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INTRO DUC T :ON

purp ose  o t h i s  report is t o  ‘ropose a microscopic  mode l of
ri ’ , I i n  i t  i at  i on of a so I I d exp los 1 cc a n d  t I  ) e xani ne c x i .  t i ng (I~1ta

t i ~ r s,.~ simpl e solid expl osive s to  t~ ~ the val i d i ty of t h e  p r o p o s a l .
e f f o r t s  to un d e r st  and the proces s i n  sol i ds h a v e  i n v o l v e d  macro —
c fo r mu l a t i om .  u.s i n g  coot i i i u u m  i n e c h a n i  cs and  ( ‘mp h : I s  Ii ~~ pro—

ce~ scs i n  the  d e t . ~n ; t i o n  reg ime  (Re f I and ~ ) . I Iowe ~~~r , ‘ hc ’~e ap
p roa c l i .  s are not ii indai i i en  ta 1 i n  t he  s (. 0 Sc t h a t  Ui cv do no view the
s o l i d  as an ar r a y  ol  q u a n t u m  p a r t i c l e s .  [he l i l t  i t  or o f  e xp I o ~. i o n ,
t h e  pr o ce s s  w h e r e by  a c h e m i c a l  reac t  i on conimcncc ’~ wh I cli t h e n  i n d u c e s
a se I t ’— s u s  t: i i n i  ng c r 1  us of ex o t h c r m i  c react  ions , i s  u p e r at  I ye i n  t h .
sol i d state and therefore should he i n f l u e n c e d  he t he  so l i d  state

P rope rt  i es ot the iia te r i a I

It w i l l  hL’ proposed t h a t  the in  i ti ii I r e a c t i on  i n  t h e  e x p l o s i  ye

~. o l i d  is caused by d i r e c t  con tac t  of a d j a c e n t  anions of’ the solid
which can ;‘ rise because the modes of the explosiv e Iatt I cc are  s o f t e r
and the poten t I als f t he  l a t t i c e  more ~I i i h : I  r f l ioni  c. React ion r at 1
for  such a m e c h a n i s m  s i l l  he developed in  t e r m s  of the fo r c e  con-
s t a n t s  of t he  norma l modes of v i b r a t i o n  for  t h e  case of a s i mp l e
c u b i c  l a t t i c e .  The r e su l t i n g  react ion rates ~ i I l  he used to examine
the effect of softer and more anbarmonic  modes on the reaction rates.
\ v a i  lab le measurements of lattice mode frequencies in pota ssium a zi de
(KNI t , a non-explosive , and the isostructural explosive thi :i lous
a :id e (T lN ~~) ~. i l l  he compared to test the validit y of t he  node1.
Oth e r  pr~opert ics of the materials wil l also be considered.

THEORY

The initiating reaction in the exp los ion  of a s o l i d  is consider-
ed to a r i s e  by the  chemica l  i n t e r a c t i o n  of two or more anions of the
s o l i d . The exp l os i ve s o l i d  then  mus t h a v e  ions  c a p a b l e  of i n t e rac t~
i n g  e x o t h e r m i c al l y .  The r e a c t i o n  i s  not b e l i e v e d  to i n v o l ve d i r e c t
d i s s o c i a t i o n  of the anion. Such a process i s  e n d o t h e r i n i c  and of it-
se l f  cou ld  not lead to d e t o n a t i o n . The products  of t h i s  decomposi-
t i o n could , h o wev e r , react w i t h  each o t h e r  e x o t h e r m i c a l l y .  Howeve r ,
a t  ~UO~~ ( t h e t y p i c a l  i n i t i a t i n g  tempe ra tu r e  of p r i m a r y  e x p l o s i v e s )
or le ss , it can he estimat ed t h a t  t h e r e  w o u l d  he an i n s u f f i c i e n t
n umber of p r o d u c t s  a v a i l a b l e  which would lead to  a react i o n  w i t h  s t i f —
fi  d en t  yield oh ’ en ergy  to cause  d c t o n : i ~ i o n .  I t  seems more p r o b a b l e
t h a t  th e r eact i o n  i s  b e t w e e n  e x i s t i n g  i o n s  if  t he  l a t i  i c e  r a t h e r
t h a n  p r o d u c t s  of t h e  di reet dccompo s i t i on of ’ t h e  an i o n s  of t h e  s o l i d .

