are typica l  measurements t h a t  can be performed on 

the  instruments indicated. In  general loading an EED w i l l  

increase the heat  capacity (C ) s l i gh t l y  and the  heat  loss  
P 



(Y )  s ign i f i can t ly .  The t i m e  constant always goes down 

w i t h  loading. 

A less dramatic, b u t  perhaps more useful  appl icat ion 

of these charac te r iza t ion  measurements, is i n  t h e  q u a l i t y  

control  of manufactured EED8s.  Ident ica l  u n i t s  should y i e l d  

i d e n t i c a l  measurements i f  the experimental accuracy i s  not  

a fac tor .  

Figures 7, 8,and 9 a r e  histograms descr ibing the  hea t  

l o s s  f ac to r  (y) f o r  a manufactured l o t  of EED'S' . A sharp 

d i s t r ibu t ion  would be ind ica t ive  of c lose  measurement and 

manufacturing tolerances.  Sports and defec t ive  u n i t s  can 

be read i ly  determined. The electrothermal phase s h i f t  br idge 

was used f o r  these tests and individual  a var i a t ions  w e r e  

not considered. A t  a sacr i f ioeof  resolving power t h e  phase 

s h i f t  bridge is rap id  i n  operation and requires  a minimum 

of operator in te rpre ta t ion .  

When a series of Mark 1 Squibs was evaluated on both 

t h e  phase s h i f t  bridge and earlier t r a n s i e n t  t e s t i n g  

instruments a co r re l a t ion  was observed. However a s  previously 

indicated t h e  phase s h i f t  br idge measures a dynamic y which is 

l a r g e r  than y determined by t r a n s i e n t  measurements. 

APPLICATIONS 

I n  addi t ion t o  the qua l i ty  control  aspect  of e lectro-  

thermal charac te r iza t ions  o ther  areas  of appl icat ion exist. 

E a r l i e r  work showed t h a t  t h e  behavior of the EED t o  per iodic  



waveforms could be explained using the simple s ingle  time 

constant model8, Knowing the thermal parameters of the 

bridgewire system it is possible t o  compute the wire 

temperature r i s e  and the conditions for  i n i t i a t i on  of the 

explosive around the bridgewire, It is  obvious t ha t  the 

reaponse t o  an e l ec t r i ca l  power waveform is a thermal t rans ient  

problem. 

One challenging area is tha t  of sort ing devices based 

on indicated electrothermal measurements, The electrothermal 

parameters should be re la ted  t o  the intimacy of thermal 

contact between the explosive and the  wire, Consider the 

poss ib i l i ty  of sort ing devices on the bas is  of "y", The 

heat loas fac tor  is important primarily where heat losses are  

s ignif icant ,  for example, i n  steady s t a t e  modes of f i r ing.  For 

constant current f i r ing ,  a figure of merit which closely describes 

the f i r i n g  mode can be selected. For thecase c i t ed  the  maximum 

temperature reached for  any current ( I )  is  

r= I' R 
Om y - 1 ' ~ ~  

Therefore i f  em is  considered a figure of merit and computed 

for  each EED then the l a rges t  em would correspond t o  the EED 

exhibiting the greatest  temperature r i s e  fo r  the assumed current,  

Results of sor t ing  using this procedure are indicated below9, 



Functioning High Figure of Imv Figure of 
Point Merit Merit 

95% 274 m a  282 m a  

50% 267 m a  277 ma 

5% 259 ma 272 ma 

No. of Units 51 30 

These groups were loaded Mark 1 Squibs separated on the 

bas is  of the f igure of merit. The y determinations were 

made by transient  techniques. There is a c lear  separation 

obtained although it is not large. Actually these un i t s  

should be very s i m i l a r  i n  character is t ic  and performance. 

Essentially t h i s  is  a sort ing imposed on a selected high 

quali ty group of EED's. I f  large manufactured l o t s  are ex- 

posed t o  t h i s  type of selection, then 'cleaner' separations 

could be expected. 

I f  the unite  w e r e  to  be f i red  by f a s t  short  bursts  then 

sort ing should be on the  basis  of C Theoretically each 
P O  

waveform should have its own figure of merit. In pract ice 

constant current or  capacitor-discharge f i r i n g  need only 

be considered. Work is continuing i n  this area and the value 

of such sort ing is apparent. 

Electrothermal characterization is extending our insight  

and understanding of the behavior, performance, and r e l i a b i l i t y  

of electro-explosive devfces. 
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24. DISCUSSION 

Upon request  by M r .  Hauser of Aeronautical Systems Division, 

M r .  Rosenthal i d e n t i f i e d  a paper concerning thermal stacking from radar 

pulses. It was by Kabik, Solem and Rosenthal; and e n t i t l e d  t%esponse 

of Electroexplosive Devices t o  Transient E l e c t r i c a l  Pulsestt.  ( ~ a v a l  

Ordnance Laboratory Technical Report 61-20, 17 Apri l  1961). 



26. SHOCK I N I T I A T I O N  THROUGH A BARRIER 

Edward L. Miller  

Picatinny Arsenal, Dover, New Jersey 

The use of b a r r i e r s  i n  explos ive  t r a i n s  i s  q u i t e  common. They 

normally e x i s t  because the  cons t ruc t ion  of the  device i s  such t h a t  a 

b a r r i e r  i s  present .  However, i n  some cases ,  a b a r r i e r  i s  introduced 

i n  order  t o  a i d  i n  propagation of the  explosive t r a i n .  This may be 

i n  the "burning t o  detonation" type devices o r  f o r  the purpose of 

shaping the de tonat ion  wave. Regardless of "why" b a r r i e r s  e x i s t ,  

they a r e  usua l ly  d i s rup ted ,  fragmented, broken o r  severe ly  damaged 

when the  t r a i n  is exploded. This i s  normally necess i t a t ed  by the 

f a c t  t h a t  t r a n s f e r  of de tonat ion  from one component t o  another  i s  

usua l ly  e a s i e r  i f  the  b a r r i e r  i s  penetrated . 
The t r a n s f e r  of de tonat ion  through a b a r r i e r  without  des t roying  

o r  pene t r a t ing  the b a r r i e r  has never been f u l l y  inves t iga t ed .  It 

can be v i sua l i zed  t h a t  such a system would be advantageous where a 

build-up of gases i s  requi red  such a s  i n  a rocket  motor. 

I n  the e a r l y  p a r t  of 1963 the I n i t i a t o r  Sec t ion  of P ica t inny 

Arsenal  was requested t o  study the  f e a s i b i l i t y  of us ing  the  shock 

t r a n s f e r  method of i n i t i a t i o n  i n  a rocket  motor. I n  order  t o  u t i l i z e  

t h i s  system i t  was necessary t o  determine what, i f  any, explos ives  

could be i n i t i a t e d  by the shock t r a n s f e r  method. An i n v e s t i g a t i o n  

was conducted which revealed t h a t  s eve ra l  explos ives ,  ranging from 



the very sens i t ive  NOL 41130 primer composition t o  PETN could be i n i t i a t e d  

by the shock t rans fe r  method provided the conditions were sa t i s fac tory .  

Barriers between 0.060 inch and 0.115 inch th ick were used successfully. 

During t h i s  invest igat ion i t  was determined tha t  i n  order t o  success- 

f u l l y  i n i t i a t e  the l ess  sens i t ive  explosives ( i e  PETN) through a ba r r i e r  

i t  was necessary t o  have them i n  intimate contact with the ba r r i e r  material.  

This m a y  not be t rue  fo r  the more sens i t ive  explosives such a s  lead azide 

and primer compositions. 

The f a c t  t ha t  bare explosives could be i n i t i a t e d  through a ba r r i e r  did 

not necessari ly mean tha t  explosive components would be i n i t i a t e d .  It was 

therefore necessary t o  invest igate  t h i s  poss ib i l i ty .  Tests were conducted 

i n  which explosive components were subst i tu ted fo r  the bare explosives used 

previously. During t h i s  invest igat ion a s e r i e s  of approximately 60 t e s t s  

were conducted using a t e s t  set-up a s  shown on s l i d e  411. As may be seen 

from the s l i de ,  the donor component was an e l e c t r i c a l l y  i n i t i a t e d  detonator. 

The charge weights i n  t h i s  item were varied i n  an e f f o r t  to  determine the 

range over which successful i n i t i a t i o n  would take place. The s t e e l  ba r r i e r  

employed ranged from 0.060 inch th ick t o  0.115 inch thick.  The ult imate 

thickness was 0.100 inch. I would l i ke  t o  point out t ha t  although aluminum 

cylinders were used f o r  the i n i t i a l  t e s t s ,  s t e e l  was subst i tu ted ea r ly  i n  

the program. Furthermore, the receptor component was held next t o  the 

ba r r i e r  by counter sinking a hole of precise depth to  make the component 

f lush  with the top of the s t e e l  cylinder. 



Upon completion of these t e s t s ,  the r e s u l t s  were c lose ly  evaluated 

and the following conclusions were reached. 

a .  The charge weight of both the donor and receptor have a 

d e f i n i t e  bearing on the performance of the t r a i n .  This was evidenced by 

the f a c t  tha t  when a charge of 90 milligrams of PETN was used a s  e i t h e r  

the base charge i n  the donor component or  a s  the receptor component and 

the other charge was only 40 milligrams of PETN there would be considerable 

damage t o  the b a r r i e r .  This damage could e a s i l y  r e s u l t  i n  b a r r i e r  penetra- 

t ion .  It was apparent t h a t  the  two charges must be reasonably i n  balance. 

As an example of t h i s ,  a charge of 90 milligrams of PETN i n  the donor 

component e a s i l y  i n i t i a t e d  a charge of 70 milligrams of PETN i n  the receptor 

component with l imited damage t o  the b a r r i e r .  The t e s t  components used 

f o r  these t e s t s  were 0.147 inch i n  diameter. 

b. The pressure a t  which the charge is  pressed i n  the receptor 

charge w i l l  determine the r e l i a b i l i t y  of i n i t i a t i o n  by the donor charge. 

Tests conducted on receptors containing PETN pressed a t  10,000 pounds per 

square inch ( p s i )  r e su l t ed  i n  an occasional f a i l u r e  ( i e  the receptor 

component was not i n i t i a t e d  by the donor component). However, when the 

pressure was increased t o  15,000 p s i  the receptor component functioned 

r e l i a b l y .  

During the t e s t s  j u s t  out l ined i t  was noted t h a t  the damage t o  the 

s t e e l  s leeves was very minute. This immediately created the quest ion 

"Is the receptor  component being i n i t i a t e d  law order o r  high order"? 

I n  order t o  determine the order of detonation it  was necessary t o  f i r s t  

be sure  t h a t  we could produce a d e f i n i t e  high order detonation. 



I n  an e f f o r t  t o  accomplish t h i s ,  an M55 s t a b  de tonator  conta in ing  19 

mil l igrams of PETNas the  base charge and lead az ide  RD1333 and NOL #I30 

a s  the o the r  charges was placed i n  the t e s t  f i x t u r e  i n  place of the r ecep to r  

component. It was f e l t  t h a t  the  NOL #130 would d e f i n i t e l y  be i n i t i a t e d  

high order  s ince  i t  is  a very s e n s i t i v e  explosive composition. Upon 

i n i t i a t i o n  of the donor component the receptor  component was i n i t i a t e d .  

Upon examination of the  s t e e l  cy l inder  which contained the  M55 de tonator  

i t  was noted t h a t  the hole had been expanded t o  approximately two times 

i t s  o r i g i n a l  diameter.  Tes t  f i x t u r e s  used f o r  housing the  receptor  components 

revealed a very l i t t l e  expansion of the hole.  

A t  t h i s  poin t  i n  the i n v e s t i g a t i o n  i t  was decided t o  conduct t e s t s ,  

using the  shock t r a n s f e r  method, i n  a s imulated rocket  motor t e s t  f i x t u r e .  

A po r t ion  of t h i s  f i x t u r e  i s  shown i n  S l ide  #2. The donor component contained 

a charge of 78 mil l igrams of PETN pressed a t  10,000 p s i .  The r ecep to r  

component contained a charge of 50 mil l igrams of PETN pressed a t  15,000 p s i .  

The black powder charge cons is ted  of 660 milligrams loose loaded. The 

b a r r i e r  f o r  these  t e s t s  was 0.100 inch th i ck  s t e e l .  

The f i x t u r e  was placed i n  the simulated rocket  motor wi th  p rope l l an t .  

Upon i n i t i a t i n g  the  donor component the e n t i r e  t r a i n  funct ioned s a t i s f a c t o r i l y  

This t e s t  was conducted us ing  both a r ecep to r  component i n  one case and an 

M55 s t a b  de tonator  i n  the  o the r .  This was done i n  order  t o  determine what 

e f f e c t  the order  of de tonat ion  would have on the performance of the  motor. 

Based upon the l imi t ed  t e s t s  conducted, i t  appeared t h a t  the order  of 

de tonat ion  would not  adverse ly  a f f e c t  the  rocket  motor performance. 



Common sense t e l l s  us t h a t  a high order and low order detonation cannot 

a c t  i d e n t i c a l l y  on a succeeding explosive o r  pyrotechnic composition. There- 

f o r e ,  i t  must be assumed t h a t  the order  of detonation can determine the per- 

formance of the rocket  motor. It i s  apparent then, t h a t  some form of cont ro l  

must be maintained over the  receptor  charge t o  insure s a t i s f a c t o r y  and r e l i a b l e  

functioning.  It is  therefore  recommended t h a t  anyone planning t o  u t i l i z e  the 

shock t r a n s f e r  method of i n i t i a t i o n  inves t  both time and money i n  f u r t h e r  

charac ter iz ing  the e f f e c t s  of shock t r a n s f e r  i n i t i a t i o n .  
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27. A PROPOSED MECHANISM FOR SHOCK INITIATION 
OF LOW-DENt ,TY GRANULAR EXPLOSIVES'' 

L. B .  Seely 

Los Alamos S c i e n t i f i c  Laboratory, Univers i ty  of Ca l i fo rn ia  
Los Alamos, New Mexico 

INTRODUCTION 

I n i t i a t i o n  o f  homogeneous explos ives .  The mechanism of shock i n i t i a t i o n  

1 
i n  homogeneous exp los ives  was e l u c i d a t e d  by Campbell e t  a 1  . B r i e f l y ,  

i n i t i a t i o n  occurs  i n  t h i s  way: The shock h e a t s  t h e  exp los ive  by com- 

p ress ion ;  t h e  ho t  exp los ive  r e a c t s  homogeneously; de tona t ion  beg ins  i n  

t h e  region first heated ,  namely, where t h e  shock f i r s t  e n t e r e d  t h e  ex- 

p l o s i v e ;  a  de tona t ion  sweeps through t h e  shocked exp los ive  a t  a v e l o c i t y  

c h a r a c t e r i s t i c  of  t h e  compressed moving m a t e r i a l ;  t h e  de tona t ion  b reaks  

through t h e  shock f r o n t  producing i n  t h e  unshocked exp los ive  an over- 

d r iven  de tona t ion  which soon decays i n t o  a normal s t a b l e  detonat ion .  

2 
Mader showed by machine c a l c u l a t i o n s  t h a t  a l l  t h e  measured f e a t u r e s  of  

t h i s  mechanism could be p r e d i c t e d  q u a n t i t a t i v e l y  from t h e  measured o r  

reasonably assumed c o n s t a n t s  needed f o r  t h e  k i n e t i c s  and hydrodynamics 

of  t h e  exp los ive  involved.  Experiments a l s o  showed t h a t  d i s c r e t e  in -  

homogeneities i n  mainly homogeneous bodies  o f  exp los ives  produced l o c a l  

1 p o i n t s  of  i n i t i a t i o n  . S i t e s  of  i n i t i a t i o n  were induced down-stream 

from t h e  inhomogeneit ies and w i t h i n  t h e  homogeneous p a r t  of  t h e  explos ive .  

The presence of t h e s e  hydrodynamic hot -spots  pe rmi t s  i n i t i a t i o n  by shock 

1. A. W. Campbell, W. C. Davis, and J. R. T rav i s ,  Phys. F lu ids  - 4,  498 (1961). 
2. C. L. Mader, Phys. F l u i d s  - 6 ,  375 (1963). 

