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ABSTRACT 

Bound and f r e e  m o i s t u r e  can be c l a s s i f i e d  b y  
energe t i c ,  s t r u c t u r a l ,  o r  o p e r a t i o n a l  schemes. 
We d i scuss  these schemes and cons ide r  f o u r  
methods [dynamic d i e l e c t r i c  thermal  ana lys i s ,  
microwave a t t e n u a t i o n  ana lys i s ,  n e a r - i n f r a r e d  
r e f l e c t a n c e  a n a l y s i s  (NIRA) and n u c l e a r  magnetic 
resonance (NMR) spec t roscopy ]  t h a t  have been 
suggested f o r  d i s t i n g u i s h i n g  between bound and 
f r e e  m o i s t u r e  i n  o rgan ic  m a t e r i a l s .  T h i s  r e p o r t  
desc r ibes  t h e  microwave a t t e n u a t i o n  method. The 
t h e o r e t i c a l  b a s i s  f o r  u s i n g  microwaves f o r  t h i s  
purpose i s  developed. We show t h a t  microwave 
measurements can be  used t o  measure t h e  mo is tu re  
i n  t r i a m i n o t r i n i t r o b e n z e n e  (TATB) u s i n g  a 
microwave network ana lyzer  down t o  0.04% H$. 
The des ign  o f  t h e  apparatus necessary t o  ex tend 
these measurements t o  lower  mo is tu re  con ten t  
l i m i t s  i s  mentioned. A s  p a r t  o f  t h i s  study, we 
measured t h e  d i e l e c t r i c  p r o p e r t i e s  o f  TATB f o r  
t h e  f i r s t  t ime. We found t h a t  t h e  d i e l e c t r i c  
cons tan t  E '  f o r  TATB was 4.00 ? 0.01. 

INTRODUCTION 

M o i s t u r e  and i t s  e f f e c t s  a r e  impor tan t  i n  
p r e s e r v i n g  t h e  i n t e g r i t y  o f  o u r  s t o c k p i l e d  
nuc lea r  weapons. 
as a component o f  t h e  many o rgan ic  m a t e r i a l s  such 
as exp los i ves ,  p l a s t i c s ,  cushions, etc.. t h a t  a r e  
used i n  these  devices.  O f  most concern i s  t h e  
m o i s t u r e  whose bonding i s  s u f f i c i e n t l y  weak t h a t  
i t  can become " f r e e "  i n  o r  " a v a i l a b l e "  t o  t h e  
i n t e r i o r  o f  t h e  nuc lea r  weapon d u r i n g  i t s  
s t o c k p i l e  l i f e .  
t h e  c o r r o s i o n  o f  c r i t i c a l  p a r t s  o r  l e a d  t o  t h e  
p r o d u c t i o n  o f  hydrogen which i s  d e l e t e r i o u s  t o  
system e l e c t r o n i c s .  

The s t a t e s  o f  mo is tu re  can be c l a s s i f i e d  i n  t h r e e  
ways: (1) energe t i c ,  and ( 2 )  s t r u c t u r a l  and 
( 3 )  o p e r a t i o n a l  [ l ] .  
d e f i n i t i o n ,  water  i s  c l a s s i f i e d  accord ing  t o  i t s  
b i n d i n g  energy t o  t h e  h o s t  m a t e r i a l .  
r e s u l t s  i n  a cont inuous  s c a l e  f rom 5 Kcal /mole 
(wa te r  i n t e r a c t i n g  w i th  i t s e l f  i n  t h e  l i q u i d  
s t a t e )  up t o  100 Kcal /mole ( t h e  d i s p r o p o r t i o n  
e n e r g y - o f  Simple molecu les) .  
t h e  most complete s t r u c t u r a l  c l a s s i f i c a t i o n  
scheme wh ich  we a r e  aware o f  [l]. 