______  ,,- ___________________



I f  t h i s  i s  t he  case , the question arises as t o  how the  ions  of t he
l a t t i c e  c iii get s u f f i c i e n t l y  c l o s e  to undergo chemical reaction at
the m t  I ation t empera ture . I t  i s  proposed t h a t  the  c h e m i c a l  con tac t
het~ een the ions  of the l a t ti c e  is induced by la rge  a mp l i t u d e  vi b ra-
tion s of the ions at the i n i t i a t i o n  tempera ture . There are two as-
pec t s  of the  p o t e n t i a l  t h a t  i n f lu e n c e  the ions ability to make con-
tact w i t h  the  adjacent  i o n s .  I f  an ion at p o s i t i o n  r0 sees a poten-
t i a l  of t he  fo rm ,

V ( r  - r0) = K ( r  - r0)
2 - g ( r  - r0)

3 (1)

the average  dis placement  <r - r0> (not the amplitude of vibration)
for the case where kT is large compared to the  an h a r m o n i c  term is
( R e f  3)

- r0> = (3g/4K 2 )kT ( 2 )

Note that the average displacement (but not the a m p l i t u d e  of vibra-
t i on )  is zero for a harmonic potential. The expression shows clearly
tha t when g is large and K is small , the average displacement is large.
Note also that small K will mean large amplitudes of vibration . Per-
haps then one reason why T1N3 is explosive and KN 3 is no t is that
the explosive lattice has softer, more anharmonic po ten t ia ls , wh i ch
serve to enhance the probability of chemical contact between the ions.
Only  force constants of norma l modes which involve motions that allow
the ions of the lattice to approach each other need he softer. A
further desirable feature of the mode l is that in the explosive these
modes wou ld  be more suscep t~ hle to softening with increasing tempera-
ture .

Rela tionship Between Force Constants and Reaction Rates

It is assumed when the adjacent ions in a lattice have a certain
cri tical amplitude of vibration , Ac, the ions will he sufficiently
close to chemica l ly  interact . Referring to Fi gure 1 , consider two
adjacent ions of a lattice having mass m 1 and m2 separa ted by a dis-
tance , I., and vibra ting in a potential V(x). Only ions of potential
energy \(Ac) or above will ~e able to react. Note that the vibration
of the particles must involve motions which allow the ions to approach
each other. This limits the specific modes of vibration that can be

2



involved in the reaction . The fraction of the particles in the
i th mode which have energy V(Ac) or greater is

= exp (_V(A
c)/2kT)

The total number of particles in the system having amplitudes greater
than A c is nf

~ 
where n is the total of all particles in the system.

The particles on the average will approach each other i12 where  r
is the period of oscilla tion . Thus the reaction rate , R , i s

W i
‘
~~

— nexp (_ V ( A
c )/ 2kT)  ( f l

It is , of course , a serious over simplification to assume that a re-
action is turned on suddenly at some precise separation or amplitede
of vibration A .  More real~ sticaiIy, the reaction probah i~~ity will
be a gradua l function of the separation of the reacting species .
Equation 4 can be multiplied by a factor which is a function of A
and describes the probability of reaction once a given A is achieved.