Work performed under t h e  ausp ices  of t h e  U. S. Atomic Energy Commission. 



i n t e r a c t i o n  when t h e  p ressure  i n  t h e  pa ren t  shock is  no t i ceab ly  lower than 

t h a t  r equ i red  t o  i n i t i a t e  t h e  same explos ive  i f  t r u l y  homog?neous. Evans, 

Harlow, and neixner3 showed t h a t  i n t e n s i f i c a t i o n  of  shock h e a t i n g  is t o  

be expected down-stream of  inhomogeneities. They c a l c u l a t e d  temperatures 

f o r  t h e  case  of  a vacuum bubble i n  nitromethane and found high temperatures 

i n  t h e  l i q u i d  j u s t  beyond where t h e  bubble had col lapsed.  Assuming hot-  

2 s p o t s  of  t h i s  type ,  Mader c a l c u l a t e d  t h e  r e s u l t a n t  hydrodynamic d i s -  

turbances ,  and showed t h a t  t h e  c a l c u l a t e d  c r i t i c a l  s i z e  of  hot-spots  which 

would j u s t  produce de tona t ion  agreed with t h e  c r i t i c a l  s i z e  of  t h e  inhomo- 

q e n e i t i e s  found by experiment. campbel14 and co-workers have i n v e s t i g a t e d  

s e v e r a l  s o l i d  exp los ives  above 75% c r y s t a l  dens i ty .  They demonstrated 

t h a t  ni tromethane,  i f  packed with carborundum p a r t i c l e s ,  shows t h e  i n i t i -  

a t i o n  c h a r a c t e r i s t i c s  of  an imperfect  s o l i d  r a t h e r  than  t h e  c h a r a c t e r i s t i c s  

of a homogeneous exp los ive ,  which n i t  romethane usua l ly  e x h i b i t s .  The cumu- 

l a t i v e  r e s u l t s  of a l l  t h e s e  i n v e s t i g a t i o n s  form a q u i t e  s a t i s f a c t o r y  

p i c t u r e  of  t h e  i n i t i a t i o n  of  homogeneous condensed exp los ives .  The ex- 

t e n s i o n  t o  imperfect  homogeneous exp los ives  may be expected t o  apply very 

w e l l  t o  p r a c t i c a l  secondary exp los ives  i n  t h e  high dens i ty  region.  

Granular explos ives .  Shock i n i t i a t i o n  of low-density g r a n u l a r  exp los ives  

has  not  been t r e a t e d  a s  completely a s  has  t h a t  of high-density explos ives .  

I n  g r a n u l a r  exp los ives  a t  low d e n s i t i e s  t h e  inhomogeneit i e s  , i n s t e a d  of 

being occas iona l ly  p resen t  i n  a continuous body of exp los ive ,  become t h e  

main f e a t u r e  of  t h e  charge. I n  f a c t ,  t h e  exp los ive  is no longer  t h e  

3. M. W. Evans, F. H. Harlow, and B. D. Meixner, Phys. Fluids  5 ,  651 (1962). 
4. A. W. Campbell, W. C. Davis, J. B. Ramsay, and J. R. ~ r a v i s y  Phys. 

F lu ids  - 4, 511 (1961). 



cont inuous  ma t r ix ;  t h e  g r a n u l e s  o f  exp los ive  may r a t h e r  be  cons ide red  

as d i s c r e t e  bod ie s  i n  a cont inuous  m a t r i x  o f  a i r .  Under t h e s e  circum- 

s t a n c e s  it  is n o t  c l e a r  t h a t  p r i n c i p l e s  from t h e  homogeneous o r  almost-  

homogeneous regimes can be  app l i ed .  

Grain-burning theo ry .  Our i n v e s t i g a t i o n  o f  t h e  shock i n i t i a t i o n  o f  

g r a n u l a r  e x p l o s i v e s  has  been c a r r i e d  o u t  wi th  r e f e r e n c e  t o  i d e a s  advanced 

by ~ i s t i a k o w s k ~ ~  about  twenty y e a r s  ago. I t  had been shown by MacDougall 

and ~ a c o b s ~  t h a t  h igh  e x p l o s i v e s  can be made t o  d e f l a g r a t e  i n  a  c o n t r o l -  

a b l e  f a s h i o n  a t  q u i t e  h igh  p r e s s u r e s .  On t h i s  b a s i s  it was proposed t h a t  

i n  a de tona t ion  each g r a i n  o f  a g r a n u l a r  e x p l o s i v e  d e f l a g r a t e s  under t h e  

h igh  p r e s s u r e  and tempera ture  induced by t h e  shock a s s o c i a t e d  w i t h  t h e  

d e t o n a t i o n  wave. Thus i n  a f u l l  s t r e n g t h  de tona t ion  t h e  g r a i n s  a r e  com- 

p l e t e l y  consumed by t h i s  s u r f a c e  r e a c t i o n  soon enough t o  suppor t  t h e  wave. 

These i d e a s  were first proposed a s  a mechanism f o r  t h e  t r a n s i t i o n  t o  deto-  

n a t i o n  from d e f l a g r a t i o n ,  making use  o f  t h e  i d e a  o f  "p recu r so r  shocks" 

7  
r e s u l t i n g  from high  f low v e l o c i t i e s  i n  v i o l e n t  d e f l a g r a t i o n s  . They were 

a l s o  proposed f o r  t h e  mechanism by which e x p l o s i v e s  de tona te  by mechanical  

8  impact.  Bowden and h i s  co-workers had shown t h e  importance o f  ho t - spo t s  

i n  i n i t i a t i o n  by impact ,  and had demonstrated t h r e e  ways i n  which such  

ho t - spo t s  could  be  formed: ( 1 )  h e a t i n g  by f r i c t i o n ,  ( 2 )  h e a t i n g  by r a p i d  

v i scous  f low,  and ( 3 )  h e a t i n g  by a d i a b a t i c  compression o f  gas  bubbles.  

5. G. B. Kistiakowsky, Th i rd  Symposium on Combustion, Flame and Explosion 
Phenomena, (Will iams and Wilkins , Balt imore l 9 4 9 ) ,  p. 560. These i d e a s  
were developed by Kistiakowsky and h i s  co l l eagues  i n  t h e  e a r l y  1940s. 

6. Sc ience  i n  World War 11. Chemistry volume ( L i t t l e ,  Brown, and Co., 1948) 
p. 64. 

7. A. R. Ubbelohde i n  Th i rd  Symposium on Combustion, Flame and Explos ion  
Phenomena (Will iams and Wilkins,  Balt imore 19491, p. 570. 

8. F. P. Bowden and A. D. Yoffe,  I n i t i a t i o n  and Growth o f  Explosion i n  
Liquids  and S o l i d s ,  (Cambridge Univ. P r e s s ,  l 9 5 2 ) ,  p. 2. 



The growth of  d e f l a g r a t i o n  would be a  second s t a g e  r e s u l t i n g  from any of 

t h e s e  i g n i t i o n  methods. 

I f  it is t r u e  t h a t  s u r f a c e  burning t a k e s  p lace  i n  a  detonat ion wave 

i n  g ranu la r  exp los ives ,  then t h e  f i r s t  problem i n  exp la in ing  how a  pure 

shock i n i t i a t e s  a  g r a n u l a r  exp los ive  is  t h e  problem of exp la in ing  how 

t h e  g r a i n  s u r f a c e s  can be i g n i t e d .  I n  a  g r a n u l a r  charge t h e  component t o  

be most s t r o n g l y  hea ted  by shock compression w i l l  be t h e  most compres- 

s i b l e  one, namely, t h e  i n t e r s t i t i a l  gas. I t  is  q u i t e  p l a u s i b l e  t h a t  t h i s  

h o t  gas should  i g n i t e  t h e  s u r f a c e s  of  t h e  g r a i n s  s i n c e  it surrounds them 

on a l l  s i d e s .  Thus t h e  grain-burning theory l e a d s  t o  a  p i c t u r e  o f  t h e  

detonat ion process  very d i f f e r e n t  from t h e  one which must a t a i n  i n  a  

homogeneous explos ive .  

EXPERIMENTS ON GRANULAR EXPLOSIVES 

E f f e c t  of  i n t e r s t i t i a l  gas  on s e n s i t i v i t y .  The e a s i e s t  po in t  t o  t e s t  

concerning t h e  i n i t i a t i o n  of  g r a n u l a r  exp los ives  is t h e  ques t ion  of t h e  

mode of  i g n i t i o n .  Does t h e  compressed i n t e r s t i t i a l  gas provide t h e  

9  i g n i t i o n  mechanism? Cachia and Whitbread evacuated some small-gap-test  

-4 
PETN r e c e p t o r  charges t o  a  p ressure  l e s s  than 10 t o r r ,  and found no 

change i n  s e n s i t i v i t y .  In  t h e s e  experiments t h e  amount of gas  i n  t h e  

6 i n t e r s t i c e s  was reduced by a  f a c t o r  of  a t  l e a s t  10 . I f  t h e  i n t e r s t i t i a l  

gas were p lay ing  an important  p a r t  i n  i g n i t i o n  such complete removal 

would be expected t o  have an e f f e c t .  I t  is  p o s s i b l e  t h a t  on removal of 

t h e  gas  ano the r  means o f  i g n i t i o n  would p resen t  i t s e l f ,  but  t h i s  p r e c i s e  

s u b s t i t u t i o n  with no p e r t u r b a t i o n  of  t h e  o v e r a l l  process  must be regarded 

a s  unl ikely .  

9. G. P. Cachia and E. G. Whitbread, Proc. Roy. Soc. (London) =, 268 (1958). 



The tempera ture  reached by shock-compressed gas  i n  t h e  i n t e r s t i c e s  

of  a g r a n u l a r  p r e s s i n g  depends markedly on t h e  n a t u r e  o f  t h e  gas.  Reynolds 

and see ly10  have c a l c u l a t e d  t h e  t empera tu re s  achieved by shock p rocesses  

i n  argon and methane, and found a t empera tu re  d i f f e r e n t i a l  between t h e  

two gases  o f  thousands  of  degrees  o v e r  a wide range  of  shock s t r e n g t h s .  

Seay and seelyl1 r e p o r t e d  shock i n i t i a t i o n  exper iments  on wedges o f  PETN 

which showed no  e f f e c t  on t h e  d i s t a n c e  t o  d e t o n a t i o n  o f  s u b s t i t u t i n g  

e i t h e r  argon o r  methane f o r  a i r  as t h e  i n t e r s t i t i a l  gas. This  i s  shown 

i n  Fig. 1. 

It has ,  o f  cou r se ,  been p o i n t e d  o u t  t h a t  t h e  p roduc t ion  o f  h igh  

tempera ture  i n  t h e  g a s  is n o t  a lone  enough t o  accomplish i g n i t i o n ;  

s u f f i c i e n t  h e a t  must be t r a n s f e r r e d  t o  t h e  s o l i d  g r a i n  s u r f a c e  t o  raise 

i ts  tempera ture  h igh  enough t o  s tar t  d e f l a g r a t i o n .  Thus t h e  d i f f e r e n c e s  

i n  hea t  t r a n s f e r  c o e f f i c i e n t s  f o r  v a r i o u s  gases  must be cons idered .  

Roughly compensating d i f f e r e n c e s  i n  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t s  of  

some gases  have been found l2 ,13, b u t  it seems unreasonable  t o  expec t  

t h a t  t h e  wide v a r i e t y  of t empera tu re s  achieved by d i f f e r e n t  gases  shou ld  

be compensated e x a c t l y  i n  e v e r y  case.  From t h e  exper iments  w i t h  v a r i o u s  

gases ,  t h e  on ly  r easonab le  conc lus ion  is t h a t  t h e  i n t e r s t i t i a l  g a s  i s  

no t  i nvo lved  i n  de termining  t h e  shock s e n s i t i v i t y  o f  g r a n u l a r  exp los ives .  

11 
The experiment  of Cachia and whitbread' and a l s o  one of  Seay and Seely  , 
i n  which t h e  charges  t o  be i n i t i a t e d  were evacua ted ,  seem t o  avo id  t h i s  

d i f f i c u l t y  s i n c e  i n  t h e s e  c a s e s  t h e  amount o f  energy  i n  t h e  compressed 

gas  is  c u t  down almost  t o  t h e  van i sh ing  p o i n t .  From t h e  vacuum exper iments  

10. C. E. Reynolds and L. B. See ly ,  Nature,  - 199,  341 (1963). 
11. G. E. Seay and L. B. See ly ,  J. Appl. Phys. 32, 1092 (1961). 
12. G. J. Bryan and E. C. Noonan, Proc. Roy. SOT (London) - A246, 167 (1958). 
13. J. I. Evans and A. M. Y u i l l ,  Proc. Roy. Soc. (London) - A246, 176 (1958). 



it can be concluded t h a t  t h e  gas  is n o t  r e spons ib le  f o r  i g n i t i o n  o f  t h e  

grain-burning r e a c t i o n .  Influenced by t h i s ,  one may ques t ion  t h e  

e x i s t e n c e  o f  g r a i n  burning i t s e l f ,  but  r e j e c t i o n  o f  t h e  i n t e r -  

s t i t i a l  gas  as t h e  i g n i t i o n  agent does no t  l o g i c a l l y  r e q u i r e  t h i s .  

The l i g h t  from g r a n u l a r  explos ives .  With t h e  gas  pJa in ly  i n  t h e  i n t e r -  

s t i c e s ,  and a s t r o n g  shock running through . the p ress ing ,  it is  hard  t o  

s e e  how t h e  gas  can avoid being compressed. I f  compressed, t h e  gas  must 

become hot  t o  a degree depending on its hydrodynamic and thermodynamic 

p r o p e r t i e s .  Yet t h e r e  is no evidence from t h e  s e n s i t i v i t y  behavior  of  

t h e  exp los ive  t h a t  t h e  hot  gas  is t h e r e ;  a t  l e a s t ,  it cannot be p laying 

t h e  c r u c i a l  r o l e  i n  i g n i t i o n  t h a t  has  sometimes been ass igned t o  it. I t  

t h e r e f o r e  seemed appropr ia te  t o  look f o r  o t h e r  evidence concerning t h e  

s t a t e  o f  t h e  i n t e r s t i t i a l  gas i n  g r a n u l a r  exp los ives ,  and t h i s  w a s  t h e  

occasion f o r  a  s tudy  of t h e  l i g h t  emi t t ed  by a  f u l l  s t r e n g t h  de tona t ion  

wave. 

