
HAL Id: jpa-00253724
https://hal.science/jpa-00253724

Submitted on 4 Feb 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

A New Kinetics and the Simplicity of Detonation
F. Walker

To cite this version:
F. Walker. A New Kinetics and the Simplicity of Detonation. Journal de Physique IV Proceedings,
1995, 05 (C4), pp.C4-309-C4-330. �10.1051/jp4:1995425�. �jpa-00253724�

https://hal.science/jpa-00253724
https://hal.archives-ouvertes.fr


JOURNAL DE PHYSIQUE N 
Colloque C4, supplCment au Journal de Physique III, Volume 5, mai 1995 

A New Kinetics and the Simplicity of Detonation 

F.E. Walker 

Interplay, Danville, California, U.S.A. 

ABSTRACT 

The r e s u l t s  a r e  presented from t h r e e  experiments, a s  we l l  
a s  a number of  molecular dynamics and quantum mechanics ca l -  
c u l a t i o n s ,  which c a s t  i n  s e r i o u s  doubt t h e  v a l i d i t y  of  some 
concepts and t h e o r i e s  o f  detonat ion.  This  doubt l e d  t o  num- 

erous s t u d i e s  i n  search  o f  more s a t i s f y i n g  concepts ,  and t h e  
q u i t e  su rp r i s ing  r e s u l t s  o f  s eve ra l  o f  those s t u d i e s  a r e  
given. P a r t i c u l a r l y ,  a new concept of  t h e  k i n e t i c s  o f  shock- 
induced chemical r eac t ion  i s  presented.  This  process ,  desig-  
nated as physical  k i n e t i c s ,  i s  described as a nonequilibrium, 
nonthermal process  i n  which chemical r eac t ion  r a t e s  a r e  de t e r -  
mined and regula ted  by the  averaged v i b r a t i o n a l  v e l o c i t i e s  o f  
t h e  bonded atoms i n  condensed systems under t h e  inf luence  o f  
high v e l o c i t y  shock waves. These v e l o c i t i e s  l i m i t  t h e  advance 
o f  t he  k i n e t i c  energy which l e a d s  t o  t h e  very high impact ve l -  
o c i t i e s  o f  t h e  atoms and molecules which cause massive bond 
f r a c t u r e  i n  the  molecules i n  extremely s h o r t  t imes. The major- 
i t y  o f  t h e  f r e e  atoms and r a d i c a l s  and o t h e r  h ighly  a c t i v a t e d  
spec i e s  formed then  r e a c t  i n  very  s h o r t  t imes (10-14 t o  s ) ,  
o f t e n  i n  chain r e a c t i o n s ,  t o  provide t h e  chemical energy which 
maintains  t h e  enormous l e v e l  o f  k i n e t i c  energy a t  t h e  detona- 
t i o n  f r o n t .  These high l e v e l s  ensure t h a t  many r e a c t i o n  path- 
ways a r e  avai lable--not  only those with the  lower a c t i v a t i o n  
energ ies  o r  b a r r i e r  p o t e n t i a l s .  I t  i s  i n  t h i s  regime o f  t h e  
detonat ion process  t h a t  t h e  more normal chemistry begins and 
then  cont inues i n  o t h e r  subsequent r eac t ions  t o  produce the  
a d i a b a t i c  expansion fo rces  and t h e  f i n a l  product mixtures .  I t  
i s  shown t h a t  t h i s  de tona t ion  model based on t h e  new k i n e t i c s  
model, with t he  major i n i t i a l  r eac t ions  occurr ing i n  t imes o f  
t h e  o r d e r  o f  t e n t h s  o f  picoseconds and i n  d i s t ances  on t h e  
o r d e r  o f  t e n s  o f  angstroms--in t h e  shock o r  de tona t ion  f ront - -  

can provide a p r e c i s e  and s a t i s f y i n g  mathematical and phys i ca l  
desc r ip t ion  o f  de tona t ion  phenomena. 
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INTRODUCTION 

There a r e  a number of  experiments and c a l c u l a t i o n s  from 

molecular dynamics, MD, and quantum mechanics, QM, which c a s t  
i n  s e r i o u s  doubt t h e  v a l i d i t y  o f  what have been c a l l e d  t h e  

c l a s s i c a l  concepts and t h e o r i e s  o f  detonat ion.  (Ref. 1) 

Presented here  a r e  a  new concept of  k i n e t i c s  ( ~ e f .  2 ) ,  

appl icable  p a r t i c u l a r l y  t o  shock-induced chemical r eac t ions ,  
bu t  a l s o  i n  many o t h e r  very  f a s t  r eac t ions ,  and a  very d i f f e r -  

e n t  theory  of detonat ion,  with a  s impler  r a t i o n a l e  t h a t  cont r ib-  
u t e s  t o  t he  confidence i n  and the  u t i l i t y  of  i t s  app l i ca t ion .  

The p r i n c i p a l  elementary phys ica l  p r i n c i p l e s  used a s  t he  b a s i s  

f o r  t he  k i n e t i c s  a r e  t h e  Hugoniot r e l a t i o n s h i p  (P-Po = ~ U ~ U , ) ,  
a  concept o f  t h e  momentum t r a n s f e r  o f  t h e  shock energy, and a  
cons idera t ion  o f  t he  e f f i c a c y  o f  t h e  k i n e t i c  energy o f  t h e  atoms 

and molecules i n  a  shock f r o n t  i n  t h e  mechanical f r a c t u r e  o f  
covalen t  bonds i n  extremely sho r t  times. I t  w i l l  be shown t h a t  
a  detonat ion model based on t h i s  k i n e t i c s  model, with t h e  major 

i n i t i a l  r eac t ions  occurr ing  i n  t imes of  t he  o rde r  o f  t e n t h s  o f  

picoseconds and i n  d i s t ances  on t h e  o r d e r  o f  t ens  o f  angstroms-- 

i n  t h e  shock o r  de tona t ion  f r o n t ,  can provide a  p rec i se  and 

s a t i s f y i n g  mathematical and physical  desc r ip t ion  o f  de tona t ion  
phenomena. 

P a r t i c u l a r l y ,  s t rong  phenomenological evidence and da ta  

w i l l  be presented support ing t h e  proposals  t h a t  t h e  k i n e t i c  
energy from t h e  shock fo rces ,  with t h e  a d d i t i o n  i n  a  few t en ths  

o f  a ps  of  a  l a r g e  f r a c t i o n  of  t h e  a v a i l a b l e  chemical energy t o  
t h e  atoms i n  and near  t h e  f r o n t ,  can f r a c t u r e  s e r i a l l y  a  major 
p o r t i o n  of  t h e  covalent  bonds of an  explosive. The detonat ion 
v e l o c i t y  can now be ca lcu la ted  from the  weight-averaged shock 

v e l o c i t i e s  of  t h e  component elements of t h e  explosive. This  
method o f  c a l c u l a t i o n  demonstrates t h a t  a minimal con t r ibu t ion  

t o  t h e  de tona t ion  v e l o c i t y  is  made by equi l ibr ium thermal pro- 

ce s ses  o r  thermodynamic f a c t o r s ,  and t h a t  a key f a c t o r  i s  simply 

t h e  Hugoniot r e l a t i o n s h i p  (shock v e l o c i t y v e r s u s p r e s s u r e )  o f  
t h e  elements o f  t h e  empir ical  formulae o f  t h e  explosives.  