Example of a Simple Cubic Latti ce

The above discussion indicates how reaction rates in a solid can
depend on the force constants and frequencies of the normal nodes of
vibration of the solid. ln order to show the role of these nodes in
the reaction process, a simple face-centered cubic explosive solid
will be considered . Such a simple structure for an e x pl o s-v e  s o l i d
is not unrealistic. The high temperature phase of T iN 3,  f ron  wh i ch
the material explodes , is known to be a body-centered cubic iattice ,
as is amlnonium nitrate (Ref 4 and 5). For purposes of illuminating
the ideas , a number of simplifi cations will be made in the analysis.
First , only nearest neighbor interactions in the lattice wi l be con-
sidered; also, the analysis will be made for zero wave vec tor . In
the transverse optical mode, depicted in Figure 2, the ions oscillate
parallel to Y , but the wave is propagating along X. The harmonic
force constants are defined in Figure 2. It can be shown t h a t  for
K=O , and including only nearest neighbor interactions , the frequency
is given (Ref 6) by

“ rn + m
W = m m 

2 (2A + 4B).
1 2

3

-
. 
—~~~~~ -..--- - . - ----



A similar anal ysis can he made for the other modes. However ,
when the moti ons of the accous tical  modes are examined , it is seen
that they do not allow the ions to app roach each other. In this
example , the reaction is considered to be between ions of mass m 1
and rn . If the fact that the ions of the lattice are really polar-
i zabl e ions is inc luded  in the ana lys i s , the eftective force constant
for the t ransverse optical mode can be shown to he (Ref 6)

K
f~ 

(2A + 4B - q 2/(~~ - L ) )  (6)

where q i s the ch arge on the ions , V i s the volum e of the unit cell ,
and i. is the pol ar i :abi l i t y of the ion . The i mpor tan t poin t i s  tha t
for the t.o mode , t h e effect of includ ing polari zable point charges
in the analysis is to make the force constant softer. For an ionic
la tt ice , the last term in Keff  can he 3(1” of the total force constant.
Thus the polariz ahility of the ions plays an importan t role in de-
termining the softness of a force constan t , a fac t wh i ch is germane
to explosive soli1ls . Combining hiquat~,ons 4 and 5, a reaction rate
for the probabi lity of interaction of ions 1 and 2 in the harmonic
approxima tion for K

~
=O of a thee-centered cubic lattice is obtained to

to be

(m + m )
R = 

~~

- 

,,
, 

1
m m

2 K exp (-KA~/ 2kT) . (7)

The influence of the strength of the force constant on the reaction
rate can be seen by considering a hypothetical situation .

In Figure 3, the reaction rate versus force constant is plotted
for a number of di fferent assumed values of Ac where m 1 is t ak en  as
a thallous atom and m2 the azide ion . The resu l t  indi cates tha t , de-
pending on the value of Ac~ 

the reaction rate will increase with the
decreasing force constant. Interestingly the mode need not soften
completely to zero for the reaction rate to reach a maximum. The
maximum possible reaction rate for a given value of Ac can be ob tained
from Equation 7 to he

+ m2 (kT/A 2 ) e~~ /2
R = ________ 

c 
(8)

max / m 1m 2

4



If  i t  i s  assume d t h a t  the  m a x i m u m  react  ion ra te  i s  the rate necessa iv
for explos ion , the above expression indicates a r e l a t i o n s h i p  b e t w e e n
the initiation temperature and the mass of the ions in the lattice.

When the above analysis is made including the anharmonic terms
in the potential , the himolecular reaction rate can be enhanced with
incre. ising anharmonicity and decrea’~ing force constant. Thus given
t~ o isostructura l materials. EX0 wh ich is exp losive and SN 0 which is
stable , the lattic e po~en tflul should he sof te r  and more ~r I ( , ~i r m o n i c  in
the EX n. These di fferences ~i the potential should  be ref ected in
a comparison of a number of basic properties of the mater ’;a I s, such
as mode Gruneisen parameters , dielectric constants , coefficients of
the rma l  expansion , and , of course , the mode frequencies themselves.

EXPERIMENTAL EVIDENCES FOR THE MODEL

In t h i s  sec t ion  the p ropert ies  of some primary explosives solids
w i l l  be examined to see i f  there is an possible experiment i sup port
for the  p roposa l .  Al though other m a t e r i a l s  w i l l  be considered , the
emphasis will he on azides and fulminates because there is more avail-
able data for these materials than for other solid primary explo sives ,
and because they are structurally simple. In particular , structural
isomorphs such as TiN 3 and KN 3, have relatively simple structures and
qui te str i k i n g l y  diffe rent stabilities . Such isornorphs allow a com-
parison of fundamental properties to test the i deas of the model.