The na tu re  of  t h e  l i g h t  given o f f  by detonat ing g r a n u l a r  exp los ives  

is demonstrated i n  Fig. 2. The s t r u c t u r e  of  t h e  f o u r  charges is  shown 

i n  t h e  diagram i n  t h e  upper p a r t  of t h e  f igure .  They were i n i t i a t e d  by 

Primacord from a common booster .  The images of  t h e  ends of t h e s e  charges 

were focused on t h e  s l i t  of a r o t a t i n g  m i r r o r  camera (RMC) a s  shown. The 

r e s u l t i n g  RMC p i c t u r e  is reproduced at  t h e  bottom of  t h e  f igure .  The 

first t r a c e  on t h e  r i g h t  is a record  t y p i c a l  of many g r a n u l a r  exp los ives  

over  a wide range o f  d e n s i t i e s .  The o t h e r  t h r e e  charges d i f f e r e d  i n  t h e  

p o s i t i o n  of  a l i g h t  s h i e l d  which covered h a l f  t h e  c ross  s e c t i o n  of t h e  

charge a t  each of t h r e e  l e v e l s .  The e f f e c t  of  t h e s e  s h i e l d s  on t h e  l i g h t  

observed enables  one t o  i d e n t i f y  t h e  p o s i t i o n  of  o r i g i n  of t h e  va r ious  

l i g h t  s i g n a l s .  Between t h e  camera and second charge from t h e  r i g h t  a  



very  t h i n  s t e e l  s h e e t  was p l aced  o v e r  h a l f  t h e  charge  a s  shown i n  t h e  

diagram. From t h i s  it may be  s e e n  t h a t  l i g h t  a t  t h e  bottom of t h e  r e c o r d ,  

t h a t  i s ,  a t  la te  times, comes from t h e  shock wave i n  t h e  a i r .  On t h e  

s u r f a c e  of t h e  t h i r d  charge  a t h i n  l a y e r  of  l e a d  was evapora ted .  The 

very  b r i l l i a n t  f l a s h  of l i g h t  is seen  t o  occu r  j u s t  b e f o r e  t h e  shock came 

through t h e  l e a d  on t h e  c r y s t a l  s u r f a c e s .  F i n a l l y ,  t h e  l e a d  was evapora t ed  

on a s u r f a c e  p r e s s e d  0.8 mm below t h e  end of  t h e  charge  h o l d e r  and t h e  

charge  completed wi th  a t h i n  second p r e s s i n g  a t  t h e  p rope r  d e n s i t y .  From 

t h i s  it can be s e e n  t h a t  t h e  l i g h t  appea r ing  e a r l i e s t  i n  t ime  is e m i t t e d  

by t h e  d e t o n a t i o n  f r o n t  and  s c a t t e r e d  through t h e  p o r t i o n  of t h e  charge  

n o t  y e t  t r a v e r s e d  by t h e  wave. The s o - c a l l e d  de tona t ion  l i g h t  a r i s e s  

from w i t h i n  t h e  charge  and is  q u i t e  b r i g h t .  From t h e  i n t e n s i t y  r e l a t i v e  

t o  t h e  a i r  shock it would be  p o s s i b l e  t o  b e l i e v e  it arises from t h e  i n t e r -  

s t i t i a l  air. 

However, l e t  us  compare t h e  i n t e n s i t i e s  o f  de tona t ion  l i g h t  when 

v a r i o u s  g a s e s  are p r e s e n t  i n  t h e  i n t e r s t i c e s .  I n  Fig. 3 is  a diagram 

o f  f o u r  HMX cha rges  f i r e d  i n  a similar manner t o  t h o s e  i n  Fig. 2 b u t  

c o n t a i n i n g  argon,  a i r ,  C02, and CH,+. Note t h a t  t h e  i n t e n s i t y  o f  t h e  

shock l i g h t  a t  t h e  extreme bottom o f  t h e  RMC p i c t u r e  v a r i e s  from gas  t o  

gas  i n  about  t h e  way expec ted  from c a l c u l a t i o n s  o f  shock tempera tures .  

Half o f  t h e  a r g o n - f i l l e d  charge  has  been s h i e l d e d  wi th  an N D  1 f i l t e r  

( t r a n s m i t s  10%)  because o f  t h e  extreme b r i l l i a n c e  of  t h e  argon shock 

l i g h t .  Comparison o f  t h e  shock l i g h t  i n  t h e  a r g o n - f i l l e d  case w i t h  

t h a t  o f  t h e  o t h e r  g a s e s  is d i f f i c u l t  because o f  i t s  b r i l l i a n c e .  From 

t h e  n e g a t i v e  it can be e s t i m a t e d  t h a t  t h e  shock i n  argon is 50 times as 

b r i g h t  as i n  air.  Detonat ion  l i g h t  cannot  be  d i s t i n g u i s h e d  i n  t h e  argon- 

f i l l e d  charge  because o f  t h e  b r i l l i a n c e  o f  t h e  f r ee - runn ing  argon s h o c ~ .  



For t h e  o t h e r  gases it can be seen t h a t  de tona t ion  l i g h t  has  t h e  same 

i n t e n s i t y  r e g a r d l e s s  o f  t h e  na tu re  of t h e  gas. Figure 4 shows f o u r  

a d d i t i o n a l  gases. From t h e s e  p i c t u r e s  we conclude t h a t  t h e r e  is some- 

t h i n g  b r i g h t  and presumably ho t  wi th in  a  g r a n u l a r  exp los ive  charge,  b u t  

it is  no t  t o  be accounted f o r  by compression o f  t h e  i n t e r s t i t i a l  gas. 

In  Fig. 5  a r e  shown t r a c e s  from charges o f  PETN pressed t o  d i f f e r -  

e n t  percentages  of c r y s t a l  d e n s i t y  a s  i n d i c a t e d  by t h e  percentages  

w r i t t e n  above t h e  t r a c e s .  I t  w i l l  be seen from t h e  RMC t r a c e s  t h a t  t h e  

t o t a l  amount of  de tona t ion  l i g h t  becomes l e s s  as t h e  p ress ing  d e n s i t y  

increases .  We b e l i e v e  t h i s  i n d i c a t e s  t h a t  detonat ion l i g h t  a r i s e s  i n  

t h e  i n t e r s t i c e s .  

I n  Fig. 6 a r e  RMC t r a c e s  of  de tona t ions  emerging from t h r e e  PETN 

charges p ressed  a t  a d e n s i t y  75% o f  t h a t  of t h e  c r y s t a l .  The p a r t i c l e  

s i z e s  i n  t h e  t h r e e  cases  a r e  q u i t e  d i f f e r e n t .  For t h e  very  f i n e  PETN, 

it w i l l  be n o t i c e d  t h a t  t h e  de tona t ion  l i g h t  i s  a  smooth l i n e .  For t h e  

coarse  PETN t h e  l i g h t  i s  broken up i n t o  patches  which a r e  d i spe r sed  i n  

space and time. We b e l i e v e  t h i s  i n d i c a t e s  again t h a t  t h e  i n d i v i d u a l  

i n t e r s t i c e s  a r e  causing t h e  l i g h t .  

I n  Fig. 7  is shown ano the r  RMC p i c t u r e  of  some very l a r g e  PETN 

gra ins .  I n  t h i s  p i c t u r e  t h e  i n d i v i d u a l  g r a i n s  can be i d e n t i f i e d  and 

it can be e s t a b l i s h e d  t h a t  t h e  l i g h t  f l a s h e s  do no t  correspond t o  t h e  

f e a t u r e s  of t h e  f r o n t  f a c e s  o f  t h e  c r y s t a l s .  We b e l i e v e  t h a t  they a r e  

r e l a t e d  t o  t h e  spaces behind t h e s e  c r y s t a l s .  The f l a s h e s  t h e r e f o r e  ind i -  

c a t e  t h e  p o s i t i o n s  of those  i n t e r s t i c e s ,  and a l s o  show some e f f e c t  of  t h e  

p r o p e r t i e s  of  t h e  r e a r  f a c e s  of t h e  front-row c r y s t a l s .  

I n  Fig. 8 a r e  shown RMC t r a c e s  from g r a n u l a r  RDX charges ,  one i n  

a i r  a t  normal p ressure  and t h e  o t h e r  at a  p ressure  of  a  few microns. 



This  degree of  vacuum is s u f f i c i e n t  t o  demonstrate t h e  p o i n t  t o  be made 

here .  Other exper iments  have been run  i n  which t h e  p r e s s u r e  was c e r t a i n l y  

below t o r r ,  b u t  t h e  fore-pump vacuum i n  t h i s  s h o t  produces a f i l m  

t h a t  is about  t h e  same as a t r u l y  high-vacuum s h o t .  Although t h e  l i g h t  

from t h e  f ree- running shock is p r a c t i c a l l y  reduced t o  z e r o  i n  t h e  case 

of t h e  evacuated  s h o t ,  t h e  i n t e n s i t y  of t h e  de tona t ion  l i g h t  i s  unchanged. 

I n  a l l  of  t h e  photographs p r e s e n t e d  s o  fa r  de tona t ion  l i g h t  i s  ext remely  

b r i g h t .  It i s  q u i t e  imposs ib le  f o r  t h e  small amount of  r e s i d u a l  gas i n  

t h e  evacuated  charge t o  r a d i a t e  a t  t h i s  t o t a l  ou tpu t .  The only  m a t e r i a l  

a v a i l a b l e  is  t h e  e x p l o s i v e  i t s e l f .  We have t h e r e f o r e  proposed t h a t  p a r t  

o f  t h e  m a t e r i a l  of  which t h e  e x p l o s i v e  i s  made, undoubtedly more d i s s o c i a t e d  

and more i o n i z e d  t h a n  it is under Chapman-Jouguet c o n d i t i o n s  i n  t h e  deto- 

n a t i o n ,  is  t h e  source  of  de tona t ion  l i g h t .  

MECHANISM FOR DETONATION LIGHT 

Experimental  demonstrat ion.  The mechanism by which p a r t  of  t h e  e x p l o s i v e  

products  can be brought t o  a s u f f i c i e n t l y  high t empera tu re  t o  e x p l a i n  

d e t o n a t i o n  l i g h t  has been a r r i v e d  a t  by a combination of experiment and 

theory .  I t  was p o s s i b l e  t o  des ign  a one-dimensional experiment us ing  

s i n g l e  crystals of  s u f f i c i e n t l y  l a r g e  dimensions t o  be a b l e  t o  s e e  t h a t  

a s t r o n g  l i g h t  s i g n a l  is gene ra t ed  when t h e  exp los ion  p roduc t s  from one 

c r y s t a l  expand and t h e n  c o l l i d e  wi th  ano the r  s o l i d  c r y s t a l .  The ar range-  

ment f o r  t h i s  l a r g e - s c a l e  experiment i n  s i m p l i f i e d  geometry is  i n d i c a t e d  

by t h e  diagram i n  Fig. 9 ,  and t h e  r e s u l t i n g  RMC f i l m  is shown t h e r e  i n  

r e g i s t e r  w i th  t h e  diagram. I n  t h i s  experiment t h e  i n t e r s t i t i a l  gas  has  

been evacuated  from t h e  space  between t h e  crystals s i n c e  a t  t h i s  s c a l e  

f o r  t h e  i n t e r s t i c e ,  t h e  gas  would be an impor tant  source  of l i g h t  and 

could  obscure  what we wish t o  observe. On t h e  b a s i s  o f  t h i s  s o r t  o f  



p i c t u r e  we have come t o  t h e  conclusion t h a t  t h e  high temperature mate- 

r i a l  r e spons ib le  f o r  detonat ion l i g h t  is produced by t h e  process  of  

s t a g n a t i o n  occurr ing i n  t h e  detonat ion products.  

Descr ip t ion of  s tagnat ion.  Considera t ion of t h e  process  of s t a g n a t i o n  

r e v e a l s  it t o  be p a r t i c u l a r l y  w e l l  adapted t o  t h e  production of  high 

temperature.  A t  t h e  start of  t h e  expansion t h e  e n t i r e  f i r s t  c r y s t a l  

can be thought o f  a s  gaseous detonat ion products  a t  Chapman-Jouguet 

condi t ions .  The temperature is apprec iab le ,  b u t  only high enough t o  

be photographed wi th  some d i f f i c u l t y .  The gas  a l s o  con ta ins  p o t e n t i a l  

energy i n  two forms; a s  p ressure ,  and as i n t e r a t o m i c  repu l s ion ,  s i n c e  

t h e  d e n s i t y  is above t h a t  o f  t h e  o r i g i n a l  c r y s t a l .  When t h e  detonat ion 

f r o n t  reaches  t h e  f a c e  o f  t h e  c r y s t a l  t h e  expansion starts immediately. 

Theory t e l l s  us  t h a t  t h e  p r e s s u r e  drops t o  z e r o  a t  t h e  extreme f r o n t  of  

t h e  expansion Pe + o ,  and t h a t  dens i ty  and temperature do l ikewise ,  

'e + 0 ,  and Te + 0. I n  t h e  l i m i t  a t  t h e  f r o n t ,  t h e  m a t e r i a l  i s  

t r a v e l i n g  a t  "escape veloci ty" ,  and t h e  va r ious  o t h e r  forms of  energy 

have been converted completely t o  t h e  k i n e t i c  form. Back o f  t h e  f r o n t  

t h e  conversion t o  k i n e t i c  energy is progress ive ly  l e s s  complete. When 

t h i s  fast-moving m a t e r i a l  s t r i k e s  t h e  s o l i d  g r a i n  ahead it is,  f o r  t h e  

very f i r s t  m a t e r i a l ,  completely mismatched. A s  a r e s u l t  t h e  v e l o c i t y  

is dropped t o  z e r o  and a l a r g e  f r a c t i o n  o f  t h e  energy is randomized. 

The s t agna ted  m a t e r i a l  forms a shock f r o n t  running a g a i n s t  t h e  incoming 

m a t e r i a l  and i n  t h e  l i m i t ,  t h a t  is f o r  t h e  very  f i r s t  m a t e r i a l ,  t h e  

s t r e n g t h  o f  t h e  shock is i n f i n i t e  as gaged by t h e  p ressure  r a t i o .  The 

temperature of t h e  recompressed m a t e r i a l  must be c a l c u l a t e d  f o r  such 

a shock. The process  is an e x c e l l e n t  way o f  producing high temperature.  

To make t h e s e  i d e a s  more concrete  l e t  us  cons ide r  t h e  one-dimensional 

case  with t h e  h e l p  o f  t h e  x-t diagram i n  Fig. 10. The expansion p a r t  of  



t h e  p rocess  can be cons ide red  i n  t e rms  of  t h e  theo ry  o f  c h a r a c t e r i s t i c s .  

We w i l l  assume t h a t  t h e  d e t o n a t i o n  p roduc t s  can be t r e a t e d  a s  a  poly-  

t r o p i c  g a s  wi th  y = 3 i n  which case  t h e  t h e o r y  o f  c h a r a c t e r i s t i c s  be- 

1 4  comes p a r t i c u l a r l y  s imple  . The l e a d i n g  c h a r a c t e r i s t i c  is a s t r a i g h t  l i n e  

whose s l o p e  is e q u a l  t o  t h e  e scape  v e l o c i t y .  C h a r a c t e r i s t i c s  f a r t h e r  back 

i n  t h e  f low have s l o p e s  e q u a l  t o  t h e  sum o f  t h e  p a r t i c l e  v e l o c i t y  p l u s  t h e  

speed  of sound a t  each  p o i n t .  Thus under  t h e s e  assumptions t h e  s o l u t i o n  

o f  t h e  expans ion  f low is f a i r l y  s imple.  

The method o f  c h a r a c t e r i s t i c s  must be abandoned i n  o r d e r  t o  be  a b l e  

t o  t r e a t  t h e  shock wave advancing i n t o  t h e  expanding p roduc t s ;  d i f f e r e n t i a l  

e q u a t i o n s  no  l o n g e r  app ly ,  and t h e  recompression is n o t  an i s e n t r o p i c  

p rocess .  I f  we r e t a i n  o u r  assumption t h a t  t h e  gas  is p o l y t r o p i c ,  we can 

s a y  t h a t  f o r  a s t r o n g  shock t h e  t empera tu re  r a t i o  a c r o s s  t h e  shock is  

p r o p o r t i o n a l  t o  t h e  p r e s s u r e  r a t i o ,  o r  

where t h e  s u b s c r i p t  R r e f e r s  t o  t h e  r e f l e c t i o n  and s u b s c r i p t  e  t o  t h e  

expansion.  The r e l a t i o n  between t h e  t empera tu re  i n  t h e  d e t o n a t i o n  TD 

and t h a t  i n  t h e  r e f l e c t i o n  TR t h u s  depends on t h e  s t a t e  v a r i a b l e s  i n  

t h e  expanded gas ,  t h e  h i g h e s t  t empera tu re  be ing  reached by t h e  f i r s t  

m a t e r i a l  t o  be s t agna ted .  L a t e r  g a s ,  f lowing i n t o  t h e  shock a t  h i g h e r  

p r e s s u r e  r eaches  a lower  t empera tu re  depending on i ts  p o s i t i o n  i n  t h e  

expansion.  

14. J. 0. H i r s c h f e l d e r ,  C. F. C u r t i s s ,  and R. B. B i r d ,  Molecular  Theory 
o f  Gases and L iqu ids ,  (Wiley, New York 1954)  p. 740. 