Water i s  p r i m a r i l y  i n t roduced  

T h i s  f r e e  mo is tu re  can promote 

I n  t h e  e n e r g e t i c  

T h i s  

F i g u r e  1 summarizes 

I t  i s  apparent 

. ... .. 

f r om these two methods o f  c l a s s i f i c a t i o n ,  t h a t  
c a l l i n g  mo is tu re  e i t h e r  bound o r  f r e e  i s  
imprec ise .  In a p r a c t i c a l  sense, however, an 
o p e r a t i o n a l  d e f i n i t i o n  such as " f r e e  mo is tu re  i s  
t h e  water  t h a t  can be d r i v e n  o f f  by h e a t i n g  t h e  
substance a t  110°C f o r  one hour  i n  a i r  a t  
atmospher ic p ressure"  i s  s u f f i c i e n t  s ince  a 
complete s tudy  o f  t h e  b i n d i n g  s t a t e  o f  water  
would take  t o o  much t i m e  and consume t o o  many 
resources. I n  t h e  case o f  nuc lea r  weapons, t h e  
o p e r a t i o n a l  d e f i n i t i o n  i s  " f r e e "  mo is tu re  i s  t h a t  
water  which can become f r e e  t o  t h e  i n t e r i o r  o f  
t h e  weapon over  t h e  tempera ture  range -55 t o  70°C 
d u r i n g  t h e  s t o c k p i l e  l i f e  o f  t h e  weapon. 

Four methods o f  d i s t i n g u i s h i n g  between bound and 
f r e e  mo is tu re  have been suggested [ l ) .  
are: 
(DDTA), ( 2 )  microwave a t t e n u a t i o n  ana lys i s ,  
( 3 )  near i n f r a r e d  r e f l e c t a n c e  ana lys i s  (NIRA), 
and ( 4 )  nuc lea r  magnet ic resonance (NMR) 
spectroscopy. 
methods. We were unab le  t o  d e t e c t  t h e  e f f e c t  o f  
mo is tu re  i n  TATB o r  i t s  p l a s t i c  bonded d e r i v a t i v e  
us ing  DDTA. The N I R A  method i s  a secondary 
method and was thus  n o t  s t u d i e d  ex tens i ve l y .  The 
NMR method i s  desc r ibed  i n  a separate paper i n  
t h i s  symposium [2]. T h i s  paper r e p o r t s  t h e  
microwave a t t e n u a t i o n  r e s u l t s .  

They 
( 1 )  dynamic d i e l e c t r i c  thermal  a n a l y s i s  

We have eva lua ted  a l l  f o u r  

I n  genera l ,  RF d i e l e c t r i c  spectroscopy i n  t h e  
f requency  ran,ge 50 t o  1300 MHz i s  an e x c e l l e n t  
method f o r  d e t e c t i n g  sma l l  q u a n t i t i e s  o f  water  i n  
s o l i d s .  The h i g h  s e n s i t i v i t y  of t h e  techn ique i s  
based on t h e  c o n t r a s t  between t h e  r e l a t i v e  
p e r m i t t i v i t i e s  ( d i e l e c t r i c  cons tan ts )  o f  w a t e r  
(about  78) and t h e  dry h o s t  medium (about  4). 
F o r  example, s imp le  m i x t u r e  theory  p r e d i c t s  t h a t  
t h e  r e l a t i v e  p e r m i t t i v i t y  o f  t h e  above hos t  
m a t e r i a l  w i th  1% water  w i l l  be inc reased t o  about  
5. Thus 1% o f  water  can e l e v a t e  t h e  p e r m i t t i v i t y  
by  25%! Furthermore, t h e r e  i s  evidence t h a t  
abso rp t i on  of  e lec t romagne t i c  energy i n  most 
o rgan ic  m a t e r i a l s  peaks i n  t h e  frequency range o f  
0.1 t o  1 GHz [3], whereas, t h e  abso rp t i on  i n  f r e e  
wa te r  peaks a t  about 17 GHz. Th is  peaking a t  t h e  
lower  f requenc ies  i s  c h i e f l y  a t t r i b u t e d  t o  Debye 
r e l a x a t i o n  o f  t h e  bound mo is tu re  and i t s  bonding 
w i t h  t h e  l a t t i c e  o f  t h e  h o s t  m a t e r i a l ,  w h i l e  
abso rp t i on  a t  h i g h e r  f requenc ies  i s  c h i e f l y  
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determined by  a resonance phenomenon i n v o l v i n g  
r o t a t i o n  o f  t h e  f r e e  water  molecule.  I n  
p r i n c i p l e  then, i t  shou ld  be  p o s s i b l e  t o  
d i s t i n g u i s h  bound and f r e e  wa te r  by measuring t h e  
l o s s  o f  an o rgan ic  m a t e r i a l  a t  t h e  UHF and 
microwave f requenc ies  where t h e  e f f e c t s  o f  bound 
and f r e e  water  d i f f e r .  Note  t h a t  a t  f requenc ies  
lower  than t h e  UHF o r  microwave range t h e  
d i e l e c t r i c  spectroscopy method i s  o n l y  s e n s i t i v e  
enough t o  measure t h e  e f f e c t  o f  t h e  i nc rease  i n  - r e a l  d i e l e c t r i c  cons tan t ,  b u t  i s  r& s e n s i t i v e  
enough t o  d i s t i n g u i s h  t h e  f requency  behav io r  o f  
t h e  losses. Hence, a t  lower f requenc ies  i t  
cannot  d i s t i n g u i s h  between bound o r  f r e e  mois tu re .  