BACKGROUND 

The microscopic d e t a i l s  o f  t h e  chemical and phys ica l  phen- 
omena by which a few grams o f  a seemingly quiescent  and s t a b l e  
organic  ma te r i a l  can be converted i n  one o r  two microseconds 
i n t o  a mainly gaseous product,  a t  temperatures of  2500-5000 K 
and pressures  up t o  nea r ly  400,000 atmospheres, have eluded 
explosives s c i e n t i s t s  f o r  more than  a century.  I t  w i l l  be shown 
here in  t h a t  two very  simple empir ical  equations and one o t h e r  
physically-meaningful equat ion can provide va lues  o f  de tona t ion  
v e l o c i t i e s  a s  we l l  a s  o r  b e t t e r  than  complex computer codes 

(Ref. 3 ) ,  and t h a t  t h e  new phys ica l  k i n e t i c s  provides a r a t i o n a l  
explanat ion of  t h e  microscopic d e t a i l s  o f  t h e  phenomena. 

If we review t h e  da ta  on 14  commonly-used explosives,  we 
f i n d  they  have, a s  measured and ca l cu la t ed ,  detonat ion pressures ,  

Pd, covering a range of  13.0 t o  39.0 GPa and detonat ion ve loc i -  
t i e s ,  D ,  from about 6 . 3 2  t o  9.11 km/s. It i s  seen  now t h a t  a 

th ree - fo ld  inc rease  i n  Pd increased  D by only LCw. I t  i s  impor- 
t a n t  t o  consider  a l s o  t h a t  a v e l o c i t y  of  9.11 km/s i s  a l s o  9.11 
angstroms/10-13 s. This  means t h a t  t h e  atoms i n  t h e  detonat ion 
f r o n t  a r e  being acce l e ra t ed  by momentum t r a n s f e r  on a ps  time 
s c a l e  t o  energ ies  nea r  5 eV, and t h e  f r o n t  i s  cross ing  t h e  co- 
v a l e n t  bonds of  t h e s e  organic  compounds i n  one t o  a few v ibra-  
t i o n  periods.  Th i s  i n d i c a t e s  t h a t  t h e r e  i s  s u f f i c i e n t  energy t o  
break most o f  t h e  bonds i n  t h e  explosives molecules t o  provide 
many r eac t ion  pathway opt ions ,*  no t  simply t h e  ones with t h e  
lowest energy b a r r i e r s  o r  a c t i v a t i o n  energ ies ,  and t h a t  t h i s  
f r a c t u r e  can occur  i n  t ime s c a l e s  n e a r  s. (Ref. 3)  

Experiments and molecular dynamics ca l cu la t ions  (Ref. 1) 
give  s t rong  evidence t h a t  t h e  width o f  t h e  shock f r o n t  is  on 
t h e  o rde r  of  50 angstroms, with a r i s e  time i n  the  ps  range. 

*This cons idera t ion  a l s o  provides a r a t i o n a l e  f o r  low velo- 
c i t y  detonat ion i n  an  explosive i n i t i a t e d  a t  a lower shock pres-  
s u r e ,  a s  wel l  a s  f o r  t h e  inc rease  i n  D f o r  nitromethane wi th  
diethylenetr iamine.  It i s  f e a s i b l e  t h a t  a s t a b l e  r eac t ion  
regime could be e s t ab l i shed  wi th  l e s s  massive bond f r a c t u r e ,  
l ead ing  t o  a lower l e v e l  of chemical r eac t ion  i n  and n e a r  t h e  
detonat ion f ron t  and thus  a lower Pd and detonat ion v e l o c i t y .  
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The MD s t u d i e s  f u r t h e r  show t h a t  a major (about 80%) p a r t  o f  t h e  
energy o f  momentum t r a n s f e r  i n  t h e  f r o n t ,  which begins t o  flow 

i n t o  t h e  v i b r a t i o n a l  component i n  t h e  molecular bonds i n  a few 

femtoseconds, has r i s e n  t o  l e v e l s  nea r  4 eV i n  about 80 f s .  MD 

s t u d i e s  a l s o  show t h a t  t h i s  v i o l e n t  energy f luence  o r  f l u x  
(about  5 e ~ / p s )  causes s c i s s i o n  o f  covalent  bonds by impact,  

compression o r  shear  f o r c e s  t o  produce very  ene rge t i c  f r e e  atoms 
and r a d i c a l s  i n  exc i ted  s t a t e s .  (Ref.  1 , 2 , 3 )  

I n  a momentum t r a n s f e r  involv ing  an N atom a t  8 km/s with 

4.72 eV of k i n e t i c  energy t o  a su r f ace  N-N couple with a bond 

s t r e n g t h  of  1 .06  eV, t h e r e  i s  a high p r o b a b i l i t y  t h e  bond would 
be broken and t h e  e x t e r i o r  N atom would be given t r a n s l a t i o n a l  

energy o f  about 3.5 eV and a v e l o c i t y  of 6.5 km/s. ( ~ e f .  3)  

Three of  t h e  reasons i t  is important t o  have a new detona- 

t i o n  theory  a r e  now discussed.  (See Ref. 1) We completed a 
s e r i e s  of  experiments on t h e  low-pressure (5 .1  t o  6.5 GPa) i n i t i -  
a t i o n  of  nitrometnane, NM, (Ref. 4 )  and found (1) t h a t  t h e  time 

t o  i n i t i a t i o n  was about 4 o r d e r s  o f  magnitude s h o r t e r  t han  pre-  
d i c t e d  by t h e  thermodynamic theory ,  and a l s o  (2 )  t h e  p a t t e r n  of  

t h e  i n i t i a t i o n  process  was much d i f f e r e n t  from t h e  c l a s s i c a l  
model. (Ref. 4 )  We a l s o  c a r r i e d  ou t  a s e r i e s  o f  i n i t i a t i o n  ex- 

periments i n  which d ie thylene t r iamine ,  DETA, was added t o  NM. 
(Ref.  5) One observa t ion  from t h i s  s e r i e s  was ( ~ e a s o n  3 )  t h a t  

t h e  de tona t ion  v e l o c i t y  of  t h e  NM w a s  increased  t o  about 6.72 

km/s from t h e  nominal measured va lue  of  6.32 km/s f o r  n e a t  NM, 
by t h e  a d d i t i o n  o f  only 0.05% o f  DETA. Th i s  would not  be explain- 
a b l e  wi th  t h e  thermodynamic concepts ,  bu t  it i s  e a s i l y  defended 
under  t h e  new theory  presented here in .  I n  f a c t ,  we proposed t h a t  
t h e  DETA would provide NH r a d i c a l s  and f r e e  N and H atoms which 

could provide new cha in  r e a c t i o n  pathways t o  i nc rease  t h e  energy 

r e l e a s e  r a t e .  A c a l c u l a t i o n  us ing  t h e  Skidmore-Hart equat ion 

(Ref .  1) f o r  overdriven de tona t ions  showed a probable ve ry  high 

Pd o f  about 1 9  GPa had been a t t a i n e d .  Using t h e  new equat ion 

given l a t e r  (based only on t h e  elemental Hugoniots) f o r  ca lcu la-  

t i n g  D ' s ,  we see  t h a t  t h e  new D should have been near  6.7 km/s 

f o r  t h e  NM with 0.05% DETA, a s  we measured. (Ref. 1) 



DEFTNI TIONS 

Physical  Kine t ics .  I n  detonat ions and some o t h e r  very  
f a s t  and shock-induced r eac t ions ,  t h e  r a t e s  o f  r e a c t i o n  a r e  
determined by t h e  phys ica l  l i m i t a t i o n s  o f  t h e  advance o f  t h e  
a c t i v a t i n g  energy of  bond f r a c t u r e  through t h e  r e a c t i n g  mater- 
i a l s .  This  i s  e s s e n t i a l l y  a  nonthermal, nonequilibrium process  
r e l a t e d  t o  t h e  shock v e l o c i t i e s ,  U s ,  o f  t h e  ind iv idua l  elements 
o f  t he  r e a c t i v e  ma te r i a l s .  