The expansion v e l o c i t y  i n t o  a vacuum f o r  a p o l y t r o p i c  gas s t a r t i n g  

from rest is 

2 c ~  u = - 
e y-1 ' 

where c is t h e  sound speed i n  t h e  detonat ion.  D 

With a s t a r t i n g  p a r t i c l e  motion i n  t h e  de tona t ion  u t h i s  becomes D ' 

which, s i n c e  y = 

Thus t h e  t ime tt 

t h e  c r y s t a l s  is 

3, s i m p l i f i e s  t o  

u = C + u  e D D o  

r e q u i r e d  f o r  t h e  m a t e r i a l  t o  c r o s s  t h e  d i s t a n c e  L between 

The equa t ions  desc r ib ing  t h e  flow can then  be expanded* i n  terms of  

a parameter W which is given by 

wi th  t being t h e  t ime measured from t h e  start of t h e  expansion. The 

r e s u l t i n g  l i n e a r i z e d  express ions  can be expected t o  be v a l i d  over  a 

pe r iod  about one-tenth a s  long as t h e  t r a n s i t  t ime; t h a t  is f o r  

* Carr ied  ou t  f o r  ano the r  purpose by B. Kent Harrison,  LASL. 



The r a t i o  of  t h e  temperature i n  t h e  s t agna ted  region t o  t h e  tem- 

p e r a t u r e  i n  t h e  detonat ion is ,  f o r  y = 3, 

where uD is t h e  p a r t i c l e  v e l o c i t y  i n  t h e  detonat ion,  and cD is t h e  sound 

v e l o c i t y  i n  t h e  detonat ion.  

This express ion is u s e f u l ,  even though it is no t  c l e a r  what values  

f o r  ,u and c a r e  appropr ia te  t o  t h e  o t h e r  assumptions of  t h e  calcu- D D 

la t ions*.  Taking t h e  values  uD = 2 mm/usec. and cD = 5 mm/usec. which 

a r e  approximately c o r r e c t  f o r  s o l i d  exp los ives  a t  c r y s t a l  d e n s i t y  ( b u t  

no t  p roper  f o r  a p e r f e c t  gas ) t h e  r a t i o  becomes 

which p r e d i c t s  a temperature f o u r  t imes  t h e  detonat ion temperature f o r  

t h e  very f i r s t  m a t e r i a l  t o  s t a g n a t e ,  wi th  l i n e a r l y  (because of  t h e  dropping 

of h igher  terms)  decreas ing temperature a s  t h e  s t a g n a t i o n  proceeds. This 

same t rea tment  p r e d i c t s  an average d e n s i t y  of  a few t e n t h s  of  a gram p e r  

cub ic  cent imeter  f o r  t h e  s t a g n a t e d  m a t e r i a l  a t  W = 0.1. 

* We a r e  indebted t o  D r .  Ian C. Skidmore, United Kingdom Atomic Weapons 
Establishment,  f o r  making a v a i l a b l e  t o  us  a simple development i n d i c a t i n g  
t h a t  f o r  t h e  f i r s t  m a t e r i a l  TR = 5.3 TD. 



It was first shown t h a t  t h e  i n t e r s t i t i a l  gas  i n  a p r e s s i n g  o f  

g r a n u l a r  exp los ive  is no t  invo lved  i n  t h e  i n i t i a t i o n  o f  de tona t ion  

i n  t h a t  p res s ing .  Then it was shown t h a t  de tona t ion  l i g h t  d i d  n o t  

a r i s e  from t h e  i n t e r s t i t i a l  gas. Now it has  been proposed t h a t  t h i s  

very  b r i g h t  l i g h t ,  which is n e a r l y  always p r e s e n t  i n  t h e  de tona t ion  

of g r a n u l a r  exp los ives ,  a r i s e s  by a p rocess  o f  s t a g n a t i o n  i n  t h e  

products  o f  de tonat ion .& The c a l c u l a t i o n s  t h a t  have been made show 

t h a t  t h e r e  is a r i s e  o f  tempera ture  i n  t h e  combined expans ion-s tagnat ion  

process .  The s p e c i f i c  t empera tu res  reached i n  real  de tona t ion  p roduc t s  

are i n  cons ide rab le  doubt because t h e  l i m i t i n g  f a c t o r  is undoubtedly 

i o n i z a t i o n  and no d e t a i l e d  c a l c u l a t i o n  invo lv ing  i o n i z a t i o n  has  been 

at tempted.  A reasonable  guess  f o r  t h e  tempera ture  is thought  t o  be 

about  10,OOO°K. The d e n s i t y  w i l l  be a few t e n t h s  of a gram p e r  c u b i c  

cen t ime te r .  Th i s  m a t e r i a l  s t a g n a t e d  a g a i n s t  an exp los ive  g r a i n  con- 

s t i t u t e s  a very e f f e c t i v e  hot -spot .  A s  we have s o  f a r  expounded 

s t a g n a t i o n ,  however, it concerns f u l l - s t r e n g t h  de tona t ions .  The 

problem remaining is  t o  p r e s e n t  t h e  evidence  f o r  t h e  same s o r t  of 

mechanism dur ing  t h e  p rocess  of  shock i n i t i a t i o n .  

It might be mentioned p a r e n t h e t i c a l l y  t h a t  we now have t h e  problem 
of  e x p l a i n i n g  why, i n  most c a s e s ,  we s e e  no evidence  o f  t h e  com- 
p r e s s e d  i n t e r s t i t i a l  gas. It seems reasonable  t o  propose t h a t  t h e  
gas ,  a l though very  h o t ,  is very  "thin" i n  t h e  o p t i c a l  s e n s e ,  and 
t h e r e f o r e  does n o t  emit  much r a d i a t i o n .  It is n o t  a p p r o p r i a t e  t o  
d i s c u s s  t h i s  f u r t h e r  here.  



I n i t i a t i o n  l i g h t  i ~ :  t e t r y l .  The r e l a t i o n s h i p  of  detonat ion l i g h t  t o  

t h e  i n i t i a t i o n  process  can be s t u d i e d  by means of t h e  wedge technique.  

This technique has been expla ined i n  d e t a i l  elsewhere. 11,15 I n  Fig, 113': 

is shown a RMC p i c t u r e  of  a bare  wedge of  t e t r y l  i l lumina ted  wi th  an 

argon f l a s h .  The progress  of  t h e  i n i t i a t i n g  shock can be followed 

because t h e  su r face  o f  t h e  wedge ceases  to .  r e f l e c t  l i g h t  i n t o  t h e  

camera when t h e  shock emerges. When t h e  wave has gone over  t o  f u l l  

s t r e n g t h  de tona t ion ,  b r i g h t  de tona t ion  l i g h t  can be seen. A c e r t a i n  

amount of  such l i g h t  can be seen be fo re  f u l l  de tonat ion v e l o c i t y  is 

reached. I n  Fig. 12 i s  shown a photograph of  a s i m i l a r  wedge bu t  

without t h e  a u x i l i a r y  argon l i g h t .  Every e f f o r t  was made t o  c o l l e c t  

a l l  t h e  l i g h t  p o s s i b l e  from t h e  wedge. In  t h i s  p i c t u r e  it can be 

c l e a r l y  seen t h a t  t h e  first appearance of  l i g h t  comes e a r l y  i n  t h e  

a c c e l e r a t i o n  of  t h e  shock. A s  t h e  wave b u i l d s  up toward detonat ion 

t h e  i n t e n s i t y  of t h e  l i g h t  a l s o  i n c r e a s e s ,  culminating i n  de tona t ion  

l i g h t .  This  c l o s e  a s s o c i a t i o n  of  t h e  l i g h t  wi th  t h e  i n i t i a t i o n  process  

has  suggested t h a t  t h e r e  is a f u n c t i o n a l  connection between t h e  two. 

I n i t i a t i o n  l i g h t  shows a l l  of  t h e  p e c u l i a r  c h a r a c t e r i s t i c s  of  detonat ion 

l i g h t ,  and i n  f a c t ,  i s  be l i eved  t o  be t h e  r e s u l t  of  t h e  same s o r t  of  

p rocess  a s  t h a t  which g i v e s  r i s e  t o  detonat ion l i g h t .  

The f a c t  t h a t  t h e  i n i t i a t i n g  shock is a t  first dark should  be 

i n t e r p r e t e d  i n  l i g h t  of t h e  d e t e c t i o n  l i m i t  o f  t h e  camera, e s t ima ted  

no lower than 3500°C. A t  t h i s  s t a g e  of  t h e  evidence we can note  t h a t  

i f  a s t a g n a t i o n  process  e x i s t s  a l l  along t h e  course of  t h e  i n i t i a t i n g  

shock, it is e n t i r e l y  reasonable  t h a t  weak s t a g n a t i o n s  i n  t h e  unaccelera ted  

15. T. E. Holland, A. W. Campbell, and M. E. Malin, J. Apple Phys. - 28, 
1217 (1957). 

* This  work was performed by I. E. Lindstrom. 



shock shou ld  n o t  be d e t e c t e d  by t h e  camera. I f  t h i s  were t h e  case  t h e s e  

"dark" ho t - spo t s  would n e v e r t h e l e s s  be ho t  enough t o  be very  r e a c t i v e  

chemica l ly  and cou ld  be r e s p o n s i b l e  f o r  t h e  observed a c c e l e r a t i o n  o f  

t h e  wave. The c r u c i a l  p a r t  o f  t h e  i n i t i a t i o n  p rocess  is t h e  t ime when 

t h e  shock first e n t e r s  t h e  charge ,  and a t  t h a t  t ime t h e  shock must be 

e s s e n t i a l l y  nonreac t ive .  This  immediately r a i s e s  t h e  q u e s t i o n  a s  t o  

whether  a s t a g n a t i o n  p rocess  can be l e g i t i m a t e l y  p o s t u l a t e d  f o r  shocks  

i n  i n e r t  m a t e r i a l s .  

L ight  from shocked i n e r t s .  F igure  1 3  shows a r e c o r d  from a Comp B-3 

charge which con ta ined  a long  i t s  l e n g t h  s e c t i o n s  o f  g r a n u l a r  sodium 

c h l o r i d e .  The e n t i r e  assembly was submerged i n  wa te r  t o  s u p p r e s s  a i r  

shock l i g h t .  The sequence o f  t h e  s e c t i o n s  o f  t h e  charge is  shown i n  

t h e  s k e t c h  a t  t h e  bottom o f  t h e  f i g u r e .  This  s o r t  of  experiment  was 

used  by ~ a t e r s o n l ~  i n  Sco t l and  t o  i n d i c a t e  t h a t  chemical  r e a c t i o n  w a s  

n o t  neces sa ry  t o  produce t h e  same s o r t  o f  l i g h t  a s  de tona t ion  l i g h t .  

It can be seen  t h a t  t h e  shock l i g h t  from t h e  sodium c h l o r i d e  is  much 

b r i g h t e r  t h a n  t h e  l i g h t  from t h e  Comp B-3, t h e  impor tant  f e a t u r e  be ing  

t h e  p o r o s i t y  o f  t h e  salt .  Blackburn and see ly17  used  t h e  methane and 

t h e  two open g a s  chambers t o  show t h a t  t h e  l i g h t  does n o t  a r i s e  from t h e  

i n t e r s t i t i a l  gas.  It can be seen  on t h e  n e g a t i v e  from which t h i s  

p r i n t  was made t h a t  t h e  l i g h t  from t h e  a i r - f i l l e d  sodium c h l o r i d e  bed 

i s  a c t u a l l y  somewhat b r i g h t e r  t han  from t h e  me thane - f i l l ed  bed. This  

has been n o t i c e d  f o r  several i n e r t s  when s t r o n g  shocks are used. The 

impor t an t  p o i n t  t o  be made h e r e  is  t h a t  f o r  any gas  t h e r e  i s  at  least  

a c e r t a i n  amount of l i g h t  e m i t t e d  by t h e  p a r t i c l e  bed  and t h i s  minimum 

16. S. Pa t e r son ,  Nature ,  167,  479 (1951). - 
17. J. H. Blackburn and L. B. See ly ,  Nature ,  194,  370 (1962). - 



i s  extremely b r i g h t .  The l i g h t  observed f o r  t h e  methane-f i l led  p a r t i c l e  

bed is  probably c l o s e  t o  t h e  minimum f o r  t h e  cond i t ions  i n  t h i s  experiment. 

Figure 14 i s  a  RMC p i c t u r e  of two charges of  sodium c h l o r i d e ,  one of 

which has been evacuated t o  l e s s  than t o r r .  The presence of l i g h t  

of  undiminished i n t e n s i t y  a f t e r  99.99998% of  t h e  a i r  has been removed, 

i s  s t r o n g  evidence t h a t  t h e  a i r  i s  no t  r e spons ib le  f o r  t h e  production of 

shock l i g h t  i n  t h e  charge. I n s t e a d  it seems c l e a r  t h a t  hot  sodium c h l o r i d e  

is  e m i t t i n g  t h e  l i g h t .  I t  is  suspected t h a t  s t a g n a t i o n  is t h e  mechanism 

by which a  smal l  p a r t  of t h e  sodium c h l o r i d e  can become s u f f i c i e n t l y  hot .  

In  Fig. 15 shock l i g h t  i s  recorded from g r a n u l a r  beds of sodium 

c h l o r i d e ,  sugar  and sand. I n  our  experiments a l l  t r a n s p a r e n t  o r  t r a n s -  

l u c e n t  m a t e r i a l s  produced t h i s  l i g h t  when a  p a r t i c l e  bed was shocked. 

I n  Fig. 16 a r e  shown press ings  of l a r g e - p a r t i c l e - s i z e  ammonium s u l f a t e  

f i l l e d  wi th  argon (on t h e  l e f t )  and methane(on t h e  r i g h t )  shocked wi th  

waves of t h r e e  d i f f e r e n t  pressures .  The m a t e r i a l  from which t h e  p ress ings  

were shocked was Luci te  i n  a l l  cases.  The match t o  t h e  p r e s s i n g s  was 

q u i t e  good, t h e r e  being only a  few k i l o b a r s  d i f f e r e n c e  between t h e  pres-  

s u r e  i n  t h e  Luci te  and i n  t h e  p ress ings .  I t  w i l l  be n o t i c e d  t h a t  a s  t h e  

shock s t r e n g t h  is lowered t h e  luminosi ty  i n  t h e  a rgon- f i l l ed  and methane- 

f i l l e d  charges becomes more n e a r l y  equal .  

R e s t r i c t i o n s  on t h e  production of shock l i g h t .  An extremely b r i l l i a n t  

l i g h t  is  produced by shocks i n  beds of g ranu la r  i n e r t s .  In  almost every  

r e s p e c t ,  t h i s  l i g h t  shows t h e  same c h a r a c t e r i s t i c s  a s  does de tona t ion  

l i g h t  ( e f f e c t  of d e n s i t y ,  p a r t i c l e  s i z e ,  vacuum, e t c . ) ,  t h e  one except ion 

being t h a t  t h e  l i g h t  output  is  somewhat inc reased  by i n t e r s t i t i a l  gases  

t h a t  become very hot  on compression. But f o r  a l l  such charges i n t e r e s t  

is cen te red  i n  exp la in ing  t h e  very b r i g h t  minimum of l i g h t  i n t e n s i t y  t h a t  



is  observed even with t h e  coo les t  i n t e r s t i t i a l  gas  and a l s o  with a good 
\ 

vacuum. 

In t h e  case of de tona t ion  l i g h t  t h e  p lane  wave experiment wi th  two 

s i n g l e  c r y s t a l s  of PETN was c r u c i a l  i n  e s t a b l i s h i n g  t h e  mechanism of 

l i g h t  production.  I t  can be reasoned beforehand t h a t  a s i m i l a r  exper i -  

ment i n  s i m p l i f i e d  geometry with i n e r t  c r y s t a l s  w i l l  be unsuccessful .  