The t h e o r y  o f  d i s t i n g u i s h i n g  between bound and 
f r e e  mo is tu re  u s i n g  microwave abso rp t i on  has been 
desc r ibed  by  Busker [ 4 ]  among o thers .  
equat ions  ( 5 )  and ( 6 )  i n  h i s  paper a r e  m iss ing  
square r o o t  s igns  i n  t h e  second te rm o f  t h e  
denominator and t h a t  he assumes i n  equa t ion  (8)  
t h a t  dB/dW i s  equal  t o  r a t h e r  than  p r o p o r t i o n a l  
t o  t h e  bound water.  

Note t h a t  

THEORY 

The p h y s i c a l  b a s i s  u n d e r l y i n g  t h e  e lec t romagne t i c  
(RF t h rough  microwave f requenc ies )  d i e l e c t r i c  
method f o r  t h e  de te rm ina t ion  o f  mo is tu re  c o n t e n t  
i s  e s s e n t i a l l y  determined by  macroscopic 
p o l a r i z a b i l i t y .  As t h e  f requency  o f  t h e  a p p l i e d  
f i e l d  i s  scanned, t h e  i n t e r n a l  s t r u c t u r e  responds 
by  absorb ing  energy. Microwave abso rp t i on  i s  
s e n s i t i v e  t o  t h e  m a t e r i a l ' s  p o l a r i z a b i l i t y  which 
a r i s e s  f r o m  o r i e n t a t i o n a l  e f f e c t s  w i t h i n  t h e  
s o l i d .  
i t  w i l l  possess a sma l le r  d i r e c t i o n a l  
p o l a r i z a t i o n .  P r a c t i c a l l y ,  t h i s  d i f f e r e n c e  i s  
r e f l e c t e d  i n  t h e  f requenc ies  a t  which t h e  
m a t e r i a l  responds, h i g h e r  f requenc ies  a re  
necessary t o  s t i m u l a t e  a l e s s  p o l a r i z a b l e  
m a t e r i a l .  

I n  t h e  p a r t i c u l a r  case o f  bound and f r e e  
mois tu re ,  thP d i f f e r e n c e  i n  f requency response 
may i n  p r i n c i p l e  be used t o  a s c e r t a i n  t h e  
r e l a t i v e  amount o f  o rdered o r  d i so rde red  water. 
I f  t h e  water  i s  i n t r i n s i c a l l y  connected t o  t h e  
s t r u c t u r e  o f  t h e  hos t  m a t e r i a l  i t  w i l l  d i s p l a y  
bound o r  " i c e - 1  i k e "  f requency  response a t  low 
f requenc ies .  Conversely, i f  t h e  water  r e s i d e s  i n  
sma l l  pockets  w i t h o u t  p a r t i c i p a t i n g  i n  any 
bonding t o  t h e  h o s t  i t  w i l l  be d i so rde red  o r  
" l i q u i d - l i k e " ,  and w i l l  respond as l i q u i d  H20 
th roughout  t h e  f requency  domain, p a r t i c u l a r l y  
around 17 GHz. 

S ince  H$ i s  a v e r y  p o l a r  m a t e r i a l  i n  e i t h e r  
form, i t  shou ld  be observab le  aga ins t  t h e  
background o f  t h e  hos t  ( s o l i d )  m a t e r i a l .  
v a r i a b l e  f requency  measurement techn ique r e l i e s  
upon t h e  d i f f e r e n c e  i n  power a t t e n u a t i o n  between 
t h e  d r y  and wet m a t e r i a l  induced by t h e  presence 
o f  t h e  h i g h l y  p o l a r i z a b l e  wa te r  molecules.  
Furthermore, t h e  r e l a t i v e  o r d e r i n g  o f  t h e  wa te r  
mo lecu le  themselves w i t h i n  t h e  m a t e r i a l  may be 
de tec fed  by t h e  a t t e n u a t i o n  between f r e e  H20 
and bound H$ i f  t h e  measurement i s  
s u f f i c i e n t l y  s e n s i t i v e .  