Detonation. The new de tonat ion  theory ,  based on t h e  con- 
c e p t  o f  physical  k i n e t i c s ,  inc ludes  t h e  experimental and calcu-  
l a t i o n a l  observa t ions  t h a t  nea r ly  a l l  o f  t h e  covalent  bonds of 
t h e  explosives molecules a r e  broken o r  rearranged wi th in  t h e  de t -  
ona t ion  shock f r o n t  (about 20-100 angstroms) by impact, compres- 
s i o n  and shear  f o r c e s ,  and t h a t  t h e  major i ty  o f  t h e  f r e e  atoms 
and r a d i c a l s  and o t h e r  h i  h l y  a c t i v a t e d  spec i e s  formed then  r e a c t  
i n  very  s h o r t  t imes (lo-'' t o  10-12s) t o  r e l e a s e  chemical energy 
which maintains  t h e  enormous l e v e l s  o f  k i n e t i c  energy a t  t h e  de t -  
onat ion f r o n t .  Other  subsequent more normal r eac t ions  provide 
t h e  ad i aba t i c  expansion f o r c e s  and t h e  f i n a l  product mixtures .  
Since t h e  molecules a r e  e s s e n t i a l l y  broken down t o  t h e i r  elements 
i n  t h e  shock f r o n t ,  t h e  de tona t ion  v e l o c i t i e s  a r e  determined by 
t h e  weight-averaged shock v e l o c i t i e s  o f  t he  elements o f  t h e  em- 
p i r i c a l  formulae. I t  fol lows t h a t  thermodynamics has only  a  sec- 
ondary r o l e ,  and t h e r e  i s  probably i n s u f f i c i e n t  time i n  t h i s  
i n i t i a l  phase f o r  t h e  anharmonic coupling of  exc i ted  phonon modes 
wi th  t h e  low frequency molecular v ib ra t ions .  

NEW CONSIDERATIONS OF SHOCK V W C I T Y  

The bas ic  equat ion f o r  shock v e l o c i t y  c a l c u l a t i o n s  i s  t h e  
Hugoniot r e l a t i o n s h i p ,  P-Po =Pusup,  where P i s  shock p re s su re ,  
Pis dens i ty ,  and Us and Up a r e  shock and p a r t i c l e  v e l o c i t y ,  
r e spec t ive ly .  However, it appeared, from some information from 
MD ca l cu la t ions ,  t h a t  one might be a b l e  t o  c a l c u l a t e  shock velo- 

c i t i e s  o f  t h e  condensed elements from simply t h e  da t a  i n  t h e  
pe r iod ic  chart--atomic weight,  atomic r ad ius  and dens i ty .  

S tudies  i n  t h i s  regard l e d  t o  t h e  equat ion,  
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L 
where f ( P )  = (0.42P + 10 .3P2 + 12) f o r  most o f  t he  elements,  
and only  a  s l i g h t l y  modified f ( P )  g ives  exce l l en t  r e s u l t s  f o r  
those  elements wi th  r e l a t i v e l y  l a r g e  atomic r a d i i .  The a t t a i n -  
a b l e  accuracy i s  shown i n  Fig. 1 (Ref.  6 )  Th i s  accuracy corre-  
sponds wel l  wi th  t h e  p rec i s ion  o f  t h e  da ta .  

The next  s t e p  i n  t h i s  l i n e  of  i n v e s t i g a t i o n  w a s  t o  de te r -  
mine i f  t h e  Hugoniots of organic  compounds could be ca l cu la t ed  
from t h e  Us ve r sus  P information ca l cu la t ed  f o r  t h e  elements. 
Again, a q u i t e  simple equat ion w a s  der ived ,  

i n  which Us, is  t h e  shock v e l o c i t y  o f  t h e  compound, t h e  U s i v S  

a r e  t h e  shock v e l o c i t i e s  of t h e  elements o f  t h e  compound a t  a  
given P ,  and t h e  f i ' s  a r e  t h e  weight f r a c t i o n s  o f  t h e  elements 
obtained from t h e  empir ical  formulae o f  t h e  compounds examined. 
(Ref.  7 )  Th i s  equat ion a l s o  g ives  very  good r e s u l t s .  

A Hugoniot "experiment" w a s  conducted wi th  a s e r i e s  of MD 

c a l c u l a t i o n s  i n  which t h e  v e l o c i t y  o f  a n  impacting p l a t e  was 
increased  i n  increments,  and t h e  r e s u l t a n t  shock v e l o c i t i e s  i n  a  
r ep re sen ta t ive  covalently-bonded l a t t i c e  were measured. (Ref. 1) 

The shock v e l o c i t y  va lues  obtained,  us ing  two covalent  p o t e n t i a l s  
spanning the  normal range found i n  organic compounds, a r e  given 
i n  Fig. 2. Also given a r e  t h e  measured shock v e l o c i t i e s  f o r  a  
number o f  organic  p l a s t i c s  and explosives.  It can be seen t h a t  
t h e  MD c a l c u l a t i o n s  compare favorably with t h e  data .  Th i s  f a c t  
adds confidence t o  t h e  MD s tudy  o f  shock processes.  

It was determined t h a t  t h e  average r e l a t i v e  v i b r a t i o n a l  
v e l o c i t i e s ,  A R V V ' s ,  o f  t h e  covalent  atomic p a i r s  (C-H, N-H, 0-H, 
C-N,  e t c . )  could be ca l cu la t ed  from thermal motion measureable 
i n  x-ray c rys t a l log raph ic  da t a  and, a l s o ,  from the  i n f r a r e d  
spectrographic frequency d a t a  f o r  s p e c i f i c  bonds. (Ref. 8 )  A 

somewhat s u r p r i s i n g  and i n t e r e s t i n g  c o r r e l a t i o n  of  t hese  r e s u l t s  

wi th  o t h e r  shock phenomena is  given i n  Fig. 3' where it i s  seen 
t h a t  a l l  o f  t h e  de tona t ion  v e l o c i t i e s  l i e  i n  t h e  cross-hatched 



a r e a  which inc ludes  t h e  shock v e l o c i t i e s  and t h e  ARW's o f  t h e  

C-H, 0-H, and N-H couples.  (Ref. 9)  

To ob ta in  more p r e c i s e  va lues  o f  t h e  ARW's, a s e r i e s  o f  

QM c a l c u l a t i o n s  o f  t h e  va lues  f o r  10 se l ec t ed  atom p a i r s  found 
i n  organic  explos ives  was ca l cu la t ed  us ing  t h e  l ea s t - squa res  f i t  

o f  t h e  diatomic p o t e n t i a l s  t o  Hulbert-Hirschfelder  func t ions .  

(Ref. 10)  The p l o t  o f  t h e s e  va lues  ve r sus  energy l e v e l s  f o r  t h e  

10  atom p a i r s  is  given as Fig. 4. The c a l c u l a t i o n s  show va lues  

o f  t h e  ARW's comparable t o  those  ca l cu la t ed  from t h e  i n f r a r e d  

and x-ray c rys t a l log raph ic  da t a .  These va lues  a l l  correspond 
c l o s e l y  t o  t h e  shock v e l o c i t i e s  we ca l cu la t ed  f o r  t h e  C ,  N ,  0 

elements and p a i r s  with H and f o r  t h e  organic  compounds examined. 
These cons idera t ions  w i l l  be shown t o  be key f a c t o r s  i n  t h e  new 

k i n e t i c s  and de tona t ion  concepts .  