Eq uation 8 suggests that there should be a r e l a t i o n s h i p  between
the initiation temperature and the cation mass in a series of explo-
sives having  the same anion . The initiation temperature versus ca-
tion mass for a series of monovalent f u lmina t e s  is p l o t t e d  in F i g u r e  4
and i n d i c a t e s  a trend of the i n i t i a t i o n  tempera ture  w i t h  ca t ion  mass .
I n t e r e s t i n g l y  a s i m i l a r  plot  for the d i v a l e n t  az ides  shows a trend ,
but in the opposite sense. It should be emphasized that the concept
of an initiation temperature is not well defined . The major diffi-
cul ty is that there is a dependence on the time the material is held
at a given temperature before it initiates , wh i ch is related to the
geometry of the sample and the thermal conductivity as well as to the
method of measurement. To minimize these prob lems . only in iti ati an
temperatures obtained by one method with one consistent de fi n it i’in
were used in the plot (Ref 7).
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l)esp i te  the  fact t ha t  m a t e r i  a l s  of d i f f e r e n t  e l e c t r o n i c  and
c r y s t a l  s t r u c t u r e  are be ing  compared in  F i g u r e  4 , i t  i s  rema rkab l e
that the trend exists at all . This trend may he suggestive of the
role of a lattice dynamical mecha :i sm in the initiation process.

The most direct way to test the assumptions of the mode l is to
examine measured frequencies of lattice Triodes in the structurally iso-
morphic explosive solids. Both T I N 1 and KN~ have  D~~ symmetry and a
body-cent ered tetragonal writ cell which is shown in Figure 5 (Ref 8).
In Tab le  1 are l i s t e d  the measured K~ O mode f requencies  for ‘F lN ~ and
kN 3, obtained from Raman and infrared studies (Ref 8 and 9). The data
i n d i c a t e s  t h a t  the  T(E u) and T(E g ) t r a n sl  t i o n a l  modes and the R ( L g )
l i b r a t i o n al  mode of the a z i d e  ion hav e s b s t a n t i al ly  lower f requency
in the exp los ive  sol id .  The motion of i n d i v i d u a l  ions  associa ted
w i t h  the modes tha t  have lower frequenL ’y in th e  ex p l o s i v e  are shown
in Fi gure 6. I t  is clear that  the mo t ion  of the  ions  for  the T( E u)
and the R( E  ) modes involves the approach of the  a : ide  ions to each
other .  I t  ~s necessary to look at t h e  da ta  a l i t t l e  c lose r  to assess
whether a reduced frequency necessarily means a lower force constant.
I t could be s imply a resul t o’~ the heavier cation mass in the TlN~ .
Because the fo rce cons tan t and the mode frequency are simply  rela ted ,
the R(E ) mode will he considered as an example . If mode coupling
and anh~ rmonic itv are neg le ’~ted , the frequency of the i i b r a t i o n a l
mode is given by

)