I f  t h e  system i s  r e l a t i v e l y  d isordered,  

The 

The t h e o r e t i c a l  d e s c r i p t i o n  o f  t h e  exper iment i s  
very  w e l l  es tab l i shed .  An e lec t romagnet ic  wave 
s c a t t e r s  from a m a t e r i a l  o f  a c e r t a i n  geometry. 
T h i s  wave has t h e  q u a l i t a t i v e  fo rm 

w. exp(a  + i B )  

where a i s  t h e  a t t e n u a t i o n  cons tan t  o f  t h e  wave 
and E i s  t h e  phase s h i f t .  
a t t e n u a t i o n  i s  measured by t h e  exponen t ia l  l o s s  
i n  t h i s  f u n c t i o n  which i s  r e l a t e d  t o  t h e  
so -ca l l ed  l o s s  tangent  

The power 

t a n  6 = E * ( w ) / E ( ( w )  

= a / 6  

f o r  t a n  6 << 1. T h i s  express ion  i s  r e l a t e d  
below t o  t h e  e x p e r i m e n t a l l y  measured 
a t tenua t ion .  E' and E "  a r e  t h e  r e a l  and 
imag inary  p a r t s  o f  t h e  d i e l e c t r i c  f unc t i on .  
a re  f u n c t i o n s  o f  t h e  a p p l i e d  f requency. 

The e x p l i c i t  express ion  f o r  power a t t e n u a t i o n  as 
a f u n c t i o n  o f  f requency  i s  g i v e n  b y  

~ ( w )  = aXw Eu6(u) /&%j  

Both  

where a i s  a m a t e r i a l  cons tan t  and X i s  t h e  
sample th ickness .  As emphasized above, t h i s  
q u a n t i t y  measures t h e  power absorbed by t h e  
m a t e r i a l  f rom t h e  e lec t romagne t i c  f i e l d .  I n  
orde r  t o  app ly  t h i s  express ion  severa l  reasonable 
approx imat ions  must be i n t roduced  t o  compare w i t h  
exper iment i n  t h e  f requency  domain i n  which a l l  
t h e  d i f f e r e n t  spec ies  - d r y  ma te r ia l ,  f r e e  H20 
and bound H$ - c o n t r i b u t e  (10  MHz2tLlGHz). 

F i r s t ,  t h e  a t t e n u a t i o n  o f  t h e  m a t e r i a l  w i t h  
i nc luded  water  may be w r i t t e n  as t h e  sum of t h e  
i n d i v i d u a l  c o n t r i b u t i o n s  ( d r y  m a t e r i a l ,  f r e e  
water  and bound wa te r )  

s ( w )  s m ( W )  + s f (w)  + sb(W) 

T h i s  approx imat ion  i s  reasonable i f  t h e  H20 has 
n o t  chemica l l y  reac ted  w i t h  t h e  m a t e r i a l  t o  
produce a new substance w i th  d i e l e c t r i c  
p r o p e r t i e s  u n r e l a t e d  t o  t h e  p rev ious  ones. 
Second, t h e  m a t e r i a l s  a r e  assumed t o  be u n i f o r m l y  
d i spe rsed  th roughout  t h e  sample so t h a t  X i  = 
M i / (AP i )  where M i  i s  t h e  mass o f  
substance i, A i s  t h e  area  o f  t h e  sample, and 
p i  i s  t h e  dens i t y .  F o r  f r e e  and bound water, 

= Ob. Th i rd ,  t h e  d r y  m a t e r i a l  i s  
assumed t o  have a cons tan t  d i e l e c t r i c  f u n c t i o n  
wi th imag inary  p a r t  E",,, I 0.02 and r e a l  
p a r t  E l m  4.0. These values a re  taken  
f r o m  t h e  exper imenta l  work i n  t h i s  paper. 
Four th ,  t h e  d i e l e c t r i c  f u n c t i o n  f o r  f r e e  water  i s  
g i v e n  as a f u n c t i o n  o f  w by  