KINETICS DISCUSSION 

I n  1975, Henry Eyring (Ref. 11) showed t h a t  t h e  o rd ina ry  
concepts o f  chemical k i n e t i c s  must be modified s i g n i f i c a n t l y  t o  

expla in  observed r e a c t i o n  r a t e s  i n  some shocked hydrocarbons and 
explosives.  He proposed a concept which he designated a s  " s t a r -  
v a t i o n  k i n e t i c s "  t o  help exp la in  why t h e  high temperature (more 

t h a n  1200 K )  decomposition o f  t h e  d i f f e r e n t  ma te r i a l s  i n  h i s  

s t u d i e s  had n e a r l y  t h e  same r e a c t i o n  r a t e ,  even though t h e  low 
temperature ( l e s s  t han  500 K )  r a t e s  were r a t i o n a l ,  d i f f e r e n t  from 

each o t h e r ,  and descr ibed q u i t e  wel l  by Arrhenius p r i n c i p l e s .  I f  

t h e  decomposition i s  assumed t o  obey f i r s t - o r d e r  k i n e t i c s ,  t hen  

t h e  logari thms o f  t h e  r a t e  cons t an t s  a t  high temperature f o r  a l l  

t h e  m a t e r i a l s  Eyring s tudied  were n e a r l y  equal and i n  t h e  r a t h e r  
narrow range o f  5.5 t o  6.5. 

Even when one makes t h e  obvious comments t h a t  f i r s t - o r d e r  

k i n e t i c s  i s  probably not  t h e  only  o r d e r  involved and t h a t  both 

decomposition mechanisms and r a t e s  probably would change s i g n i f i -  

c a n t l y  over  such a wide range o f  temperatures ,  t h i s  should i n  no 

way l e a d  t o  t h e  conclusion t h a t  a l l  o f  t h e  high temperature r a t e s  

presented  ( see  Fig. 5 )  should be n e a r l y  equal n o r  should t h e y  be 
approximately equal  t o  f i r s t - o r d e r  Arrhenius r a t e  cons tan t  
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logar i thms o f  5.5 t o  6.5. However, i n  t h e  concept o f  phys ica l  
k i n e t i c s ,  and wi th  re ference  t o  t h e  observa t ions  and ca l cu la -  
t i o n s  o f  shock v e l o c i t i e s  and t h e  ARW's, t hese  r a t e s  should be 
about equal ,  and they  should co inc ide  with pseudo-f i r s t -order  
Arrhenius r a t e s ,  as measured and observed. The r a t e s  f o r  t h e  
de tona t ion  r eac t ions  f a l l  i n  t h i s  range. (Ref. 9 )  

The a l t e r n a t i v e  k i n e t i c s  concept presented he re in  i s  t h a t  
t h e r e  i s  a phys ica l  r e g u l a t o r  o f  t h e  r a t e  of  t r a n s f e r  o f  t h e  
decomposition energy ( p r i n c i p a l l y ,  t h e  atomic v i b r a t i o n a l  energy) 
from one molecule t o  t h e  ad jo in ing  molecules o r  from one v ibra-  
t i n g  bond t o  o t h e r s  i n  i t s  immediate v i c i n i t y .  This  r e g u l a t o r  
is  t h e  e f f e c t i v e  ARW's o f  t h e  v i b r a t i n g  atoms i n  t h e  ma te r i a l  
while  it i s  under  shock loading.  This  nonthermal, nonequilibrium 
r e a c t i o n  k i n e t i c s ,  regula ted  by t h i s  energy t r a n s f e r  process ,  i s  

des igna ted  as phys ica l  k i n e t i c s .  

Ea r ly  i n d i c a t o r s  f o r  t h e  requirement f o r  a new k i n e t i c s  
hypothesis  were t h e s e  two observat ions:  ( 1 )  Shock and detonat ion 
waves a r e  moving pas t  t h e  atoms i n  condensed ma te r i a l s  on t h e  
same t ime s c a l e s  a s  t h e  v i b r a t i o n a l  f requencies  o f  t h e  organic  
bonds; and (2) t h e r e  i s  enough energy i n  a moderate shock f r o n t  
(about  7 GPa) t o  mechanically f r a c t u r e  a C-N o r  N-0 bond i n  a 

r ep resen ta t ive  chemical explosive,  RDX (hexahydro-1,3,5-trinitro- 
1 .3 .5 - t r i az ine ) .  ( ~ e f s  3,121 The nominal energy o f  a C-N bond 
i n  RDX i s  0.37 aJ (10-185), and f o r  an  N-N bond it i s  0.17 aJ. 
The k i n e t i c  energy of  a n  0 atom o r  a n  N atom moving a t  8 km/s 

would be 0.86 a J  o r  0.76 a J ,  r e spec t ive ly .  Thus, through momem- 
turn t r a n s f e r  t h e  impact of  an 0 o r  a n  N atom o f  t hese  energ ies  
on a n  e x t e r i o r  C-N o r  N-N couple could mechanically f r a c t u r e  t h e  
bond. (Refs.  3,131 

The v i b r a t i o n a l  v e l o c i t i e s  o f  t h e  atoms i n  an  organic  mole- 

c u l e  a r e  of t h e  same v e l o c i t y  s c a l e s  (km/s o r  angstroms/10'13s) 
as shock and de tona t ion  v e l o c i t i e s .  They can be ca l cu la t ed  with 
a simple equat ion from i n f r a r e d  spectroscopic da t a ,  V = v c u ,  
where V i s  t h e  v i b r a t i o n a l  v e l o c i t y , )  i s  t h e  infrared-derived 
v i b r a t i o n a l  frequency i n  cm.-' o f  a s p e c i f i c  bond ( i .  e . ,  C-H, N-H, 



0 - H ) ,  c  i s  t h e  v e l o c i t y  of  l i g h t ,  and u i s  t h e  nominal d i s t ance  
r e l a t i v e  t o  each o t h e r  t h e  s p e c i f i c  v i b r a t i n g  atoms move i n  one 

v i b r a t i o n .  

A key argument i n  support  of phys ica l  k i n e t i c s  and t h e  i m -  
portance of  shock v e l o c i t i e s  i n  determining detonat ion v e l o c i t i e s  

i s  given i n  Fig. 6. (Refs.  2 ,13)  Here the  averaged Rugoniot 

measurements f o r  a  number of  organic  compounds and t h e  elements 

C ,  0 ,  and N a r e  p l o t t e d  i n  comparison with t h e  unreacted Hugoniot 

f o r  TATB (s- tr iaminotr ini t robenzene)  , = 1.876 g/cm3. These 

two curves a r e  very  nea r ly  congruent. Also p l o t t e d  i n  Fig.  6 
a r e  t h e  D ' s  and Pd 's  of  15 common, but both chemically and ener- 

g e t i c a l l y  d ive r se ,  condensed explosives.  

What i s  c l e a r l y  evident  i s  t h a t  t h e  detonat ing explosives 
have v e l o c i t i e s  a t  t h e i r  detonat ion pressures  only s l i g h t l y  

higher  than  the shock v e l o c i t i e s  of  t h e  i n e r t  ma te r i a l s .  A curve 
represent ing  a  10% inc rease  t o  t he  shock v e l o c i t i e s  o f  t h e  non- 
explosive elements and compounds was added t o  t h e  graph t o  com- 
pensate  f o r  t he  higher  temperature i n  detonat ion,  and a l l  of t h e  

explos ives ,  except NM which i s  only s l i g h t l y  ou t s ide ,  a r e  included 
wi th in  t h i s  parameter.  (Refs .  2 ,13)  Thus, it appears t h a t  any 
thermodynamic f a c t o r s  can have only a  minimal e f f e c t  i n  de te r -  

mining detonat ion v e l o c i t i e s .  