~
2 (E ) = -t t~~ T J (9)g 

~~~
0

The second der ivative of the potential in the expression is the spring
constant of the mode . The I is the moment of inertia of the azide ion .
which is 2rn~

2 . The calculated force constan t for the R(E ) mode of
T 1N 3 is 3.() x l0~~ dyne-cm compared to 25.0 x l0~~ dyne-c~ for KN 3.
Thus the force constant for this mode in the explos i ve is about a fac-
tor of ei ght softer in the e plosive . ~1odes with softer force con-
stants will have larger amplitudes of vibration. In Table 2 are
lis ted amplitudes of vibratio’i of the h g libra tional mode in TIN 3 and
KN 3 at 293 K obtained from neutron diffraction and Raman data (Ref 8,
9, and 10). It is clearly seen that the N~ in T 1N 3 w i l l  have a larger
amplitude of libration at a given temperature than in KN 3. Of course
it is the amplitude at the initiation temperature that is important .
A rough estimate of the amplitude of libration at 600 K can be made
from Cruickshank ’s fo~~.’tl a for the case where kT > hu (Ref II)

= k T/4 ‘n2 I ’~,
2 (1

0)6



ram a va i l ab  I temp e rat  w e —  dependent r i c a  5 1  rc ’men t s of the  f re—
qu encv  ~) f t i r e  mode , the  frequency of the mode a t  6ii() K can he o b t a i n e d .
The c a l c u l a t i o n  leads to a L i h r a t i o n a l  amp l  I t i i de of 2( degrees  in ‘ i l N ~~,
compared to  8 degrees  in KN 3 .  Thus t h e r e  i s  a s i g n i  f i c an t  di f fe r en c e
i n  t h e  a m p l i  tudes  of v i b r a t i o n  for  t h i s  node between the  ex p l o s i v e  and
tire n~ ncxp los i ye . Certainl y such a ! a r-ge a m p l i t u d e  of vihr.it ion wou ld
a I low a d j a c e n t  az i  des to make ;i closer i;iproach to each o t h e r  a t  t r (1()  K
i n  ‘11  N .~. The 1 lb  r a t i o n a l  not ion  of the  a:i  de ion  as~,r , c i  a t e d  w i t h  the
R f t g ) mode i n v o l v e s  an osci ! ; i t i o n  of ‘he  I an  .ibout I lh  or  ITO for
t h e  o t h e r  s i t e ) .  Such m o t i o n  w o u l d  h i  i n g  t h e  end of on a z i de  ion
(wh i ch are a d j a c e n t  to each o t he r  a l o n g  t h e  C a x i s )  c l o s e r  to the
center  of the  r r e a r c s~ nei ghbor  h ong F .  T a k i n g  the  c o v a l e n t  r a d i i  of
t i re  n i t r o g e n  as 1 .5 A and us i l i g  t h c  la ’  t i c e  p a r a m et er s  i t  the  h i  ghest
t empera tu r e of measu r emen t  (4~)8 K)  . it is calcul ated t h a t  ni a n g l e  of
48 degrees w o u l d  a l l o w  the  n~ t rogens of the a z i  des to ‘ t e a c h .“
force cons tan t  at  the m i t  i at i o n  t em p e sa t u r e  can  he c a l e i z l ; i t c e i  f rom
Equat ion  9 , then used in Equa t ion  3 to est  i n l a t e  the  f r a c t i o n  of the
t o t a l  numb er  of az ides  in  t he  l a t t i ce  t h a t  w o u l d  h a v e  amp~ t I l e s  la rge
enough to  a l l o w  c o n t a c t .  ‘ ‘h e r e su l t  L n d  c ;I~~cs t h a t  more ‘ ‘ c i a  23~ of
the  ions of t h e  l a t t i c e  wouh  have the  nr ’ces ’c i  i v  anrp l i t ude , s l i r p r i s—
i n gl y  large n umber .

I t  mus t he emph asi : ed  that t h e r e  is no ev idence  to coac~ ude t h a t
such a contact of the covalent radi i as d e s c r i b e d  above ~‘i 2 i n d u c e
chemical reaction between the azides. The motivation of th- ~ discus-
sion has been to demonstrate that it is quite reasonable t h i t  a si g-
ni f i c a n t l y  l a rge  pe rcentage  of the a :ides  can get closer i’r the explo-