E1lf(W) = 4.7xlO-' 

1 + (bu)' 

b = 6.3 x 10- 11 



and t h a t  f o r  bound water  as 

.9 
Elb(W) = 88 + 

1 + (w * 10-8)2 

These express ions  f i t  t h e  known values f o r  l i q u i d  
water  and i ce .  
equa t ing  t h e  i nc luded  f r e e  and bound H$ by  
l i q u i d  H20 and i c e .  
p robab ly  v a l i d  w i t h i n  t h e  c o n f i n e s  o f  t h e  
measurement and i s  c o n s i s t e n t  w i t h  t h e  o t h e r  
approx imat ions  above. 
t h e  f o l l o w i n g  express ions  

The bas i c  assumption c o n s i s t s  o f  

T h i s  approx imat ion  i s  

These assumptions l ead  t o  

w i th  c m  = 4 - i ( . 0 2 )  and q ( W )  and 
Eb(W) g i v e n  above. 

To complete t h e  a n a l y s i s  i t  i s  necessary t o  
examine t h e  l i m i t s  o f  smal l  and l a r g e  W .  Below 
10 MHz, E ' ( w )  9 cons tan t  and E " ( w )  i s  
g i v e n  by  cons tan t /w where t h e  i o n i c  
c o n d u c t i v i t y  o f  l i q u i d  H 
Above 1 GHz, C ( W )  

t h e  f requency  response i s  independent o f  t h e  d r y  
m a t e r i a l  p r o p e r t i e s  above 1 GHz and o n l y  depends 
upon t h e  f r e e  water  p resent .  
expected o f  t h e  l o s s  tangent  over  t h e  e n t i r e  
range may be summarized as 

dominates [3]. 
q ( W f  That  i s ,  

The behav io r  

Two p r a c t i c a l  i ssues  may be cons idered:  t h e  
m o i s t u r e  de te rm ina t ion  i n  t h e  sample and t h e  
d i f f e r e n t i a t i o n  o f  t h e  mo is tu re  i n t o  f r e e  and 
bound c o n t r i b u t i o n s .  S p e c i f i c a l l y .  t h e  
exper imenta l  l i m i t a t i o n s  on these q u a n t i t i e s  may 
be  addressed. F i r s t ,  t h e  r e s o l u t i o n  needed t o  
e v a l u a t e  t h e  mo is tu re  con ten t  o f  t h e  m a t e r i a l  
f o l l o w s  f r o m  t h e  approximate exp ress ion  f o r  
Ef(W) above s i n c e  t h e  f r e e  wa te r  dominates 
a l l  c o n t r i b u t i o n s  over  a l a r g e  p o r t i o n  o f  t h e  
f requency  domain. 
E l l m / G  = 0.01 f o r  100 MHZ < w < 1 GHZ 
so t h a t  an e r r o r  o f  0.05 i n  €he Toss tangent  
measurement w i l l  n o t  a f f e c t  t h e  q u a l i t a t i v e  
obse rva t i on  t h a t  mo is tu re  i s  p resent .  
other.hand, d i f f e r e n t i a t i n g  f r e e  and bound water  
i s  more d - i - f f i cu l t .  The r e g i o n  i n  t h e  f requency  
domain which has t h e  most pronounced d i f f e r e n c e  
between f r e e  and bound water  i s  100 MHz 5 w 5 1 
GHz w i t h  a maximum a t  about 500 MHz. Even a t  

That  i s ,  E o l f / f i  - 0.3 w h i l e  

On t h e  

t h i s  frequency, t h e  express ions  f o r  Cb above 
y i e l d  E"b / f i  = .02 which i s  
e s s e n t i a l l y  i n d i s t i n g u i s h a b l e  f rom t h e  d r y  
m a t e r i a l  c o n t r i b u t i o n  i n  t h i s  f requency  range. 
The loss tangent  measurement must be about a 
f a c t o r  o f  10 more accu ra te  t o  d i s t i n g u i s h  t h e  
bound water  f rom t h e  background, e s p e c i a l l y  i f  
Mb/Mf << l .  