I t  was a c t u a l l y  t r i e d  with two p l a t e s  of  g l a s s  and an evacuated space  

between them. The way i n  which t h e  f r e e  s u r f a c e  of  t h e  first p iece  of 

g l a s s  w i l l  move is well-known; namely wi th  twice  t h e  p a r t i c l e  v e l o c i t y  

of  t h e  shock. Because t h e  g l a s s  is a s o l i d  it w i l l  move p r a c t i c a l l y  a s  

one piece .  In c o n t r a s t  t o  de tona t ion  products ,  its d e n s i t y  w i l l  n o t  

approach zero.  On c o l l i d i n g  with t h e  second piece  of  g l a s s  it w i l l  be 

only s l i g h t l y  mismatched and t h e  p a r t i c l e  v e l o c i t y  w i l l  be reduced 

almost e x a c t l y  t o  i ts value  i n  t h e  o r i g i n a l  shock. The shock w i l l  be 

r e c o n s t i t u t e d  i n  t h e  second p iece  of  g l a s s .  The temperatures t h a t  

could be produced by such a process  i n  t h e  first p iece  of  g l a s s  can be 

es t ima ted  f a i r l y  accura te ly18  and c e r t a i n l y  l i e  f a r  below t h e  d e t e c t i o n  

l i m i t  o f  our  camera. 

However, a s l i g h t  v a r i a n t  of  t h e  two-plate-plane-wave experiment 

d i d  produce l i g h t ,  and t h i s  r e s u l t  is be l i eved  t o  i n d i c a t e  c l e a r l y  

what condi t ions  a r e  necessary  f o r  s t a g n a t i o n  l i g h t  i n  i n e r t  ma te r i a l s .  

In  t h i s  experiment a t r iangular-shaped trough was cu t  i n  t h e  f r o n t  

f a c e  o f  t h e  first p l a t e  and t h e  experiment o therwise  l e f t  a s  descr ibed 

before.  The e f f e c t  of  t h i s  t r i a n g u l a r  c u t  was t o  p e r t u r b  t h e  p lane  

wave and produce an i n t e r a c t i o n  when t h e  s i d e s  o f  t h e  c u t  met. This 

18. J. M. Walsh and R. H. C h r i s t i a n ,  Phys. Rev., - 97,  1544 (1955). 



produces an example of t h e  so -ca l l ed  c a v i t y  effect1'. Judging from 

t a r g e t  p a t t e r n s  and f l a s h  x-ray p i c t u r e s  r e s u l t i n g  from g lass - l ined  

c a v i t y  charges,  t h e  g l a s s  i n  t h i s  experiment can be expected t o  t r a v e l  

ac ross  t h e  evacuated space  a s  a f i n e  spray.  The RMC photograph r e s u l t i n g  

from t h i s  experiment is shown i n  Fig. 17. There it can be seen t h a t  

l i g h t  was produced oppos i t e  t h e  notch a t  t h e  s u r f a c e  of t h e  prism of 

g l a s s .  Thus we come t o  some understanding of how it is p o s s i b l e  t o  

observe very b r i l l i a n t  shock l i g h t  i n  p ress ings  of g r a n u l a r  i n e r t s  and 

a t  t h e  same t ime is  no t  p o s s i b l e  t o  observe any l i g h t  i n  a s i m p l i f i e d  

plane  wave experiment. Shock i r r e g u l a r i t i e s  a r e  necessary  f o r  t h e  

production of l i g h t ;  t h e  i n e r t  m a t e r i a l  must be broken up by t h e  i n t e r -  

a c t i o n s  s o  t h a t  it w i l l  be mismatched with t h e  s o l i d  m a t e r i a l  wi th  

which it c o l l i d e s .  Of course ,  i n  a p ress ing ,  with random o r i e n t a t i o n  

of i r regular ly-shaped p a r t i c l e s  such i n t e r a c t i o n s  w i l l  be provided i n  

g r e a t  v a r i e t y  . 
Stagnat ion theory of shock i n i t i a t i o n .  The proposed mechanism of shock 

i n i t i a t i o n ,  t h e n ,  invo lves  s t a g n a t i o n  occurr ing among t h e  g r a i n s  of an 

explos ive  p ress ing .  When it f i r s t  e n t e r s  t h e  assembly of g r a i n s  t h e  

shock behaves about a s  it would on e n t e r i n g  an assembly of i n e r t  par- 

t i c l e s .  The shock p ressure  i n  t h e  g r a i n s  can i n  some cases  be a s  l i t t l e  

as 1/50 t h a t  necessary t o  s t a r t  homogeneous reac t ion .  The shocks a r e  

randomly o r i e n t e d  wi th in  t h e  g ra ins .  On l eav ing  t h e  g r a i n  s u r f a c e s ,  

t h e  shocks cause t h e  m a t e r i a l  t o  move o f f ,  and because t h e  s u r f a c e s  a r e  

randomly o r i e n t e d  t o  each o t h e r ,  t h i s  m a t e r i a l  i n t e r a c t s  i n  va r ious  

ways, producing j e t s  i n  some cases .  The p r o j e c t e d  m a t e r i a l ,  which 

19. G. Bi rkhoff ,  D. P. MacDougall, E. M. Pugh, and G. I. Taylor ,  
J. Appl. Phys., 19, 563 (1948). 



apparen t ly  must be broken up and must a c t  hydrodynamically r a t h e r  than  

a s  p a r t i c l e s ,  c o l l i d e s  wi th  t h e  s u r f a c e  d i r e c t l y  ahead. Depending on 

t h e  n a t u r e  and o r i e n t a t i o n  of t h a t  s u r f a c e ,  t h e  j e t t e d  m a t e r i a l  s t a g n a t e s  

t o  a g r e a t e r  o r  l e s s  degree. The a c t u a l  cond i t ions ,  both of t h e  o r i g i n a l  

j e t t i n g  and t h e  f i n a l  s t a g n a t i o n ,  a r e  d i f f i c u l t  t o  c a l c u l a t e .  The v a r i e t y  

of t h e s e  cond i t ions  r e f l e c t s  t h e  random o r i e n t a t i o n  of  t h e  s u r f a c e s  i n  

t h e  press ing.  However assuming t h a t  one could c a l c u l a t e  a s o r t  of "standard" 

s i t u a t i o n  ( f o r  i n s t a n c e ,  a two-dimensional t r i a n g u l a r  c a v i t y  charge wi th  a 

4S0 apex angle whose j e t  c o l l i d e s  wi th  a plane s u r f a c e  a t  r i g h t  angles  t o  

t h e  j e t  a x i s )  one could then  be s u r e  of  f i n d i n g  s t agna t ion  hot-spots wi th  

a wide v a r i e t y  of temperatures ,  some few h o t t e r  than  t h e  s t andard ,  and no 

doubt many at lower temperatures.  

Stagnat ion hot-spots a r e  no doubt similar t o  o t h e r  s o r t s  of  hot-spots 

except  t h a t  they are no t  i s o t r o p i c .  The h o t t e s t  m a t e r i a l  l i e s  d i r e c t l y  

a g a i n s t  t h e  su r face  of t h e  s o l i d  explos ive  p a r t i c l e  and t h e  temperature 

behind t h i s  fal ls  as t h e  d i s t a n c e  t o  t h e  s u r f a c e  inc reases .  Heat t r a n s f e r  

t o  t h e  s u r f a c e  d i r e c t l y  ahead would be r a t h e r  e f f i c i e n t  because of  t h e  

dens i ty  and turbulence .  A t  t h e  edges of t h e  hot-spot t h e  explos ive  

s u r f a c e  of  t h e  g r a i n  a g a i n s t  which s t a g n a t i o n  t a k e s  p lace  can be i g n i t e d  

by t h e  spread o f  su r face  burning. From t h e  r e a r  i n c r e a s i n g l y  c o l d e r  

m a t e r i a l  a t  h igher  dens i ty  flows toward t h e  h o t  area .  The l i f e  of  t h e  

hot-spot must be c o n t r o l l e d  by t h e  same s o r t  of  f a c t o r s  t h a t  have been 

found t o  c o n t r o l  t h e  l i f e  of  i s o t r o p i c  hot-spots.  Heat conduction and 

hydrodynamic e f f e c t s  w i l l  t e n d  t o  coo l  them; t h e  r a t e  of  r e a c t i o n  of  t h e  

inf lowing m a t e r i a l  and t h e  r a t e  of spreading of t h e  d e f l a g r a t i o n  a long 

t h e  s u r f a c e  w i l l  t e n d  t o  keep t h e  hot-spots i n  ex i s t ence .  The quest ion 

as t o  whether a given marginal  hot-spot can start a r e a c t i o n  t h a t  w i l l  



i. 

e v e n t u a l l y  b u i l d  up s u f f i c i e n t l y  s o  t h a t  energy  can be  s u p p l i e d  t o  t h e  

o r i g i n a l  shock must depend on t h e  s i z e  o f  t h e  hot -spot  among o t h e r  

f a c t o r s .  Large ho t - spo t s  w i l l  grow, s m a l l  ones w i l l  d i e  ou t .  

Disproof o f  t h e  i n t e r s t i t i a l  g a s  as t h e  i g n i t i o n  agen t  would n o t  

n e c e s s a r i l y  d i spose  o f  gra in-burning .  I t  is  a l s o  t r u e  t h a t  i f  s t a g n a t i o n  

is adopted  as t h e  i g n i t i o n  mechanism, gra in-burning  need n o t  be adopted.  

However it seems r easonab le  t h a t ,  because o f  t h e  p o s i t i o n  of  t h e  h o t  

m a t e r i a l ,  g r a i n  burning  shou ld  s tar t  from s t a g n a t i o n  hot -spots .  Evi- 

dence on t h i s  p o i n t  may be o b t a i n e d  from o t h e r  d a t a  on r a t e s  o f  growth 

t o  de tona t ion  under v a r i o u s  cond i t ions .  The performance o f  s e n s i t i v e  

g r a n u l a r  secondary  e x p l o s i v e s  s u g g e s t s  t h a t  gra in-burning  does occur .  

On t h e  o t h e r  hand it is c e r t a i n l y  p o s s i b l e  t h a t  o t h e r  modes o f  r e a c t i o n  

occu r  i n  o t h e r  explosives--primary e x p l o s i v e s ,  f o r  i n s t a n c e .  

INITIATION BEHAVIOR I N  GRANULAR SECONDARY EXPLOSIVES 

The e x i s t e n c e  o f  s t a g n a t i o n  ho t - spo t s  is suppor t ed  mainly by e x p e r i -  

ments on d e t o n a t i o n  l i g h t  and shock l i g h t .  The f a c t  t h a t  shock s e n s i -  

t i v i t y  o f  g r a n u l a r  e x p l o s i v e s  does n o t  depend on t h e  i n t e r s t i t i a l  gas  

adds  suppor t  o v e r  a g a i n s t  t h e  p r o p o s a l  f o r  i g n i t i o n  by t h e  i n t e r s t i t i a l  

g a s ,  b u t  a c t u a l l y  t h e r e  are o t h e r  p o s s i b l e  ways o f  g e n e r a t i n g  hot -spots  

which can be a l t e r e d  i n  one r e s p e c t  o r  a n o t h e r  s o  t h a t  t h e y  w i l l  e x p l a i n  

a l l  t h e  w e l l - e s t a b l i s h e d  f a c t s  about  e x p l o s i v e s  i n i t i a t i o n .  However it 

is n o t  ea sy  t o  e x p l a i n  shock l i g h t ,  d e t o n a t i o n  l i g h t ,  and i n i t i a t i o n  

l i g h t  wi thout  s t a g n a t i o n .  

One set of  c i rcumstances  i n  shock i n i t i a t i o n  o f  g r a n u l a r  e x p l o s i v e s  

might r e s u l t  i n  t h e  i g n i t i o n  s t a g e  o f  t h e  p r o c e s s  be ing  t h e  c r i t i c a l  one. 

Th i s  would mean t h a t  t h e  q u e s t i o n  o f  whether  t h e  s t a g n a t i o n  hot -spot  

could  grow o r  n o t  would de termine  whether  t h e  e x p l o s i v e  de tonated .  The 



chances f o r  growth of  t h e  hot-spot would depend on t h e  s i z e  of t h e  

i n t e r s t i t i a l  spaces.  This i n  t u r n  depends a t  a  given dens i ty  on t h e  

s i z e  of  t h e  p a r t i c l e s .  We thus  come t o  t h e  conclusion t h a t  when t h e  

i n i t i a l  growth of  t h e  hot-spots i s  i n  ques t ion  a g r a n u l a r  exp los ive  

composed of  l a r g e  p a r t i c l e s  would be more s e n s i t i v e  than t h e  same 

exp los ive  composed of  s m a l l  p a r t i c l e s .  This w i l l  be q u i t e  s u r p r i s i n g  

t o  those  used t o  th ink ing  i n  terms of  t h e  grain-burning theory.  How- 

e v e r ,  it is  n o t  a p r e d i c t i o n  exc lus ive ly  a s s o c i a t e d  with s t agna t ion .  

Other t h e o r i e s  can be ad jus ted  t o  y i e l d  t h e  same r e s u l t :  hydrodynamic 

hot-spots wi th in  t h e  g r a i n s  would a c t  i n  t h e  same way; and some assump- 

t i o n s  concerning t h e  h e a t  t r a n s f e r  from compressed i n t e r s t i t i a l  gas 

w i l l  y i e l d  t h e  same r e s u l t 2 0 .  Under o t h e r  circumstances with t h e  same 

exp los ive ,  o r  perhaps under any circumstances t h a t  can be achieved i n  

p r a c t i c e  wi th  c e r t a i n  explosives. ,  t h e  r a t e  of growth t o  de tona t ion  may 

be t h e  c r i t i c a l  f a c t o r  determining whether t h e  explos ive  w i l l  de tona te  

o r  not .  In  such cases  t h e  i n i t i a t i o n  behavior  w i l l  be a s  p r e d i c t e d  by 

grain-burning. The exp los ive  w i l l  be more s e n s i t i v e  when t h e  p a r t i c l e  

s i z e  is s m a l l  than  when t h e  p a r t i c l e  s i z e  is  l a r g e .  P r a c t i c a l  de te r -  

mination of  t h e  s e n s i t i v i t y  w i l l  r e q u i r e  a charge s e v e r a l  diameters 

long. I n i t i a t i o n  behavior  of  t h i s  type  can not  be observed i n  an exper i -  

ment t h a t  can be v a l i d l y  desc r ibed  a s  plane-wave o r  one-dimensional. 

"Gap t e s t  r e s u l t s  f o r  t e t r y l .  Gap t e s t s  have a poor r e p u t a t i o n  a s  sources  

of fundamental informat ion s i n c e  s o  many puzzl ing gap t e s t  r e s u l t s  have 

been l e f t  unexplained. I t  is  be l i eved ,  however, t h a t  wi th  c a r e  gap 

t e s t s  can produce v a l i d  d a t a  over  a wide v a r i e t y  of condi t ions .  

20. A. ~ a s e k ,  P r i v a t e  communication (1963 1. 



~ e s u l t s ~ l  from a 1-5/8" d i amete r  gap t e s t  a r e  shown i n  Fig. 1 8  fo" 

two p a r t i c l e  s i z e s  o f  t e t r y l .  The t h i c k n e s s  o f  t h e  Luc i t e  a t t e n u a t o r  

is p l o t t e d  a g a i n s t  t h e  dens i ty .  This  system h a s  been c a l i b r a t e d  f o r  

p r e s s u r e  by f r e e - s u r f a c e  measurements, and t h e  r e s u l t s  could  be  quoted 

as p r e s s u r e  i n  t h e  tetryl. For p r e s e n t  purposes  t h e  Luc i t e  t h i c k n e s s  

is adequate.  Notice t h a t  t h e  f i n e r  material r e q u i r e s  a t h i n n e r  a t t e n -  

u a t o r ,  t h a t  is, is h a r d e r  t o  i n i t i a t e  t h a n  t h e  coa r se  ma te r i a l .  This  

is i n t e r p r e t e d  t o  mean t h a t  t h e  l i f e  of  t h e  s t a g n a t i o n  ho t - spo t s  is 

t h e  cr i t ical  q u e s t i o n  de termining t h e  s e n s i t i v i t y  of  t e t ry l  i n  t h e s e  

tests. 