S i  ye because of the  so f t e r  l i b rat i o n al  mode.  Cer ta  i n i v  c o n t a c t  of
covalent radii is not a valid criteria for inducing chemical reaction .
A s imi  lar  ana lys i s  for the t r a n s l a t i o n a l  mode leads to the same con-
clusion, that a s~~tn ifican t number of the ions of the latt ice can get
closer to each other in the explosive compared to the nonexalosive .
Further research is necessary to determ ine which of the modes is more
conducive to caus ing  react on between the  a: i de ions . Such an i nves-
tigation would require a study of the reaction probabilit y ; is  a func-
t ion  of the  d i f f e r e n t  ways the  two ions can approach each other .

In this discussion of the librat i onal mode , the role of anharmo-
nici ty was i gnored. If it is include d , tire effect could he to in-
creas e the suscep t ibility of the ions to get c loser as p r e v i o u s l y  dis-
cussed r e l a t i v e  to F qu a t i o n  2. A measure of the anharmoni c term in
a potential of a mode of vibration is obtained from the mode Gruneisen
constan t l j~ wh i ch is obt ained by pressure measurement s of the  mode
frequencies in conjunct ion with a knowled ge of ti re c o e f f i  c i  e ’t  01
thern a I expansion. flre Y h a s  been measured  fo r  t h e  R I mode i n
KN 3 to be 2. 04 , compared ~o ( . i n  TI ~ * 

c l e a r l y  i i i d i c at ~’r i g  a large r
anharmonic contril,ution to a l a t t i c e  p o t e n t i a l  of the  ‘x n l o s i v e 7



lattice 1 Ref 12) . The Gr im e i sen par amli e t ers have  n o t  heen reported
for the t r a n s  l a t  i n m i a  1 modes in these  m a t e r i a l s  . ‘i m u r t h c r  indicator of
a hi gher  a m r l i a r m o n i c i t y  in  I ’ l \ .~ i s  t h e  l a r g e r  c o e f f i c i e n t  of therma l
expans ion .  At  a 180°C the  e x p a n s i o n  c o e f f i c ie n t  a l o n g  the C a X i  s i s
17.5  x 10 for  T i N 3 compared to  9.~ x 1fl ” for KN~ ( sef  1 2 ) .

W i t h  one excep t ion , no o t h e r  s o l i d  e x pl o si ~~c w h i c h  can he ther-
m a l l y  i n i t i a t e d  f rom the  s o l i d  s t a t e  ha s  been the  sub jec t  of s u f f i c i e n t
lattice dynamical studies to allow a t e s t  of t i re  m o d e l .  The one ex-
cept ion i s  a m at e r i l .~ q u i t e  d i f f e rent  froni  t h e  a z ide s , S .N b .  The
m a t e r i a l  can be i n i t i a t e d  at . 05°C and p r es su re  and tempera ture  s t u d i e s
of the mode f r e q u e nc i e s  have  been made (Re f 13) The substance has a
monocl ini c unit cell with four Sr4N 5 molecular units per un it cell
(Ref 1-i) The internal st  ruc tu r i~ of the ~i N  ~io l e c u l e  iS t h a t  of a

c r a d l e  - shaped r i n g .  The lowes t  o b s er r .’e,J mode at  13 cm~ ‘at 30 K )
i s  a l i h r a t i o n a l  mode w h i c h  so f t ens  ire  , i l r ’ m o s t  t~( T t  as the  i n i t i a t i o n
tempera tu re  i s  approached ( R e f  13) . ‘[he mode i s  a l so  semi s i t  i ve  to
pressure . The l;i ige amp ii t er r’  assoc ~ li  t e d  w i t  h r this li brat la m  would
induce c o n t a c t  b e t w e e n  t w o  S \ , . m i  t s  . Kemmey ( R e f  I S )  has  c a l c u l a t e d
the potent ~l i I e n e r gy  of the I m Ica  r a: i d e  ion  as a f u n c t i o n  of the  di 5—
pl acement of the ion along its a x i s  in  ‘ b ( N ~~) , . The p o t e n ti a ! f the
a:ide ion at one site was f oum id  to he q u i t e  s o f t  and an h ar m o n :c .