The b r i e f  a n a l y s i s  above i n d i c a t e s  t h a t  t h e  
presence o f  mo is tu re  i n  t h e  sample should be  
observab le  over  most o f  t h e  frequency domain. 
The separa t i on  o f  f r e e  and bound components 
p resents  more s t r i n g e n t  exper imenta l  requirements.  

EXPERIMENTAL 

The exp los i ves  used i n  t h i s  s tudy  were 
t r i an i i no t r i n i t robenzene  (TATB) and a 
p las t i c -bonded  d e r i v a t i v e  LX-17 which c o n s i s t s  o f  
92.7% TATB w i t h  7.3% Kel-F 800 b inder .  
Tab le  1 f o r  a comparison o f  t h e  m a t e r i a l  
p r o p e r t i e s .  

(See 

Tab le  1. M a t e r i a l  P r o p e r t i e s  o f  TATB and LX-17 

TAT6 LX-17-0 
( L o t  84741 ( L o t  8789) 

TATB, W t .  % 100 92.7 
Kel-F 800, W t .  % 0 7.3 
P a r t i c l e  s i z e  See F ig .  2 See F ig .  2 
Sur face  area, m2/g 0.513 0.530 

dens i t y ,  % 97.2 98.2 
dens i t y ,  g/cm3 1.888 1 .go9 

t h e o r e t i c a l  maximum 

The p a r t i a l  s i z e  d i s t r i b u t i o n  f o r  each l o t  o f  
TATB i s  g i v e n  i n  F i g u r e  2. 
c y l i n d r i c a l  samples o f  each were machined from 
b i l l e t s  pressed t o  h i g h  d e n s i t i e s .  F i g u r e  3 
shows t h e  dimensions o f  t h e  machined samples 
which had t o  f i t  snug ly  i n  t h e , c o a x i a l  sample 
ho lder ,  and a l s o  t h e  schematic diagram o f  t h e  
exper imenta l  setup. A f t e r  machining, a c y l i n d e r  
of  each m a t e r i a l  was vacuum d r i e d  f o r  48 hrs.  a t  
80°C. weighed and t h e  d i e l e c t r i c  p r o p e r t i e s  
measured. Next, each c y l i n d e r  was exposed f o r  
144 hrs.  t o  85% humid i t y .  
1.27% mo is tu re  w h i l e  t h e  LX-17 gained o n l y  
0.01%. Subsequently, t h e  TATB c y l i n d e r  was 
red r ied ,  reweighed and exposed t o  v a r i o u s  
h u m i d i t i e s  f o r  v a r y i n g  l eng ths  o f  t ime  t o  g i v e  a 
range of mois tu re  conten ts .  The f i n a l  
compos i t ion  of m o i s t u r e  was determined by we igh t  
d i f f e r e n c e  i n  each case. 

We used an Automated Network Ana lyzer  (ANA) 
System t o  measure t h e  complex s c a t t e r i n g  
parameters when p laced  i n  a p r e c i s i o n  c o a x i a l  a i r  
l i n e .  The ANA system c o n s i s t s  o f  a 
Hewlet t -Packard (HP) 8505A Network Analyzer,  
HP 8503A S-Parameter Tes t  Set, and HP 7245 
P r i n t e r - P l o t t e r ,  a l l  c o n t r o l l e d  by an HP 9825 
computer. The b l o c k  diagram i s  shown i n  F i g u r e  3. 

The measurement procedure i nc ludes  t h e  f o l l o w i n g  
s teps  : 

The ho l l ow  

The TATB sample ga ined 



1. 

2. 

3.  

4. 

5. 

Specification of the frequency range and 
interval 

The calibration of the network analyzer using 
precision standards. We determine values for 
each term in an error correction model from 
these measurements. 

Measurement of the raw scattering parameters 

Application of the error correction model to 
obtain corrected scattering parameters for 
the sample and holder. 

Inversion of the scattering parametric data 
to obtain the dielectric properties. 

The whole process is computer controlled 
including the printing and plotting of the data. 

The objective of the calibration procedure i s  to 
produce a perfect measurement system having 
infinite dynamic range, isolation, and 
directivity characteristics, no impedance 
mismatches in any part of the test setup, and a 
flat frequency response. In practice, the 
"perfect" network analyzer is achieved by 
measuring the magnitude and phase response of 
known standards, using this data in conjunction 
with a model of the measurement system to 
determine error contributions, then measuring a 
test device and using vector mathematics to 
compute the actual test device response by 
removing the error terms. The dynamic range and 
accuracy of the measurement is then limited by 
system noise and the accuracy to which the 
characteristics of the calibration standards are 
known. 