By way of  an example o f  t h e  puzz l ing  n a t u r e  o f  gap test  r e s u l t s  

observe  t h e  data2' from t h e  sma l l - sca le  gap test  on t h e  same two samples 

of  t e t ry l  shown i n  Fig. 19. This  sma l l - sca le  t e s t  u ses  a 1/2-inch diam- 

e t e r  a c c e p t o r  charge.  The v a r i a t i o n  o f  t h e  s e n s i t i v i t y  o f  t h e  l a r g e  

p a r t i c l e - s i z e  t e t r y l  wi th  d e n s i t y  i s  pe rp lex ing  and q u i t e  d i f f e r e n t  

from t h e  s e n s i t i v i t y  g iven by t h e  l a r g e - s c a l e  test. I n  g e n e r a l  it is 

n o t  s a t i s f a c t o r y  t o  use t h i s  l a r g e  a  p a r t i c l e  s i z e  i n  t h e  sma l l - sca le  

test ,  appa ren t ly  because t h e  growth t o  de tona t ion  becomes t h e  c r i t i c a l  

s t a g e  o f  t h e  o v e r a l l  i n i t i a t i o n  p rocess  f o r  some d e n s i t i e s ,  whereas i n  

t h e  l a r g e - s c a l e  test t h e  i g n i t i o n  s t a g e  is c r i t i c a l  under a l l  cond i t ions .  

This  is  confirmed by t h e  n a t u r e  o f  t h e  r e s u l t s  f o r  t h e  l a r g e  par-  

- 3  t i c l e  s i z e  a t  d e n s i t i e s  of 1.3 gm c m  and below i n  t h e  sma l l - sca le  

test. I n  t h i s  r eg ion  t h e  d e n t s  i n  t h e  w i t n e s s  b locks  t h a t  a r e  used t o  

i d e n t i f y  de tona t ion  a r e  smaller t h a n  normal. Usual ly  an a c c e p t o r  charge 

l e n g t h  of  one d iamete r  w i l l  g i v e  as good r e s u l t s  as any l o n g e r  charge 

21. J. 0.  Johnson, P r i v a t e  communication, r e p o r t  i n  p repa ra t ion .  



l eng th ,  and w i l l  produce a  sharp  t r a n s i t i o n  a s  t h e  a t t e n u a t o r  th ickness  

is decreased,  from no dent a t  a l l  i n d i c a t i n g  f a i l u r e ,  t o  a  f u l l  s i z e  ' 

-3 dent r ep resen t ing  detonat ion.  For d e n s i t i e s  of 1.3 gm cm and below, 

however, a  sha rp  t r a n s i t i o n  can be obta ined only by us ing charge l e n g t h s  

g r e a t e r  than  t h r e e  diameters.  Thus t h e  detonat ion r e q u i r e s  a long run 

f o r  growth. Apparently f a i l u r e  is being determined by t h e  processes  

p o s t u l a t e d  f o r  t h e  grain-burning theory.  The s i z e  of t h e  t e t r y l  par- 

t i c l e s  apparent ly  guarantees  adequate s t a g n a t i o n  hot-spots i n  t h e  i n i -  

t i a l  s t a g e  of t h e  process ,  bu t  t h e  low s u r f a c e  area a v a i l a b l e  f o r  

subsequent grain-burning makes t h i s  l a t t e r  t h e  c r i t i c a l  process  i n  t h e  

small-s c a l e  geometry. 

Gap t e s t  r e s u l t s  on PETN. The s e n s i t i v i t y  of PETN is s u f f i c i e n t l y  g r e a t  

t h a t  p a r t i c l e - s i z e  samples we have t r i e d  behave r'easonably i n  t h e  small- 

s c a l e  gap t e s t .  I n  Fig. 20 are shown resu l t s2 '  on two p a r t i c l e  s i z e s  of 

22 PETN. The value a t  1.75 gm was obta ined by Urizar  . Note t h a t  

t h e  s m a l l e r  p a r t i c l e  s i z e  m a t e r i a l  is l e s s  s e n s i t i v e  than  t h e  l a r g e r .  

Also no te  t h a t  very c l o s e  t o  c r y s t a l  dens i ty  t h e  s e n s i t i v i t y  becomes 

very no t i ceab ly  l e s s .  A t  t h i s  same d e n s i t y  t h e  l i g h t  from s t a g n a t i o n  

is very much reduced (Fig. 5). I n t e r e s t i n g  p o s s i b i l i t i e s  f o r  a d d i t i o n a l  

work inc lude  t h e  determinat ion of p a r t i c l e  s i z e  e f f e c t s  and r a t e  of  

growth t o  detonat ion a t  t h i s  densi ty .  

I n  Fig. 21 t h e  a t t e n u a t o r  th ickness  ( i n  t h e  smal l -scale  gap t e s t )  

f o r  50% f i r e  a r e  p l o t t e d 2 3  a g a i n s t  t h e  s p e c i f i c  s u r f a c e  of  a v a r i e t y  of  

PETN samples a l l  at  a d e n s i t y  of  0.95 gm ~ m - ~ .  The l a r g e r  t h e  s u r f a c e  

( f i n e r  PETN g r a i n s ) ,  t h e  l e s s  s e n s i t i v e  t h e  PETN t o  shock i n i t i a t i o n .  

22. M. J. Urizar ,  P r i v a t e  communication. 
23. R. H. Dinegar, R. H. Rochester, and M. S. Mi l l i can ,  Exp los ivs to f fe ,  

i n  p r e s s  (1963). 



I t  has  been i n d i c a t e d  t h a t  a f t e r  i g n i t i o n  by s t a g n a t i o n , g r a i n -  

burning  is  a l i k e l y  mechanism f o r  s p r e a d i n g  o f  t h e  r e a c t i o n .  I n  

Fig. 22 are shown some d a t a 2 4  which a r e  c o n s i s t e n t  w i th  t h i s  p roposa l .  

The t ime from t h e  e n t r a n c e  o f  t h e  i n i t i a t i n g  shock i n t o  t h e  a c c e p t o r  

u n t i l  t h e  emergence o f  t h e  de tona t ion  from t h e  end o f  t h e  a c c e p t o r  

h a s  been p l o t t e d  as o r d i n a t e  a g a i n s t  t h e  a t t e n u a t o r  t h i c k n e s s  as 

a b s c i s s a  f o r  two p a r t i c l e  s i z e s  o f  PETN. Although t h e  t r a n s i t  t i m e s  

depend on t h e  s t r e n g t h  o f  t h e  i n i t i a t i n g  shock,  t h e  curve  f o r  t h e  

f i n e  PETN l i e s  lowest .  Th i s  means t h a t  t h e  t ime  r e q u i r e d  f o r  t h e  

growth of t h e  shock t o  d e t o n a t i o n  is l e s s  f o r  t h e  l a r g e r  s p e c i f i c  

s u r f a c e ,  i n  agreement w i th  t h e  p r o p o s a l  t h a t  gra in-burning  is t h e  

mechanism f o r  r e a c t i o n .  We a r e  r e p o r t i n g  he re  t o t a l  t i m e s  whereas 

what we would l i k e  t o  o b t a i n  a r e  r a t e s  of growth o r  b e t t e r  y e t  rates 

of  r e a c t i o n .  Here is  a p l a c e  f o r  f u r t h e r  expe r imen ta t ion  by more 

e l a b o r a t e  met hods. 

A t t e n t i o n  shou ld  be  drawn t o  t h e  f a c t  t h a t  t h e s e  t e s t s  i l l u s t r a t e  

t h e  a s s o c i a t i o n  o f  lower s e n s i t i v i t y  w i t h  more r a p i d  growth t o  f u l l -  

speed  de tona t ion .  Informat ion  t o  d a t e  i n d i c a t e s  t h a t  t h i s  is  n o t  

a t  a l l  rare among reasonably  s e n s i t i v e  secondary exp los ives .  Th i s  

is q u i t e  d e f i n i t e l y  n o t  t h e  a s s o c i a t i o n  t o  be expec ted  on t h e  b a s i s  

of t h e  o l d  gra in-burning  theo ry .  Recogni t ion  o f  t h i s  s i t u a t i o n  can 

be of g r e a t  a i d  i n  t h e  des ign  of e x p l o s i v e  devices .  

I n  Fig. 23 are p l o t t e d  some p r e l i m i n a r y  small-scale gap- t e s t  r e -  

s u l t ~ ~ ~  f o r  PETN samples thoroughly  w e t  w i t h  waterfc. A l l  t h e  samples 

24. R. H. Dinegar,  R. H. Roches ter ,  and M. S. M i l l i c a n ,  ACS Symp. on 
Detonat ion ,  September 1963. 

25. R. H. Dinegar,  e t  a l ,  P r i v a t e  communication. 

* This  s o r t  o f  experiment  was sugges t ed  by P r o f e s s o r  F. P. Bowden of 
Cambridge U n i v e r s i t y  i n  September 1960. 



are of  course l e s s  s e n s i t i v e  than t h e  corresponding dry samples. How- 

e v e r ,  t h e  f i n e  samples a r e  now more s e n s i t i v e  than t h e  large--the s l o p e  

of  t h e  curve has changed s ign.  I t  is be l i eved  t h a t  t h e  mode of  i g n i t i o n ,  

and perhaps a l s o  t h e  mode of  r e a c t i o n ,  has changed. The i n t r o d u c t i o n  of  

a m a t e r i a l  a s  dense and incompressible a s  water i n  t h e  i n t e r s t i c e s  would 

be expected t o  prevent  s t agna t ion .  One of  t h e  p o s s i b i l i t i e s  f o r  i n i t i a -  

t i o n  might be by means of  hydrodynamic hot-spots  wi th in  t h e  g ra ins .  If 

t h i s  is s o  t h e  r a t e  of  build-up t o  detonat ion might a l s o  be d i f f e r e n t ,  

s i n c e  s u r f a c e  burning would probably no t  be involved i n  t h e  w a t e r - f i l l e d  

charge. Fur the r  measurements on t h i s  type  of system a r e  i n  progress.  

CONCLUSION 

Stagnat ion has  been proposed a s  a hydrodynamic mechanism f o r  product ion 

of de tona t ion  l i g h t .  Through a s tudy  of  t h e  l i g h t  from shocked beds of 

i n e r t  p a r t i c l e s  and t h e  a s s o c i a t i o n  of l i g h t  similar t o  detonat ion l i g h t  

with t h e  process  of shock i n i t i a t i o n  i n  tetry1,we have been l e d  t o  postu- 

l a t e  s t a g n a t i o n  hot-spots  a s  t h e  i g n i t i o n  mechanism f o r  shock i n i t i a t i o n  

of g r a n u l a r  explos ives .  Because t h e  s t a g n a t i o n  hot-spots  occur  a g a i n s t  

t h e  s u r f a c e  of  t h e  down-stream g r a i n s ,  it is proposed t e n t a t i v e l y  t h a t  

growth t o  detonat ion ( a s  d i s t i n c t  from i g n i t i o n )  is c o n t r o l l e d  by t h e  

r a t e  o f  r e a c t i o n  of t h e  s u r f a c e  of  t h e  g ra ins .  

ACKNOWLEDGEMENTS 

It  should  be understood t h a t  most of t h e  experiments on which t h i s  

t a l k  is based have been a c t u a l l y  c a r r i e d  ou t  by a number of people working 

i n  Group GMX-7 a t  LASL. Reference t o  t h e s e  people i n  t h e  f o o t n o t e s  does 

no t  i n d i c a t e  t h e i r  many o t h e r  c o n t r i b u t i o n s  i n  development of t h e  work. 

The au thor  is a l s o  indebted t o  D r .  B. Kent Harrison,  D r .  I. C. Skidmore, 



and Prof. J. 0. Hirschfe lde r  f o r  d i scuss ions  on theory.  Carlos Seger 

has  given valued he lp  i n  p repara t ion  of t h e  f igures .  The au thor  is 

a l s o  indebted t o  Beverly C l i f f o r d  and Marjorie T e r r e l l  f o r  t h e  c a r e f u l  

p repara t ion  of t h e  t y p e s c r i p t .  
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BRASS F R E E  SURFACE V E L O C I T Y  ( M M / p S E C )  

Fig. 1 Depth o f  i n i t i a t i o n  vs  brass free surface v e l o c i t y  ( a  
measure o f  shock pressure)  f o r  PETN a t  densi ty  1 .0  g ~ r n ' ~ .  Data are from 
plane wave wedge experiments described i n  reference 11. 
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Fig. 2 Rota t ing  m i r r o r  camera (RMC) t r a c e s  of de tona t ion  waves 
emerging from p r e s s i n g s  of  PETN a t  50% of c r y s t a l  dens i ty .  Light  
s h i e l d s  were p laced  a s  shown t o  demonstrate t h e  p o s i t i o n  of o r i g i n  of 
t h e  l i g h t  s i g n a l s .  
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Fig. 3 RMC t r a c e s  o f  d e t o n a t i o n s  emerging from HMX charges  
p r e s s e d  a t  75% crystal dens i ty .  Various gases  sur rounded and in t e rpen -  
e t r a t e d  t h e  e x p l o s i v e  charges  as l a b e l e d .  



Fig. 4 
gases .  

HHX cha rges  s imilar  t o  t h o s e  i n  Fig. 3 w i th  a d d i t i o n a l  

Fig. 5 RiYC t r a c e s  o f  d e t o n a t i o n s  emerging from t h e  end  o f  PETN 
cha rges  p r e s s e d  t o  t h e  i n d i c a t e d  pe rcen tages  o f  c r y s t a l  d e n s i t y .  



Fig. 6. The e f f e c t  o f  p a r t i c l e  s i z e  on d e t o n a t i o n  l i g h t .  Numbers 
above t r a c e s  a r e  s p e c i f i c  s u r f a c e s  o f  PETN samples i n  cm2 g-l. 

Fig. 8 RMC trace o f  d e t o n a t i o n s  emerging from cha rges  o f  RDX a t  
60% o f  c r y s t a l  d e n s i t y .  The charge  on t h e  l e f t  is a t  580 t o r r  wh i l e  t h a t  
a t  r i g h t  is  a t  a few microns. 



Fig. 7 RMC t r ace  of a  detonation wave emerging from a bed of very 
large PETN c rys t a l s  a t  pour density.  



P E T N  

Fig. 9 A p l a n e  wave exper iment  w i t h  two l a r g e  PETN c r y s t a l s  w i t h  
an evacua t ed  s p a c e  between them. The view i n  t h e  RMC photograph a t  t h e  
l e f t  is from t h e  s i d e  and a t  t h e  r i g h t  is end-on through t h e  PETN 
c r y s t a l s .  L igh t  from t h e  d e t o n a t i o n  i n  t h e  PETN c r y s t a l  is more i n t e n s e  
on t h e  r i g h t  because  o f  a  c l e a r e r  o p t i c a l  p a t h  t h rough  t h e  c r y s t a l s  i n  
t h a t  d i r e c t i o n .  



I N I T I A L  C O N D I T I O N S  ( t = O )  

P E T N  
P R O D U C T S  AT 

C-J C O N D I T I O N S  
VACUUM 

UNDETONATED 

P E T N  

CRYSTAL 

Fig. 10 An x-t diagram of  a plane de tona t ion  wave a r r i v i n g  a t  t h e  
s u r f a c e  o f  one plane  PETN c r y s t a l ,  t h e  de tona t ion  products  expanding 
a c r o s s  an evacuated space ,  and c o l l i d i n g  wi th  an immovable wall .  



T E T R Y L  

I - 2 inches - 

Fig .  11 RMC t r a c e  showing t h e  p r o g r e s s  o f  a shock through a 
wedge o f  c o a r s e  t e t r y l  w i t h  e v e n t u a l  bui ld-up t o  d e t o n a t i o n .  The 
d e n s i t y  o f  t h e  e x p l o s i v e  was 1 . 3  g  c N 3 .  



T E T R Y L  

2 inches 

Fig .  1 2  A c h a r g e  similar t o  t h a t  i n  F ig .  11 viewed  w i t h o u t  t h e  
a r g o n  f l a s h .  T h i s  p r i n t  r e q u i r e d  r e t o u c h i n g  s o  t h a t  i t  c o u l d  b e  r e p r o -  
duced  by o f f s e t  p r i n t i n g .  F i l m  p r i n t s  o f  a similar s h o t  are a v a i l a b l e .  