CONCLUS ION S

\ mechanism of therma l initiation of a solid explosive has been
considered , It is proposed t h a t  chemical reaction leading to detona-
tion occurs because adjacen t anions ;it the initiation temperature can
make ch emical contact as a result of having large ampl itude vibrations .
Large ampli tude vibrations would result from softer modes of vibra-
tion. Only force constants of modes which allow the ions to approach
need be softe r . The model does explain how a large number of reac-
tions can occur in a relativ c!v short time . Because of the absence
of experimental data , no definitive quantitative test of the model is
possible at this time . However , an examination of mode frequencies
in ‘l’lN , and KN - 1 appears to supoort the p ossibility. Modes wh ich allow
the azides to approach in Ti\~ appear to he sof ter in the cxp~ osiv e.
The proposal has been formulated in the simplest possible terms . A
more vigorous devel opment is not warranted at this time due to the
sparc i ty of expe ri mental d a t a  to test the mechanism

.8
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Table 1

Frequencies of lattice modes of KN~ an d T lN~at K 0 measured at room temperature from Raman spectroscopy

T(E ) T(A 2 ) ~ (F ) R ( B . ) R(E ) Refu 9 I g g
____ cm 1

KN -~ 166 80 192 159 k4 ’t 8 , 9

1 30

hiS 1 125 83 36 173 51 8,9

96

Table 2

Ampl i tudes of librat~on of the E mode i n KN 3 and TiN 3o bta i ned from Rarnan s pec tros copy ~nd neutron diffraction

Temperature o 0

— 
(K) (Neutron) (Raman) Ref

KN3 293 3.51 3.15 10

T1N3 293 9.42 14.58 10
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Fig 3 Reaction rates versus force constant of transverse
optical mode in face-centered cubic lattice for
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Fig 5 Uni t cell of KN 3 and T i N 3
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R(Eg)

Note : Mode s and those which are softer in the explosive
TiN 3.

FIg 6 Motion of Ions for the K 0, 1(E0), T(E
~
).

and R(Eg ) modes In KN 3 and TiN 3

18 

-__



DI STRIBUTION LI ST

Copy No.

Commander
Dep ar tmen t of the Army
US Army Armament Research l~ Develop nient Command
ATTN : DRDAR-T D , I ) r , R.  W e i g l e  1

DRDAR- LC , Dr. J. 1’. Prz rs i er  2
D RD A R- I~CF , Dr.  R.  Wa lke r  3

Dr. N. Slagg 4
Dr . .1 . Sharma
Dr. D. Wiegand 6
Dr. J . Ais ter 7
Mr. 3. Hershkowitz 8
Dr. C. Capellos 9
Dr. C. Christoe 10
Dr . II.  Prask 11
Dr. H. F a i r  12
Dr. T. Gora 13
Dr.  P . Kemrney 11
Dr.  F . Owens 15

DRDAR-LCA , Dr .  P . Harr i s
DRDAP-TSS iT-2i

Dover, 5.1 07801

Commander
Army Research Offi ce (Durhan r)
ATTN : Dr . D. R. Squire 22

Dr. C. Bogmosian 23
Dr. I , e f k o w i t z  2- i

Box CM, Duke Station
Durh am , NC 28806

Commander
Department of the Army
US Army Armamen t Research t~ 1)evelopment Command
ATTh: 1)r . C. Adams 25

Dr.  K .  W1m i te 2h
E)r. D. Strenzw i ck 27

Aberdeen Proving Ground, M[) 21005

Defense Documentation Center 28-39
Cameron Station
Alexandria , VA 22314

19



Univer sity of De 1 at~are
Departmen t of Physics
ATTN : 1)r . F .  E .  Wi llia m s 40
Newark , I)E 19711

Department of the A rmy
Off ice  Ass i s tan t , Chief of Staff
Research Branch , Rl~1 Division
ATTN: Scientific Information Section 41
Washing ton , DC 20315

Air Force Office of Scientific Research 42
1400 Wilson Boulevard
Arlington , VA 22209

Lawrence Livermore Laboratory
ATTN : Dr. F. Walker  43
P. O.  Box 808
Livermore , CA 94550

r

20