The error model described above can correct for 
systematic errors, those repeatable errors which 
the system can measure; not random errors such as 
those due t o  noise, temperature drift, and other 
physical changes to the test setup. Fortunately, 
in our measurement system the systematic category 
of repeatable, measurable error terms i s  the most 
significant source of measurement uncertainty. 
For the purpose of our error correction model., 
these uncertainties are quantified as effective 
directivity, source match, load match, isolation, 
and frequency response. 

Consider, for example, the effective 
directivity. 
the signal separating device within the network 

reflected waves, as well as residual reflection 
effects o f  test cables and adapters between the 
signal separation device and the measurement 
plane. 
major ambiguity in reflection measurements. 
interested reader may wish to pursue this subject 
in more detail [SI. 

The error correction scheme employed is an 
extension of the Hewlett Packard Accuracy 
Improved .Measurement (AIM) method. We have 
changed the error correction model so that it 
includes 10 terms instead of 8. This improves 
accuracy rhen the reflection coefficient is low 

It  is caused by the inability of 

to separate incident and 

This uncertainty usually produces the 
The 

(in the low frequency range) when the sample 
length is a small fraction of the wave length. 

To check the effectiveness of the error 
correction procedure, we measured the S 
Parameters and c a 1 c u 1 at ed the d i e 1 ec t r i c 
properties for a standard sample of fused silica 
from the National Bureau of Standards (NBS) in 
Boulder, Colo. This material is well 
characterized and has a relative permittivity of 
3.825 ? 0.67% with a loss tangent of 
(5 k 5) x 10-4. 
permittivity values for this standard with the 
NBS values shows acceptable agreement except at a 
few discrete frequencies. 
frequencies for which the connecting cable and 
test set create resonances. It is impossible to 
remove these errors with our calibration 
procedure since perfect standards are required. 
In practice, these systematic errors may be 
shifted in frequency by using connecting cables 
of other lengths. Thus, it is possible to obtain 
permittivity values within the NBS limits by 
combining two data sets taken with different 
length cables. 

Our measured values for the loss tangent of fused 
silica lie in the range ( 1  ? 1) x 10-2 which 
is the lower limit of detectability for our ANA 
system. In order to get accurate values for very 
low loss materials like fused silica, one must 
use other methods (e.g., cavity resonators). 

The deviations (+ and - )  from the known value of 
the dielectric constant of fused silica were 
added to or subtracted from the measured values 
for TAT6 at each frequency. This procedure seems 
justified since the dielectric constants of fused 
silica and TAT6 are nearly identical ( 3 . 8 3  and 
4.00), and the values for fused silica are well 
known. By doing this, we were able to remove the 
small but obvious errors which cannot be removed 
using AIM. 

We calculated the relative permittivity and loss 
tangent of partially saturated and dry high 
explosive (H.E.) samples usin the relationships 
derived by Nicolson and Ross f6] together with 
the error-corrected values of sample scattering 
parameters. 
generalized form of the familiar reflection and 
transmission coefficients[7]. 

Comparison of our measured 

These are the 

The scattering parameters are just a 

Results and Discussion 

The values of the dielectric constant for dry 
TAT8 and LX-17 are shown as a function of 
frequency in Figure 4. The dielectric constant 
is flat over the whole frequency range for both 
materials; C'TATB = 4.00 ?: 0.01 and 
cI~x-17 = 3.95 t 0.01. There is no 
evidence for either bound or free moisture in the 
dried samples since the response at both low and 
high frequencies is flat. The precision shown is 
excellent after the data were corrected for 
systematic errors. The dielectric properties of 
TATB and its plastic bonded derivatives have not 
been measured previously [SI. 