The chemistry immediately following t h e  i n i t i a l  bond f rac-  
t u r e  (about  10-13 t o  10-I' s )  i s  extremely important.  By adding 
sources o f  new f r e e  r a d i c a l s  and thus  new reac t ion  chains,  t h e  
r a t e  of  energy r e l e a s e  can be increased ,  and higher  p re s su re s  

can be a t t a i n e d .  This  can l e a d  t o  h igher  detonat ion v e l o c i t i e s  

and t o  smaller  c r i t i c a l  diameters ,  a s  seen i n  t h e  NM-DETA experi-  

ments. It has been demonstrated t h a t  very  low l e v e l s  of  a d d i t i v e  

( l e s s  than  0.1%) have l a r g e  e f f e c t s .  (Refs .  5 ,13,14,15)  

The add i t i dn  o f  0.08% DETA t o  NM-acetone mixtures y i e l d s  

a  decrease o f  80% of  t he  mean c e l l  s i z e  i n  t h e  detonat ion.  Addi- 

t i o n  of  0.1% DETA increased  t h e  acceptable d i l u t i o n  f o r  detona- 

t i o n  by 35.7%. F ina l ly ,  0.03% of DETA i n  NM reduced t h e  c r i t i c a l  

diameter by 43%. (Ref. 13 )  These da t a  support our  observed in -  

c rease  i n  t h e  D of NM with 0.05% added DETA. 
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MASSIVE BOND FRACTURE 

The BTNEA Experiment. A homogeneous i d e a l  explosive,  b i s -  
t r i n i t r o e t h y l  ad ipa t e  (BTNEA) was synthesized with i s o t o p i c  
l a b e l s  (c13 and 018) in t roduced  i n t o  the  p o s i t i o n s  ind ica t ed  
i n  Fig. 7 .  This  explosive was chosen f o r  t h i s  experiment, 
because i t  appeared t h a t  t h e  CO and C02 molecules expected a s  
de tona t ion  products  were a l r eady  formed, and t h e  i s o t o p i c  l a b e l s  
would be found i n  t h e  CO and C02 products .  

Figure 7 .  The s t r u c t u r e  o f  b i s - t r i n i t r o e t h y l  ad ipa t e .  The 
a s t e r i s k s  i n d i c a t e  carbon atoms of  i so tope  13 and 
oxygen atoms o f  i so tope  18.  

The explosive was detonated i n  a  bomb ca lor imeter  i n  which 

t h e  products  were c o l l e c t e d  and then  analyzed f o r  t h e  i s o t o p i c  
r a t i o s .  (Ref. 16)  The experimental r e s u l t s ,  i n  Table 1 ,  show 
t h a t  t h e  r a t i o s  o f  c12/c13 and 016/oi8 a r e  e s s e n t i a l l y  t h e  same 
f o r  a l l  o f  t h e  product spec i e s  conta in ing  C and/or 0 ,  and they  
a r e  n e a r l y  equal t o  t h e  i s o t o p i c  r a t i o s  i n  t h e  i n i t i a l  BTNEA 
sample. The a n a l y t i c a l  va lues  o f  t h e  r a t i o s  were s a i d  t o  be 
we l l  wi th in  t h e  experimental e r r o r  o f  t h e  determinat ion.  The 
conclusion t h a t  i s  obvious is  t h a t  almost every covalent  bond 
w a s  broken, t h e  a t o w  were scrambled, and they  were randomly 
combined i n t o  t h e  de tona t ion  products .  Quoting from t h e  paper ,  
"We must conclude t h a t ,  i n  t h e  case of  t h e  homogeneous i d e a l  
explos ive ,  a l l  o f  t h e  bonds of  t h e  o r i g i n a l  explosive molecule 
a r e ,  i n  e f f e c t ,  broken dur ing  t h e  detonat ion process .  These 
molecular  fragments t hen  must recombine i n  a  s t a t i s t i c a l l y  ran- 
dom fashion p r i o r  t o  t he  k i n e t i c  " f reeze  out" of products  during 
t h e  a d i a b a t i c  expansion. Ce r t a in ly ,  d i f f u s i o n  on a molecular 
l e v e l  cannot be a n  inpor t an t  r a t e  c o n t r o l l i n g  process ."  (Ref. 16)  

Comparative r e s u l t s  o f  massive f r a c t u r e  of  covalent  bonds 
i n  and near  a shock f r o n t  i n  simulated organic  mat r ices  have 

been observed i n  t h e  MD c a l c u l a t i o n s  of many workers and i n  ou r  
s t u d i e s .  (See Refs. 1,9,10,17,18-21) I n  many o t h e r  experimental 



s t u d i e s  t h e  mechanical s c i s s i o n  o f  chemical bonds has been ob- 
served o r  proposed (Refs.  2,10,22-25), and i t  has been demon- 
s t r a t e d  . in  numerous shock-induced chemistry experiments. 
(Ref. 22) (See Figs.  8a,8b)  

Data and information reported from reac t ion  dynamics 
experiments appear t o  c o r r e l a t e  very wel l  with da t a  and calcu-  
l a t i o n s  from the  s tudy o f  detonat ion.  The development o f  femto- 
second l a s e r s  and t h e i r  combination i n  experimental systems 
with t h e  molecular beam technique,  f o r  monitoring energy s t a t e s  
immediately before and a f t e r  a chemical r eac t ion ,  have provided 
a n  e f f e c t i v e  method f o r  observing t h e  t r a n s i e n t  s t a t e ,  TS, i n  a 

r e a c t i o n  a s  it forms and d iv ides  i n t o  products.  (Refs. 26-28) 

The r e s u l t s  of r eac t ion  dynamics, RD, s t u d i e s  of  a  system 
i n  which a  van d e r  Waals molecule, IH"'OC0, undergoes W photol- 
y s i s  which a c c e l e r a t e s  t h e  H atom t o  about 20 km/s toward t h e  
OCO molecule, t h u s  forming t h e  TS, show t h e  appearance of  a n  OH 

s i g n a l  i n  about 5 t o  15 picoseconds a f t e r  t h e  deconvolution of  
t h e  TS. I n  another  experiment involving t h e  decomposition o f  
I C N ,  it was reported t h a t  t h e  TS has a  l i f e t i m e  of  about 200 f s  
and a  t r a n s l a t i o n a l  v e l o c i t y  o f  about 2  km/s. This  shows t h a t  
t h i s  TS e x i s t s  f o r  about fou r  v ib ra t ions  of t h e  I C - N  bond, and 
t h a t  t h e  I C N  molecule r o t a t e s  about on ly  7O during t h i s  per iod.  
The energy repor ted  t o  be a v a i l a b l e  f o r  t h i s  r eac t ion  is  about 
0.87 eV, o r  nea r  7000 cm-l. (Refs. 27,28) 

This  experimentally-derived information appears  t o  be d i -  
r e c t l y  r e l a t e d  t o  da t a  and c a l c u l a t i o n s  (MD and QM) seen i n  t he  
s tudy o f  detonat ion (and i n i t i a t i o n )  of chemical explosives.  
There appear t o  be many fundamental c o r r e l a t i o n s  i n  t h e s e  two 
chemical physics  regimes--molecular and atomic v e l o c i t i e s  i n  
km/s and r eac t ion  t imes  i n  t h e  p s  range. (See Ref. 3 )  

CALCULATION OF DETONATION VELOCITIES 

From t h e  foregoing da t a  and d iscuss ion  we can now p resen t  
t h e  perceived s i m p l i c i t y  o f  t h i s  theory  of  detonat ion.  For more 
than  100 years  s c i e n t i s t s  around t h e  world have s t ruggled  t o  
ob ta in  o r  der ive  equat ions,  computer programs, soph i s t i ca t ed  
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t h e o r i e s ,  and e r u d i t e  and exot ic  equat ions-of-s tate ,  EOS, t o  use 

t o  ca l cu la t e  accura te ly  detonat ion v e l o c i t i e s .  This has been 

accomplished, but i n  a n  o f t e n  complex and complicated manner, 

with l a r g e  computer codes. 