27-37 



MOTION OF WAVE 

Fig, 1 3  Side-on RMC photograph o f  a Comp B-3 charge containing 
s e c t i o n s  o f  NaC1, Shaded areas ,  Comp B-3; dotted areas ,  granular NaC1; 
white areas ,  open spaces;  l i n e d  areas ,  Lucite tubing.  The e n t i r e  
arrangement was immersed i n  water. 



Fig. 14  RMC t r a c e s  o f  s t r o n g  shocks  emerging from two beds o f  
N a C 1 .  Bed at  l e f t  a t  less t h a n  0.1 u p r e s s u r e ;  a t  r i g h t  580 t o m .  



Fig.  15. RMC t r a c e s  of  s t r o n g  shocks  emerging from beds of  NaC1 ,  
s u g a r ,  and sand  i n  methane ( l e f t )  and a i r  ( r i g h t ) .  



Fig. 16  Shocks o f  t h r e e  d i f f e r e n t  p r e s s u r e s  emerging from t h e  
end  o f  ammonium s u l f a t e  p r e s s i n g s  i n t o  atmospheres o f  methane and argon. 



F i g .  1 7  RMC photograph  v iewing  p l a n e  shock  t r a v e l i n g  f rom l e f t  
t o  r i g h t  t h r o u g h  t h e  assembly  shown above. The s p a c e  between t h e  g l a s s  
p l a t e  and t h e  p r i s m  was e v a c u a t e d .  The b u r s t  o f  l i g h t  s e e n  on t h e  p r i s m  
face is o p p o s i t e  t h e  t r i a n g u l a r  g r o o v e  i n  t h e  g l a s s  p l a t e .  



2.8 - TETRYL 

L A R G E - S C A L E  G A P  T E S T  
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Fig. 1 8  Large-scale gap test  r e s u l t s  on tetryl. The c o a r s e  
sample c o n s i s t e d  of  p a r t i c l e s  about  .4 mm i n  d i ame te r  ( s p e c i f i c  s u r f a c e ,  
600 c m 2  g-l). The f i n e  sample was b a l l - m i l l e d  t o  a s p e c i f i c  s u r f a c e  o f  
4800 cm2 g-l. S p e c i f i c  s u r f a c e s  were measured by a permeameter. 



TETRYL 

SMALL SCALE GAP TEST 

\ \ - \ FINE 

COARSE \ \ 
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DENSITY, G C M - ~  

Fig .  19  Smal l - sca le  gap test r e s u l t s  on t h e  same type  of t e t r y l  a s  
tha t  de s cr ibed  for Fig .  18 .  



PETN 

SMALL SCALE GAP TEST 

DENSITY, G/CM' 

Fig. 20 Small-scale gap t e s t  r e s u l t s  on two Sam l e s  of PETN. The 5 coarse  sample had a s p e c i f i c  s u r f a c e  of about 3500 cm g'l. The f i n e  
sample was ba l l -mi l l ed  t o  about 10,000 cm2 .g-l. 



P E T N  
SMALL-SCALE GAP T E S T  

D E N S I T Y - 0 . 9 5  G  C M - ~  
0 PRECIPITATED 

BALL M I L L E D  

2 0 0 0  6 0 0 0  10000 1 4 0 0 0  1 8 0 0 0  
SPECIF IC SURFACE, ' C M ~  G-I 

Fig.  2 1  Smal l - sca le  gap t e s t  r e s u l t s  f o r  samples o f  PETN o f  v a r i o u s  s p e c i f i c  s u r f a c e s .  
Some samples were p repa red  by s p e c i a l  methods o f  p r e c i p i t a t i o n ,  o t h e r s  by b a l l - m i l l h g .  



PETN 
TRANSIT TIME THRU 1/2" ACCEPTOR 

SMALL-SCALE GAP TEST 
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B R A S S  T H I C K N E S S ,  INCHES 

Fig. 22 The t r a n s i t  t ime through t h e  a c c e p t o r  i n  t h e  sma l l - sca l e  gap t e s t  as a f u n c t i o n  o f  
t h e  b r a s s  a t t e n u a t o r  t h i c k n e s s .  The coa r se  m a t e r i a l  had a s p e c i f i c  s u r f a c e  of 3900 cm2 g-l wh i l e  
t h a t  of t h e  f i n e  m a t e r i a l  measured 11,500 cm2 g-1. 



PETN 
SATURATED WITH WATER 

SMALL-SCALE GAP T E S T  

Fig.  2 3  Sma l l - s ca l e  gap  t e s t  r e s u l t s  on w a t e r - s a t u r a t e d  PETN samples  of f o u r  d i f f e r -  
e n t  s p e c i f i c  s u r f a c e s  (measured on t h e  d ry  PETN). The p r e c i s i o n  o f  t h e  two p o i n t s  a t  h i g h  
s p e c i f i c  s u r f a c e  i s  poor--about *lo%. 



Mr. Weintraub asked i f  any experiments were run using ni t roglycerine.  

He a l s o  wondered i f  t h e  impuri t ies  i n  PETN, f o r  example, would show 

some ef fec t .  Mr. Seely sa id  he hadn't performed such experiments, and 

added t h a t  n i t roglycer ine  i s  a homogeneous explosive f o r  which t h e  s tory  has 

been completely developed by Campbell, Davis, Travis, Ramsey and t h e i r  

associates .  Bowden's r e s u l t s  were f o r  impact t e s t s ,  and he showed t h a t  

bubbles can be source-points of i n i t i a t i o n .  One must d is t inguish  between 

r e s u l t s  of impact, which extend over a r e l a t i v e l y  prolonged period, and 

shock i n i t i a t i o n ,  which happens during t h e  passage of t h e  f i r s t  shock. 

I n  response t o  a question regarding publication, M r .  Seely sa id  

t h a t  t h e  mater ia l  i n  t h i s  paper w i l l  come out f i r s t  in t h e  proceedings of 

t h i s  Symposium. Some fragments have been published at, t h e  American 

Chemical Society Symposium on Detonation, by Denninger, Rochester and 

Mil l ikin,  t h i s  f a l l .  

Someone in t e re s t ed  i n  t h i s  subject sa id  t h a t  they were using 

twinning a s  an indica t ion  of pressure. Someone e l s e  then mentioned t h a t  

Picatinny Arsenal was doing some work with gas-free n i t roglycer ine  t h a t  

was l e s s  sens i t ive .  I n  f a c t ,  t h e r e  was some d i f f i c u l t y  i n  i n i t i a t i n g  

these  gas f r e e  explosives. M r .  Seely sa id  t h a t  t h i s  brings up t h e  

subject  of i n i t i a t i o n  by hot spots.  The group mentioned above (Campbell, 

e t  a l )  put bubbles i n  l i q u i d  explosives, and tungsten and o ther  materials  

i n  s o l i d  explosives. These other  foreign mater ia l s  in so l ids  were found 

t o  be jus t  a s  good a s  bubbles i n  l iquids ,  i n  inducing i n i t i a t i o n .  This 

i s  due t o  perturbat ion of t h e  shock; t h a t  i s ,  it puts a i r r e g u l a r i t y  in 

t h e  shock-wave, and a s  it passes, a hot spot i s  induced beyond t h e  

inhomogeneity . The point i s  t h a t  homogeneous explosives can be i n i t i a t e d  

with t h e  a i d  of inhomogeneities a t  not iceable lower pressures.  

I n  considering explosive s e n s i t i v i t y  in terms of loading density,  

t h e  charge can be pressed t o  c r y s t a l  density.  I n  t h i s  condition t h e  

explosive i s  homogeneous and without i n t e r s t i c e s ,  and t h e  s tagnat ion 

process i s  l e s s  e f f i c i e n t .  Where t h e  cross-over came, M r .  Seely did not 

know. He supposed t h a t  t h e  bubble mechanism o r  hydrodynamic hot  spot came 

i n  between. Mr. Parker of Librascope asked i f  t h e  i n t e r s t i c e s  were f i l l e d  

with anything but water. Mr. Seely sa id  t h a t  a s i l i c o n  rubber material ,  



similar i n  consistency t o  rubber, o r  t o  t h e  du Pont p l a s t i c  sheet ,  was used. 

Resul ts  were i d e n t i c a l  t o  t h e  water-f i l led charges when they were done 

r igh t .  There was one exception, and t h i s  i s  being investigated.  It may be 

impossible t o  wet a l l  of t h e  surfaces of t h e  explosive g ra ins  with t h e  

s i l i cone  mater ia l ,  r e su l t i ng  i n  poor incorporation. I n  o ther  words, 

s tagnation i s  not eliminated. 

Mr. Simmons added a note of thanks t o  M r .  Ted Hannum and adjourned 

t h e  symposium. 



28. BRUCETON TESTS - RESULTS OF A COMPUTER STUDY ON 
SMALL SAMPLE ACCURACY 

J .  W .  M a r t i n  

Mrs. J .  S a u n d e r s  

R.A.R.D .E. - F o r t  H a l s t e a d  - England  

The Bmoeton test i e  one of the most a b l y  used in tbe meamrelssnt 
of the response of eq loa ive  bv icea  subleoted to posaible mwms of 
l a i t h t l o n .  Thus, to quote some typioal examples, it 18 use& to assesa 
the zrbsponee of eleotrLo ign i te r s  Q eleotr ioal  impulses, the 
seneitlvl$y of e q d o s i ~ ~ s  to falling weights, and the effeot of sir 
gaps on 42m passage of detonation. 

The test undoubtedly also haa appllcatlons outside the ewlosi*b 
f i e l d  and is  suitable f o r  the estfmation of the mean and standard 
dsvlatlon of samples when absolute measurements mey not be loBde, beoause 
auch a measurement would change the properties of the sample. Thus an 
explosive sample a t  dld not btonate m a r  a given fa l l ing  weight 
would no longer be representative of the original. The same would be 
true of s t e e l  bars in impaot tests o r  of Insects treated with test 
inseotlcides. 

PopuLari* of the test i s  almost certainly due to the ease nith 
rhioh a sequence is followed whioh enables properties a t  and around the 
5C$ event point to be found and the ease w i t h  shich the assmiatad 
numerical oaloulalAons are oamled out ( in  oontrast to maqy a l t e rna t lm 
s t a t l s t l c a l  prooeduree). 

Though the test is wldely used and its theory n s l l  established 
(lief. I )  the theory is based upon large samples and a minimum sample 
d e e  of 200 i s  reoommenbd. The test is,  h m v e r ,  widely used both 
in  t b  U.K. and in America, on much smaller samples often ae low ae  25 
and seldom over 9. I n  this report the effect  of small sample s ize  
i e  examined by means of large numbers of t ea t s  simulated on a d ig i t a l  
oomputer (i.e. using the Monte Carlo approaoh a s  is  usual in inslanoes 
where a theoretloal solution is  not easily obtained). 

2. The Bmceton test sequenoe 

F'irstly, a t r l a l  i s  made a t  a level  where the ohanoee of eq loe ion  
o r  non explosion are  eupeoted to be appro~dmately equal. If ewloaion 
ocoars, a test i s  made a t  a lower stimulus; if no explosion ooours, the 
next highest level  i s  tried. In  this wqy, a t  a ser les  of test h e i ~ h t s ,  
the eqerimenfer reoords a sequenoe of the following @pe, 0 mpresenkbq 
fa i lurn  and X an explosion:- 

Stimulus level  

i number f i r ed ,  n ni ni2 

2 X X X o o x  X eh 



The inorements of stirmlus level  are ohosen to be equal, and of fhs 
order of to  2 stan&rd deviations apart. (1% is  sometimes neoearrary 
to o a n y  at some transformel3on to ensum tha t  the expeobd response 
follows a near normal distribution; f o r  example, logarifhms of h e k h b  
of f'all of weights on to explosives and logarithms of voltages in ths 
oase of eleotr io  igniters) .  

where X, = s ~ l u s  a t  whioh the l ine  of all failunss ooours 

d = in terval  betaeen stimli 

The man and standard deviation rmqy thus be oaloulated i n  a few 
minutes. The s i q U o i . t g  is  one of the a t t rac t ions  of the test. It 
a l so  be seen that observations are  ooncentratgd around the 5C$ explosion 
points so  that i n  aqy test sequenoe nearly half', within olose l i m i t s ,  
nill be mcplosions. 

A sizandard prooedure f o r  the generation of "random" numbers on Uls 
W E  oomputer is to take a 39 binary digit number,nniltLply by 517 t 2-38 
delete the more signifioant half' and to take the remainder, a f t e r  shifw 
the deoimal point, a s  a -don number. Th3.s prowdurn gins, a 
reotangular distr ibution b e w e n  0 and + I  . To make numbers tha t  follow 
a normal distr ibution it is  only neoessarg to sum these numbers in a s  few 
a s  fours, making use of the oentral  l i m i t  theorem. 

The normally distr ibuted random numbers are  then tested I n  sequenoe 
nith a se r i e s  of t e s t  heights, i n  the usual Bmoeton prooedure - an 
exploaian being recol.ded if the test height was la rger  than the number 
and a fa i lu re  if smaller. The test height i s  then o h w e d  aooordin& 
and the next lzumber tested. Finally the 0's  and X ' s  a t  eaoh l eve l  are 
oollated and the mean and standard deviation oaloulated by the B~uoetan 
prooedure. 

A t  the same tlme, as a oheok on the sample of numbers, the a o M  
mean and standard deoiation, oa.loulated numerically, were a lso  obtained. 

4. The s y s t e m  variables 

For a given sample the Bnrceton test i s  oompletely speoifisd by:- 

1 ) PositLon of t e a t  heights re la t ive  to mean 

2) Step s ize  between the test ing stimulus levels 

3) Number of ob jeots to be tested. 

The test heights were made 1 )  with the mean coinoidsnt with a 
test height 

2) with the mean midway between test 
heights 

3) with the mean quarterway b e h e n  
test heights 



The step size was maae $, 3, I ,  2 standard deviations, and sample 
sizes of 25 and 100 were examined. 

5. Results 

The results  are given in tmo forms, namely h i s b g m  figures 1 - 4 
and tables 1 and 2. These may be summadaed as fol lwa:  

a) Posi t im of mean relative to test heinht 

This, had l i t t l e  effeot e i ther  f o r  samples of 25 or  100 a t  aqy 
spaoine of the t e s t  grid. In  flgures 1 and 2, the histogramrr show 
l i t t l e  afferenoe d m  anly oolumn. Tables 1 and 2 ahow no effeot on 
the average Bmoeton means, standard deviations or  their  atandard errors. 

b) Effeot of interval between test h e i ~ h t s  

V e ~ p  l i t t l e  aifferenoe appears between the results  f o r  t e s t  inte* 
vals &, 4 or  1 s.d. apart. A t  2 s.d.'s however, the reault  f o r  eaoh 
t r i a l  oan l i e  only a t  disoreet values, with no possible values in between. 
The histogram appears a s  separate blooks. Thia i s  beoause most of the 
tests take plaoe a t  -trio levels and the oooasional X o r  0 outside these 
levels has an overriding effeot on the n w r i o a l  result. Depending on 
whether, sey, two X ' s  o r  throe appear a t  the highest level, the answer, 
numedoally has one of two values, widely spaood (beoause of ths large 
t e s t  interval) and with no possible values in b e h e n .  Even so, 
however, the outlines of the histogram have a near normal distribution. 

o) Effeot of sample size 

With 100 i t e m s  the test gives estimates of mean (fig. 1) disM- 
buted olosely in aooordanoe with theory, with the important exoeptlon 
of a few rare results  lying outside the ourvea where the expeotatlon is 
negligible. This supports the opinion often held by users of the 
Bruoeton test that  the oonfidenoe limits osn be misleading. It appears 
from the oomputer tests, that  while a @ oonf'idenoe Wt oan be applied 
Prithout one being grossly misled, lower perpentage oonPidenoe limits need 
to be used with great  oaution. Standard aeviations are eotimatel with 
nuoh less  preoision and oonfidence l imits given by large sample theoay 
oan be very misleading. Fig. 3. 