Following a r e  t h ree  amazingly simple equations t h a t  a r e  

used successfu l ly  t o  ca l cu la t e  detonat ion v e l o c i t i e s  with a  high 

degree of  accuracy. ( ~ e f s .  1 ,7 ,29 )  The r e s u l t s  from t h e  second 

and t h i r d  show c o r r e l a t i o n  c o e f f i c i e n t s  with l a r g e  s e t s  of da t a  

o f  0.971 and 0.954, respec t ive ly .  For s e t s  involving t h e  explo- 

s i v e s  which a r e  bes t  charac te r ized ,  t he  c o e f f i c i e n t s  a r e  0.991 

and 0.976. 

Eq. 3 was developed a l g e b r a i c a l l y  from two empirical equa- 

t i o n s  derived before 1969 t o  ca l cu la t e  detonat ion pressures  and 
v e l o c i t i e s .  (Refs.  1 ,30)  The use of  t h i s  very elementary equation 

provided some evidence t h a t  detonat ion v e l o c i t y  w a s  a  r a t h e r  

weak funct ion o f  pressure and t h a t  detonat ion was probably a  

much l e s s  complicated process  than  had been believed. Eq, 4 
was developed from observat ions o f  t h e  r e s u l t s  from Eq. 3 .  
S p e c i f i c a l l y ,  it was e a s i l y  seen t h a t  t h e  aromatic molecules 

had about 0.25 km/s lower D ' s  f o r  given Pd 's ,  which could re -  

f l e c t  t h e  add i t i ona l  energy required t o  break up the  aromatic 

r i n g s  and some o f  t h e  more complex molecular s t ruc tu re s .  

Addit ional ly,  compounds with r e l a t i v e l y  higher  H and N content 

appeared t o  have s l i g h t l y  higher  D ' s .  

Calculat ions with Eq. 4 showed exce l len t  co r r e l a t ions  t o  

t h e  da ta .  This  observat ion,  a long with the  new concepts of phys- 

i c a l  k ine t ics - - tha t  shock v e l o c i t i e s  and the  ARW's were r e l a t ed  

and s i m i l a r  ( a s  proposed here in)  and t h a t  massive k i n e t i c  f r ac -  

t u r e  o f  t he  covalent bonds o f  an  explosive i n  t he  shock f r o n t  

was probable,  l e d  t o  t he  development of  Eq. 5. (Ref. 29) Here, 



Tc i s  a  small  (about  2 t o  6%) c o r r e c t i o n  t o  t h e  shock v e l o c i t y  
based on t h e  f a c t  t h a t  t h e  temperatures  of de tona t ion  a r e  much 
h ighe r  t han  those  a t  which Hugoniot va lues  a r e  u sua l ly  measured. 
The co r rec t ion  curve i s  taken from t h e  Wulbert-Hirschfelder 

c a l c u l a t i o n s  o f  Us ve r sus  T. (Ref. 29) The U s i  and fi func t ions  
a r e  simply t h e  shock v e l o c i t i e s  o f  t h e  elements o f  t h e  empiri-  
c a l  formula o f  an  explosive a t  Pd and t h e  weight f r a c t i o n  o f  
each element, r e spec t ive ly .  The exce l l en t  c o r r e l a t i o n  t o  t h e  
d a t a  obtained with Eq. 5 (See Table 2 )  i s  a v a l i d a t i o n  o f  t h e  

concepts  presented e a r l i e r  i n  t h i s  paper ,  which a r e  summarized 
below r 

1. Physical  k i n e t i c s  a p p l i e s  i n  determining D.* 

2 .  Shock v e l o c i t i e s  o f  t h e  component elements a r e  key 
f a c t o r s .  

3. The k i n e t i c  energy i n  t h e  de tona t ion  f r o n t  l e a d s  t o  
massive f r a c t u r e  o f  t h e  covalent  bonds i n  and n e a r  
t h e  f r o n t ,  by impact,  compression and shea.r. 

Thus, thermodynamics, exc i t ed  atomic and molecular  s t a t e s ,  
t h e  t r a n s f e r  o f  energy from shock produced phonons t o  t h e  i n t e r n a l  
v i b r a t i o n s  of t h e  molecules,  e l e c t r o n i c  t r a n s i t i o n s ,  and some 
o t h e r  o f t e n  considered f a c t o r s ,  although c e r t a i n l y  involved a t  
some l e v e l ,  have a  r e l a t i v e l y  minor inf luence  on de tona t ion  
v e l o c i t y .  

I f  t h e  molecules were n o t  broken i n t o  t h e i r  component atoms 
a t  o r  very  near  t h e  f r o n t ,  Eq. 5 probably would not  r ep re sen t  a  
r a t i o n a l  concept,  and it i s  h ighly  improbable t h a t  it would pro- 
v ide  any c o r r e c t  c a l c u l a t i o n s  of  D--certainly not  a  s e t  o f  47 
with  a c o r r e l a t i o n  c o e f f i c i e n t  of  0.954. 

*There may be some i n t r i n s i c  r egu la t ion  o f  de tona t ion  ve loc i -  
t i e s  involv ing  v e l o c i t i e s  o f  impact o f  atomic and molecular 
s p e c i e s ,  o r i e n t q t i o n  of  impacted molecules o r  bonded couples ,  
and resonance r e l a t i o n s h i p s  between impact v e l o c i t y  and v ibra-  
t i o n a l  frequency o f  impacted molecular  bonds, bu t  t h e s e  f a c t o r s  
do n o t  appear t o  be requi red  cons ide ra t ions  f o r  t h e  de tona t ion  
v e l o c i t y  determinat ion.  
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Addit ional ly,  i n  a more recent  r epo r t  (Ref. 31) ,  a n  explo- 
s i v e  designated a s  E25 (75% P E T N / ~ ~ %  pa ra f f in )  a t  a dens i ty  of 
1.265 d c m 3  has a measured D o f  7.230 km/s, whereas pure PETN 
(pen tae ry th r i t o l  t e t r a n i t r a t e )  a t  t h e  same dens i ty  has a measured 
D o f  6.60 km/s. Using t h e  thermodynamic codes, E25 showed a 
ca l cu la t ed  D of  6.20 km/s. However, t h e  ca l cu la t ion  with Eq. 5 
gave a value of  7.267 km/s, wi th in  0.51% of  t h e  measured value. 

Th i s  i s  well  wi th in  t h e  p rec i s ion  o f  D measurements. The c l a s s -  
i c a l  theory ca l cu la t ion  missed t h e  measured value by -14.24%. 
The au thor  o f  t h e  paper who reported the  E25 da t a  (Ref. 31) 
s t a t e d  t h a t ,  "All equations-0.f-state ava i lab le  t o  u s  cannot 
reproduce these  r e s u l t s . "  This  r e l a t i v e l y  recent  observat ion 
i s  compelling support f o r  t h e  concepts described herein.  

ADDITIONAL CONSIDERATIONS 

Analysis o f  a s e t  o f  da t a  on; t h e  shock i n i t i a t i o n  o f  
PBX-9404 (an HMX-based, plastic-bonded explosive) l e d  t o  t he  
de r iva t ion  of t h e  c r i t i c a l  energy f luence equation which pro- 
v ides  t h e  c r i t e r i a  f o r  t h e  shock i n i t i a t i o n  of  explosives.  
Th i s  equation is: 

where t is  t h e  time-width o f  an i n i t i a t i n g  shock of  ve loc i ty  Us 

providing a pressure  P i n  t h e  shocked explosive. The i n i t i a l  

dens i ty  of  t h e  explosive i s  P. The equation i s  derived from 
simple basic  physics equations involving k i n e t i c  energy and 
shock ve loc i ty ,  showing t h e  importance o f  those f a c t o r s  i n  
i n i t i a t i o n  a s  wel l  as i n  detonation. This  c r i t i c a l  energy 
equat ion has been used successfu l ly  f o r  about two decades i n  
numerous shock i n i t i a t i o n  s tud ie s  (Refs. 32,33),  f o r  designing 
explosives-act ivated escape systems f o r  aerospace appl ica t ions ,  
and f o r  many o t h e r  purposes. (Ref. 34) 

Another i n t e r e s t i n g  f a c t o r  appears i n  ou r  work and the  work 

of A.N, Dremin. (Refs. 9,35) The one-dimensional t r a n s l a t i o n a l  

"temperature" of t h e  atoms i n  t h e  shock f ron t  o f  a nominal 5 GPa 
shock is  ca lcu la ted  t o  be g r e a t e r  t h a t  12,000 K, and f o r  N and 0 



atoms, acce l e ra t ed  by momentum t r a n s f e r  i n  t h e  de tona t ion  f r o n t  
t o  8 km/s, these  t r a n s l a t i o n a l  pseudo-temperatures would be 
about 20.,000 K o r  h igher .  

For many years ,  s ince  a t  l e a s t  1974, we have mzintained 
t h a t  t h e  very  high l e v e l s  of k i n e t i c  energy i n  t h e  de tona t ion  
f r o n t  provide l e v e l s  of  impact, compression, and shear  f o r c e s  
s u f f i c i e n t  t o  cause mechanical f r a c t u r e  o f  a major po r t ion  o f  
t h e  covalent  bonds. (Refs.  1 ,2,3,12,36,37)  Much r ecen t  work i n  
molecular mechanics, p a r t i c u l a r l y  by J. Gilman (Ref .  39) pro- 
v i d e s  a q u a n t i t a t i v e  mathematical and chemical desc r ip t ion  o f  
t h e  mechanical (nonthermal) bond f r a c t u r e  mechanisms, which may 

apply  i n  shock-induced r e a c t i o n s  and detonat ion.  

We have proposed t h a t  t h e  chemistry immediately fol lowing 
t h e  i n i t i a l  bond f r a c t u r e  {about 1 0 ~ ~ 3  t o  10-12 s )  i s  extremely 
important .  By adding sources o f  new f r e e  r a d i c a l s ,  and thus  new 
r e a c t i o n  cha ins ,  t h e  r a t e s  o f  energy r e l e a s e  could be increased  
and h igher  r eac t ion  pressures  could be a t t a i n e d .  This  can l e a d  
t o  higher  detonat ion v e l o c i t i e s  and t o  smal le r  c r i t i c a l  diameters ,  
a s  has  been observed i n  many NM-DETA experiments. (Refs.  5 ,14,  
15 ,36)  These a d d i t i o n a l  cons idera t ions  add credence t o  ou r  
experimental observa t ions  and ca l cu la t ions .  

CONCLUSIONS 

I t  i s  concluded: (1) That t h e  new concept o f  phys ica l  
k i n e t i c s  is a v a l i d  concept f o r  determining r e a c t i o n  r a t e s  i n  
de tona t ions  and i n  h ighly  shocked systems, and t h a t  t h e  methods 
g iven  f o r  t h e  c a l c u l a t i o n  o f  shock v e l o c i t i e s  f o r  t h e  elements 
and compounds and explosives mixtures  a r e  based on proper  physi- 
c a l  p r i n c i p l e s .  These shock v e l o c i t i e s  a r e  r e l a t e d  d i r e c t l y  t o  
t h e  A R V V ' s  and t o  de tona t ion  v e l o c i t i e s .  

(2') That t h e  exceedingly high k i n e t i c  energy i n  t he  de tona t ion  
f r o n t  is  s u f f i c i e n t  t o  cause massive f r a c t u r e  of t h e  covalen t  
bonds o f  t h e  molecules o f  t h e  explosives a t  and nea r  t h e  f r o n t ,  
so t h a t  t h e  l a r g e  ma jo r i t y  o f  t h e  molecules a r e  broken t o  i nd i -  
v i d u a l  atoms o r  r a d i c a l s  and rearranged ex tens ive ly ,  and t h a t  
t h e  subsequent ve ry  r ap id  chemistry can be inf luenced by t h e  
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add i t ion  i n  t h e  explosives o f  chemicals providing enhancing o r  

i n h i b i t i n g  r eac t ions  o r  o t h e r  chemicals which could inf luence  

s e n s i t i v i t y .  

( 3 )  That t h e  simple equat ion,  D = ~ ~ C ( ~ s i f ~ ) ,  i s  a r a t i o n a l  

equation, based on appropr ia te  Hugoniot p r i n c i p l e s ,  which pro- 

v ides  f o r  t h e  very  accura te  ca l cu la t ion  of  detonat ion v e l o c i t i e s  

from t h e  shock v e l o c i t i e s  o f  t h e  elements i n  t h e  empir ical  

formulae of  t h e  explosives.  
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TABLE 1. ISOTOPIC RATIOS I N  BTNEA AND ITS DETONATION PRODUCTS 

c12/c13 016/018 

Labeled BTNEA 4.8 11.7 

Products HZo - 16.6 

co2 4 7 11.4 
c 0 4.8 11.2 
CH4 4.5 - 

TABLE 2. DETONATION VELOCITIES CALCULATED FROM EQUATION 5 
DATA CALCULATION 

Explosive* P(GPa) D ( km/s ) ~,(km/s)  D 46 Dev. 
- - -- 

BT F 36.0 8.49 
DATB 25-9  7 -52  
HMX 39.0 9 -11  
HNS 20.0 6.80 
PETN 33.5 8.26 
RDX 33.8 8.70 
TATB 29.1 7.87 
T e t r y l  26.0 7.50 
TNT 21.0 6.94 



Figure 1. Us versus P curves for beryllium, nickel, and 
gold calculated with Equation (1). 

MD calculation 

Figure 2. The Hugoniot plot of common organic plastics and 
explosives compared with the MD Hugoniot 
calculations. 
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Figure 3. Representation of  sonic ( S ) ,  thermal (T) and shock (V) 
"ba r r i e r s "  a s  r e l a t e d  t o  ( a )  sonic flow, ( b )  hyper- 
sonic  flow, and ( c )  detonat ion ve loc i ty .  

I I I I 
0 10 20 30 40 

Energy level, v 

Figure 4. Plo t  o f  average v i b r a t i o n a l  v e l o c i t y  v s  energy 
l e v e l  f o r  t h e  t e n  atom p a i r s  considered here.  
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Snapshot from a rilnulrliot, or a dc~onat isr~  film. The lmgth or tk syslefn 
slna*wt~ is =z SOA. 

Figure 8a .  Molecular dynamics c a l c u l a t i o n  of  a  model detonat ing 
s o l i d  with two types of  atoms and with exothermic 
r e a c t i v i t y  incorporated i n t o  the  dynamics. 

Figure 8b. Molecular dynamics ca l cu la t ion  with Tersof f - l ike  
p o t e n t i a l s  used t o  simulate the  detonat ion o f  a n  
energe t ic  two dimensional semi- inf in i te  molecular 
s o l i d .  
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Questions - Answers, Comments 

Shackelford - Dlott : 
Q : Take for example, a normal molecule like HMX and a deuterated molecule like HMX-d8. How 

might this deuterium substitution affect this model in terms of chemical reaction initiation, 

especially in terms of energy transfer rates and time to chemical reaction initiation ? 

A : Experiments by Dlott, Califano, Hochstrasser and Chronister show molecular energy transfer 

is faster in deuterated non-energetic molecules. In our model this reduces the possibility of hot-spot 

formation in up-pumping zone. 