With 25 items per teat ,  the estimates of mean are  widely distributed 
(Fig. 2) and the ooourrenoe of estimates outside the expeoted disMbution 
i a  apparent. 

The standard deviations, Fig. 4 are markedly non nonnel, being akemd 
so as to u n d e p e s ~ b t e  the standard deviation. The mode of the eatimafs 
i s  approximately as follows: 

Table 3 ( s m l e  size 25) 

Interval size true atsndard dextations 
I I I 



Tables 1 and 2 give the average values of standard deviation f o r  
samples of 25 and 100 items and Table 4 extends this to intermediate 
values. Tho carpet graph of figure 5 shows how the underestimation 
of the standard deviation i s  affeoted by test height spaoing and 
s q l e  size. This oorrection i s  appropriate i f  results of m w  
t r i a l s  are pooled. 

The pmcision of a standard deviation estimate from a s l n g b  
sample of 25 i s  so poor that it i s  of l i t t l e  value. Table 3, hmvor ,  
should be oonsulted to show the most likely faotor to be applied as a 
oorreotion. 

6. Comparison with exact moasurements 

It i s  useful to oompare the accluraoy of estimates where a 'go' 
o r  'no-go* test of the Bxuceton +gpe is used, with the oase where non 
d e s h o t i v e  measurements may be made. For example, the weights of 
propellant oharges oan be found without recourse to  t es t s  of the Bruoe- 
tan $ype and a table of exaot weights found oan be used t o  estimate the 
standard deviation exaotly f o r  the sample. 

The questdon arises, how does the aoouraog of the estimated average 
weights (and spread about the average) compare with tha t  found by the 
Bmceton pmcess? This i s  answered by the following table where N is  
the to ta l  number of ob Sects available f o r  test and o is the s tandad 
deviation of the factor measured. 

w 

Approximate expression 
fo r  standard error  of: 

 he factors G and H used i n  ref. 1 have been taken a s  mi*, t h e i r  
approxLmate value. I n  the case of standard deviations, however, this 
is veSy approximate and the standard error oan easily be larger). 

It can be seen tha t  the Bruceton Q-pe test requires twloe as  maHlp. 
items t o  estimate a mean with given precision and four times ( a t  leas t )  
as mmy to e s t h a t e  a standard deviation. 

This i s  a helpful concept fo r  comparison with averaging continuous 
measumrnents. It is  important to point out, however that  this i s  not 
a criticism of the Bruceton t e s t  since when measurements must 
necessarily be destruotive, there i s  no possibil i ty of using the 
continuaus process. 

7. Conclusions 

The Bruceton method of analysis has been simulated using result8 
equivalent t o  150,000 fir ings.  Large sample theo~y  gives a good 
agreement with the spread of means with samples of 100 but with samples 
of 25, the spreads are excessive. 



With standard deviations the spreabs are veqr large and with a 
sample of 25 there i s  a tendenoy t o  underestimate, partloularly when 
small intervals are  used between t e a t  heights. 

The opinion of experimenters that the B m o e ' h  t e s t  gives a 
good mean but a relat ively poor stanaard deviation i a  oonfirmed and 
xnunerloal values oan now be given to qua- this statement. The 
histograms of this report give an approximate basis  f o r  estimatfqg 
the oonf'idenoe limits. 

8. S u ~ e s t i o n s  f o r  fur ther  wo& 

The Monte Carlo method of analysis a s  used here, should a l so  be 
applied to the so oalled "m d m "  syetem whem batohem of i t e r n  
are  tested a t  various levels. Like the Bmoeton, this prooedure is  
uaed a s  a simplified "probit" analysis. A knowledge of the aocuzrrap 
of the tests and the aoat i n  loss  of eFPioienog i n  oomparison w i t h  
full probit  analysis is required. This, together w i t h  the Bmoefon 
method, oovers the prinaipal systems available when destmotive 
measurements must be made. The optimxm test height spaoing f o r  
estkoation of a good standard deviation is a matter of general 
in te res t  and importanoe. 

Same pmllminary resul ts  of work prooee- along these l ines  
a re  given i n  Appendix 2. 
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I Kean value of Bruoeton mean 
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FIG. I SPECTRUM OF BRUCETON MEANS. EACH HISTOGRAM GIVES THE RESULT OF 
100 TRIALS OF 25 ITEMS. THE X AXIS SHOWS THE ERROR I N  THE MEAN.  
MEASURED IN TERMS OF 'TRUE' STANDARD DEVIATIONS. 
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FIG. 2 SPECTRUM OF BRUCETON MEANS. EACH HISTOGRAM GIVES THE RESULT OF 
100 TRIALS OF 100 ITEMS.. TH{ X AXIS SHOWS THE ERROR IN THE MEAN, 
MEASURED IN TERMS OF TRUE STANDARD DEVIATIONS. 
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FIG. 3 SPECTRUM OF STANDARD DEVIATIONS. EACH HISTOGRAM GIVES THE RESULT 
OF 100 TRIALS OF 2s ITEMS. THE x AXIS SHOWS THE RATIO OF-FOUND-TO 
?RUE" STANDARD DEVIATION. 
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FIG. 4 SPECTRUM OF STANDARD DEVIATIONS. EACH HISTOGRAM GIVES THE RESULT 
OF 100 TRIALS OF 1 0 0  ITEMS. THE x AXIS SHOWS THE RATIO OF'FOUND'TO 

*TRUE. STANDARD DEVIATION. 





To t s n t  the 8 is t r ibu t ion  of ranaom numbers pruvicled by the h o s  
computer a. l::l.,ye smrple Bntceton t o s t  rrns applied. The r e su l t s  o f  
100 runs of 1000 numbers rrc ~ i v e n :  - 

The values of' me.o.n and s.&. were a l so  celculated d i rec t ly ,  the 
r e s u l t s  be*: - 

These cnlculntions pro-dcleil a, sa t i s fac tory  check on large sample 
Emceton themy r.1~3. conqm'mr m-ndom number dis tr ibut ion.  



Run dom tests 

In these, the groups of i t e m s  are tested a t  various s t i m l u s  levels  
and p lo ts  are made of peroenhge response against  stimulus level.  On 
p r o b a b i l i e  graph paper t\e sigmoid curve i s  transformed to s t r a igh t  
Ilnes. This gives a rapid method f o r  the estimation of mean and s.d., 
wNoh may be fu r the r  analysed more accurateQ by the method of l e a s t  
squares o r  to the bes t  possible advantage by Probi t  analysis ( ~ e f  .2). 

Two features of ~.un dam tests are  of i n t e r e s t  and users of the 
tests repeatedly ask the questions:- 

I .  Is the m n  down, using graphioal analysis, as e f f io i en t  a s  
the Bruceton Prooodure. 

2. What i s  the optimum choioe of test heights and optLnnun 
divlsion of the sample in to  sub-groups. 

A limited amount of work has been carr ied out  to obtain approximate 
answers to these questFons again using the Monte Carlo Method. The 
variables involved were : - 

1 . The number of items available. 

2. The spacings betmen t e s t  s t i~nu l i .  

3. The choice between two larga groups and various arrangements 
of l a rge r  numbers of smaller groups. 

It was decided ta l i m i t  the tests to 60 items f o r  the purposes of' 
this paper since:- 

(a) Less than 60 items a re  hardly sui table f o r  run down tests. 

(b) Largely bbsause of (a) a t e s t  of about 60 items is  a popular 
shoioo. 

(0) 60 f a o b r i s e s  conveniently into 2 x 30, 3 x 20, 4 x 15, 5 x 12, 
6 x 10, thus enabl* the group s ize  t o  be made a convenient 
variable w i t h  a f ixed number of i t e m 8  available f o r  test .  

It was a l so  decided tha t  groups should be equisized and equispaced 
on the normal stirrmlus scale. It i s  unlikely t h a t  this i s  an optimum 
arrangement, but  it appears tha t  these f ac to r s  a re  not  vesy c r i t i o a l  
and the o p t h i s a t i o n  i s  not a sharp one. 

The conputer simulation consisted of the generation of 60 normally 
d is t r ibuted  random numbers of mean zero and stwd.ard deviatLon of one 
half and the division of these numbers i n t o  smaller groups. These 
groups vere then tes ted  t o  f ind  the peroentsee tliat d id  not exceed the 
chosen sl5mulus l eve l s  and the response a s  stFmulus deduoed. 

Ref.2, p a p  221 may be us9d to deduce that ef f ic iencies  a s  high a s  7% 
may be obtained f o r  means. 



The peroentage response was then oonverted to the plPbability 
00-ordinates and a l eas t  squares l ine  f i t t e a  tha t  represented the 
graphion1 f i t t i n g  on probabiU.t;J. paper. Any responses of 0 o r  10% 
were rejooted since these give pointn a t  infin5.V and oannot be 
plotted. (1n Probit analysis these points a m  included but they 
have vezy low weighting). 

The mean and standard deviation deduoed by the simulated 
experiment were then available f o r  analysis. 

Efficiency 

A s  with the Bruceton t es t s  it is  useful to introduoe the conoept 
of effioienay using the properties of "continuousn data a s  a yardstiok. 
The abndarii er ror  f o r  mean and standard deviation a m  given 
approximately by:- 

so that @ven the standard error  and u- we my oaloulate N and oompare 
this ~ 5 t h  tho number of i t e m s  i n  the sample, i.e. the efficiency i s  
I OON reaching 10% i n  the "oontinuous" case. 74 

No ~ i o u l l y  ar ises  i n  instances where the means and s.d.'s are 
normally distributed sinoe the standard error  may be deduced direotly. 
Dif'ficul-@ iloes a r i se  i n  tho oase of ncn-normally distributed data ainoe 
epfeotive values of the standard e r m r  may be deduoed f o r  say the % and 

oints of We distribution of mans o r  8.d.'~. For these oases 
are 3.29 a .e .'s apart  and the I$ points are  4.65 s.6.' s apart. 

Results - 
Tho pattern of the resul ts  shows tha t  the distributions of means ana 

s.d.'s are non-nonllnl. Tiem is  a centre range of results  which are 
near normal with a double ended departure from normali* whioh gives 
unduly high and unduly low estimates. The de?arture from nonnalifp is  
probably beoause when 0 and 10% responses are  obtained the sample is 
out discontinuously by one group. 

Tables ~ 2 ( i )  and ~ 2 ( i i )  gives values f o r  tho mean and s.d. which 
were obtained i n  less  than and more than 1% and % of oooasions. A s  
only 100 t r l a l s  were done a t  each condition the 1% points a m  not vely 
accurate but taking the tables a s  a whole the trends mey be deduoed. 

The presence of a + i n  the table indioates tha t  within a run of 
100 t r i~ ls ,  one or  more gave a l l  0 o r  10% response, i.e. a oatastrophio 
result .  

Effect of &mmu 

SpUtting the sample into two groups only appears undesimble 
since there is  a greater r isk of a l l  10% o r  response. SpUtting 
between 3 and 5 groups appears to be the bes t  w i t h  an optinnun a t  4 to  5. 
The larger number would be preferred i n  practioe beoause it gives the 
experimenter greater control a s  the experiment proceeds in smaller steps. 



Havine; a large number of groups of fern items i s  unsati.sfaotoly 
since the resolution becomes coarsely graded. 

Spaoinr between the groups 

Means a re  determined r i t h  reasonable ef'ficiency i f  the t o t a l  
coverage i s  betroeen I a n d 3  s.d.'s. Two s.d.'s i s  probably the 
approximate optimum. 

Standard deviati.ons a r e  poorly detelrnined w i t h  I s.d. total 
spread. The optinnun i s  again a t  2 s.d.'s. If the spread i s  
increased to 3 s.d.'s thore becomes a strong c b c e  of all % and 10M 
response, par t icu lar ly  f o r  small numbers of large groups. 

Comarison w i t h  the Bruoeton tost 

The eff iciency i s  lower than tne Bruooton test both f o r  means 
and standard deviations. No doubt some of this difference could be 
recovered if weighted values were used a s  i n  Probi tana lys is .  However, 
bearing i n  d u d  the labour involved in the oaloulations, this 
prooedure does not  oompete w i t h  the Bruceton test. It is  sometimes 
olaimed t h a t  the run dom test has the advantage t h a t  a w  departure 
from normslity i s  deteoted. Witn small samples t h i s  i s  most unlikely 
to be the case: with l a rge r  s?.mples it is, havever, a poin t  to be 
considered. It should be remombered, however, t h a t  the r e su l t s  of a 
large Bruceton t e s t  may be given graphical treatment in the same way 
a s  run down tests and the noma1it;y can ba checked by using t h e X  2 
test included i n  tile "loss rend" seotion of the Dixon and Mood report.  
It i s  a l s o  impracticable to make prediotions conoenrlng chanoes of one 
i n  hundreds on the bas i s  of s d l  s a q l e s .  

Conolusions 

For the type of experiment vhero control of a knoivn produot i s  
being moaitored by run down t e s t s ,  the sample should be s p U t  i n t o  
fou r  groups spaced equally over a range of two to three standard 
deviations about the mean, aiming a t  responses of 9@, 7@, 3%, I@' 
o r  thereabouts. 

Run dom test3 using graphical analysis  are,  however, l e s s  
e f f i c i e n t  than Bruooton t e s t s  and possess no advantage over them. 
Numerical analysis  r a i se s  the eff icienqy,  but  i s  much more time 
consuming. Even the Bzuceton t o s t  13, however, by oompafison w i t h  
non-destructive tes t ing ,  i n e f f i c i e n t  par t icu lar ly  f o r  the determination 
of standard aeviations. Most e f fec t ive  analysis  of e i t h e r  t e s t  oan 
be oar r ied  out by means of Probit  analysis  and this is  well  worthwhile 
if expensive experimmts are  being oarr ied out. 



Table ~2(11 

Values of upper and lower $ points from 100 t r i a l s  on 
samples from a population of zero mean and standard 
deviation equal to 4. 

Values f o r  mean 

Values f o r  s.d.'s 

Martin and Saunders 19 



Table ~ 2 ( i i l  

Values of upper and lower 1% points from 100 trial8 on 
samples from a population of zero mean and standard 
deviation equal to &. 

Values for  means 

I Armqemnt 
of groups 

Values for s.d.'s 

Total spread 
of t e s t  
heights in 
s.d.'a 

blabartin and Saunders 20 



Table ~ ~ ( 1 1 1 1  

Ef'fioiencies of detexndnatlon of meam derived from 2% poinix 

--- - -- -- - - - 

Total. spread 
of teat 

2 x 30 
3 x m 
4 x  15 
5 x 12 
6 x 10 

Effioienoies of determination of 8 . d . ' ~  derived from 2% point8 

Total spread 
of teat 

heights 

2 x 30 
3 x 2 0  
4 x  15 
5 x 12 
6 x 10 

NOTE A It-" mpresents an attempt to obtain a value but with 
an inoidenoe of a l l  C$ - 10% response. 

Martin and Saunders 21 
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The 1963 E lec t r i c  I n i t i a t o r  Symposium, attended by 334 representa t ives  
from government and industry,  comprised 28 papers, continuing t h e  work of 
t h r ee  e a r l i e r  symposia (proceedings: 1954 - AD-66 001; 1957 - AD-153 
579; 1960 - AD-323 117). The f i r s t  seven papers, Section I, deal  with 
spec i f ic  new developments. The second session had four papers on safe ty ,  
functioning probabi l i ty  a t  high and low limits, and i n i t i a t i o n  
cha rac t e r i s t i c s  . The t h i r d  session,  eight  papers, d e a l t  with performance, 
t e s t s  and t e s t  procedures. The f i n a l  session covered research programs, 
including non-destructive s e n s i t i v i t y  t e s t i n g ,  shock i n i t i a t i o n  and 
small-sample accuracy of Bruceton t e s t s .  

Four papers i n  t h e  symposium a r e  c l a s s i f i ed ,  and f o r  convenience a r e  
separate ly  bound i n  a supplement (AD- . Abstracts of a l l  papers 
a r e  included i n  t h e  unclass i f ied volume; discussions follow each paper. 