Califano : a comment I like very much the idea of hot spots presented by Dana. I would like to 

suggest that a hot spot is not only a trap for energy but also a center of scattering processes which 

can open new channels to the up conversion process. 

Nelson : a comment to Dremin 

You are correct that femtosecond spectroscopy of real shocked materials will be impossible if it 

requires synchronization of light pulses with shock loading at femtosecond accuracy. But other 

methods are possible. 

For example, Yogi Gupta has suggested femtosecond pump-probe spectroscopy of a material with 

a shock wave passing through it. For example there is a narrow zone of endothermic reaction 

products they could be detected and characterized. 

Dana Dlott has taken a different approach, building very small spatial structures into the sample to 

permit a kind of synchronization which could be done on subpicosecond time scales 

Delpuech - Dlott : a comment : 

A complement about a remark of Dr Dlott. The value of the temperature considerated in the 

proposition of excited state is not an average value. 

Is the value that we can obtain, at the molecular scale, in the crossing under energy loading, of 

dislocations in the crystal ? In this case this value is compatible with few electron-volts. 

Of course at the begining we have excited states only in localised zones and not in the bulk of the 

explosive. 

The question is not how the phonons give the energy of the shock at the molecule, but how an 

excited molecule gives with the phonon its energy to the other molecules in order to obtain a 

cooperative mode of decomposition. 

Boris - Dlott : 
Q : What are the effects of energy transport from the sea of excited phonons into the hot spot ? Can 

this focusing of energy enhance the sensitivity enough to account for observed explosive behavior? 
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A : Mechanical energy must flow to the hot spots in order for them to overheat. In unpublished 

work by us, we found the transport of energy to a hot spot by acoustic phonons did not have a 

substantial effect, although this work is not complete. One interesting effect we have discussed in 

our J.Chem.Phys. article involved hot spots formed in small grains of material. The (extensive) 

heat capacity of small grains is limited, so hot spots cannot become as hot. This led to our 

prediction of size effects in defect-assisted shock-induced chemistry. 

Odiot - Dlott : 
Q : I should agree with your model if you could explain to me how a shock may excite phonons 

through Gruneisen parameter in such a non equilibrium state of a shocked material. 

A : The Griineisen parameter r = Ci yici / Ci ci where yi are mode griineisen parameters and ci 

are mode heat capacities. Upon a change in volume, the change of a mode's internal energy Ei is 

proportional to yi = - dln Ei / dln v. For phonons, yi is typically lo2 bigger than for vibrations. 

Thus the initial transfer of energy from a shock is principally to the phonons. 

Ramsay - Dlott : 
Q : Can your model of phonon pumping around a discontinuity (bubble) be compared with the data 

available in the pictures presented by Dr Presles on monday ? 

A : I don't know. 

Rullikre - Dlott : 
Q : You showed multi steps absorption of phonons to reach vibrational excited state. Are the 

lifetimes of involved vibration and the probability to meet a phonon compatible to get a high 

probability for this process to occur efficiently ? 

A : In diatomic molecules, energy transfer from phonons to vibrations (multiphonon up-pumping) 

is quite inefficient. It involves a high-order anharmonic process with simultaneous absorption of 

n-phonons (e.g. n>20 for N2)  In large molecules, up-pumping involves a lower-order process 

where n = 3-4. This lower-order process is much more efficient. Up-pumping occurs by a 

sequence of manv of these lower order steps. For example, it is possible for a larger molecule to 

absorb thousands of cm-l on a 100 ps scale. 

Walker to workshop on what a shock really is, a comment : 

Let's no forget what a detonation really is. As Prof Eyring explained many years ago, it is a 

momentum transfer process - m l v l  = m2v2 . It is the momentum of one layer of atoms 

accelerating and displacing the next layer - in a simplified view. The detonation velocity in HMX is 

9.11 in 10-13 s. This means that the detonation fiont on the atomic scale is crossing the original 

position of each layer of atoms in 10-l4 s. Any chemical energy that would be released in 10 ps 

would be 1000 layers of atoms brhind the front with no understandable way of catching up to the 



front. In a ps, it would be 100,000 layers too late. Energy strong enough to drive the detonation 

front must be available very near the front. 

The ingenious spectroscopic instruments and devices discussed today would certainly be useful in 

studying shock initiation, but a laser beam burning a spot in an explosive sample or even making 

an impacting shock of a high velocity is not forming a detonation. 

My concept of the extremly high kinetic energy from the extremly high momentum transfer 

producing enough force to fracture covalent bonds or cause very high velocity impacts on an 

atomic and molecular level to ensure chemical reaction and energy release within a time of 10-l4 to 

10-12 seems to be required. The kinetic energy in the detonation front is in the level of several ev. 

DIott to workshop in general about Walker's presentation. Comment 
Dr Walker considers very intense shock waves characteristic of detonation (e.g. 40 GPa). In this 

regime, the kinetic energy of atoms is much greater than the energy of all covalent bonds. In this 

regime, his suggestion of efficient bond scission at the front seems reasonable. 

In our model, we consider chemistry induced by weak shock waves. Then chemistry is not likely 

at the front but instead less efficient thermochemical bond cleavage will occur farther behind the 

front. Keep in mind these two models describe different situations. 



3 SHOCK RESPONSE OF CONDENSED EMS - EXPERIMENTS 

Chairman : Pr Boris Kondrikov, Mendeleev University of Chemical Technology 

Mesdames et Messieurs, Ladies and Gentlemen 
I appreciate very much all the organizers of this exclusively important meeting for the 

opportunity to visit France, and in the first time in my life to have honor to be a Chairman of a 

session of one of the international Conference I was not be able to take part in during more than 

two decades. 
The first day of our workshop was devoted mostly to the macroscopic aspects of the 

detonation processes. It was absolutely necessary to begin our discussion namely with these 

macroscopic approaches which were elaborated during about a century, having in mind the great 

experience accumulated at these investigations is a ground for all the future understanding of thin 

structure of matter. Now we have to discuss some of them, I would say probably the best of them. 
It was the wonde$ul lecture here given by Dr.K.Ne1son on femtosecond measurements we had 

possibility to hear just now, and the reports of Dr.Y.Gupta and Dr.Dlott on pico- and nano-second 

measurements that should be presented in this session. 
I would like to note that I had opportunity to discuss all three of the reports this year on 

Gordon Conference New Hampshire USA, and Dr.Gupta's paper also on Zel'dovich Conference 

in Moscow. I believe it is a very good idea to present them in dizerent meetings and for the broad 

audience, because all of these works are absolutely new word in field of shock and detonation 

transformations, and correspondingly they need much attention and one could say the deep 

penetration into the essence of the new results obtained in the course of the very hard work (as well 

as the very big expenditures). In this connection I would like to mention here about a role of OfSice 

Naval Research and personally DrR.Miller, who have partly supported these programs, having in 
mind first of all the obvious necessity of these investigations for the fundamental science of 

developments as a natural base for all the future practical applications. I have to note also that 

though strickly speaking not all of the data obtained are concerned literally with behavior of high 

explosives at very strong shock stress during the very short period of time, the field of science we 

have been penetrating into at these investigations is so much more complicated than any other, in 

this part of physics and chemistry, that we need to use all the possible ways to reach the positive 

and deJInitive results. 
It should be also taken into account that as a matter of fact we have now instead of the single 

classical theory of detonation the many kinds of detonation-alike processes for solid and liquid 



compounds, for composite explosives (some potentially very interesting lectures will be given 

later), at relatively low, and at very high pressures and temperatures. Everyone of the processes 

needs special examination and employment of all possible means to expose the essence of them, 

and to use it in science and technology. 

Recent Developments to understand Molecular Changes in Shocked Energetic Materials ; 

D.D. Dlott 

Picosecond Dynamics behind the Shock Front ; Y.M. ~upta  