F i g u r e  5 con ta ins  a l l  o f  t h e  d a t a  measured f o r  
LX-17. 
behav io r  f o r  t h e  d r y  m a t e r i a l .  
exposed t o  85% h u m i d i t y  f o r  s i x  days and o n l y  
p i c k e d  up 0.01% mois tu re .  
t h e  t o t a l  d i e l e c t r i c  cons tan t  f o r  t h e  hos t  
m a t e r i a l  p l u s  0.01% water.  The E' f o r  t h i s  
b a r e l y  m o i s t  m a t e r i a l  i s  3.97 -+ 0.02 which i s  
s t a t i s t i c a l l y  i n d i s t i n g u i s h a b l e  f rom t h e  d r y  
m a t e r i a l .  The t o p  s e t  o f  p o i n t s  (diamonds) 
rep resen ts  t h e  mo is tu re  (0.1%) p i cked  up by LX-17 
a f t e r  be ing  submerged i n  water  f o r  34 days. 
Based on ou r  exper ience w i t h  t h i s  one pressed and 
machined c y l i n d e r ,  t h i s  m a t e r i a l  i s  n o t  very  
hygroscopic.  From t h i s  data,  we can i n f e r  t h a t  
t h e  d e t e c t i o n  l i m i t  o f  m o i s t u r e  i n  LX-17 i s  about 
0.02 t o  0.03% H20. 

The c h a r a c t e r i s t i c  low f requency  e f f e c t  on t h e  
combined d i e l e c t r i c  cons tan t  f o r  hos t  p l u s  water 
i s  i l l u s t r a t e d  f o r  TATB i n  F i g u r e  6. The curves  
appear t o  belong t o  a fam i l y ,  hav ing  t h e  same 
approximate shape. 
ev idence o f  a "bump" i n  t h e  cu rve  i n  t h e  m idpar t  
o f  t h e  f requency  range as Meyer and S c h i l z  [3 ]  
saw i n  a v a r i e t y  o f  o rgan ic  m a t e r i a l s  and thus, 
no  ev idence f o r  bound mois tu re .  

F i g u r e  7 i l l u s t r a t e s  t h e  E '  versus f requency  
cu rves  a t  t h e  lower  percentages o f  mo is tu re .  
lower  l i m i t  of 0.04% mo is tu re  i s  c l e a r l y  seen. 
Again, t h e r e  i s  no  ev idence f o r  a bump which 
would suggest t h e  presence o f  bound mo is tu re  i n  
t h i s  m a t e r i a l .  To show t h e  u t i l i t y  o f  us ing  t h i s  
method f o r  ana lyz ing  t h e  f r e e  mo is tu re  i n  TATB, 
we s e l e c t e d  two f requenc ies  i n  t h e  f l a t  r e g i o n  o f  
t h e  curves  and p l o t t e d  E' versus % H$. The 
r e s u l t i n g  l i n e a r  r e l a t i o n s h i p s  a re  shown i n  
F i g u r e  8. 

We conc lude t h a t  t h i s  method can be used t o  
measure t h e  t o t a l  mo is tu re  i n  TATB and LX-17 down 
t o  a l i m i t  o f  0.04%. I t s  use i s  cumbersome, 
however, s i n c e  t h e  method r e q u i r e s  p r e c i s e l y  
machined samp'les o f  t h e  exp los ives .  

We have looked a t  c o n s t r u c t i n g  an apparatus which 
would ex tend ou r  measurements t o  lower  mo is tu re  
conten ts .  I n  our  assessment, t h e  r e q u i r e d  
p r e c i s i o n  can o n l y  be achieved w i t h  a ve ry  h i g h  Q 
resona to r .  
of  1-2% a r e  o n l y  p o s s i b l e  f o r  resona to rs  hav ing  
+ fac to rs  o f  t h e  o rde r  o f  105. 
f a c t o r s  a re  p o s s i b l e  a t  t h e  h i g h e r  f requenc ies  
u s i n g  an open s p h e r i c a l  o r  hemispher ica l  
resona to r  and a source which i s  s t a b l e  t o  one 
p a r t  on l o 9  i n  f r e q ~ e n c y . ~  However, such 
open resona to rs  become p r o h i b i t i v e l y  l a rge ,  as  
does a l s o  t h e  t e s t  sample s i ze ,  i n  t h e  0.1 t o  1 
GHz range. 
ach ieve  h i g h e r  s e n s i t i v i t y  i n  e i t h e r  f requency  
regime seems t o i b e  o u t  o f  t h e  ques t i on  s i n c e  
t h e i r  Q i s  i n h e r e n t l y  o n l y  of  t h e  o r d e r  o f  lo3. 

One o f  us [ l o ]  i s  deve lop ing  an open-ended 
microwave resona to r  which shows promise o f  
extending- t h e  measurement o f  t o t a l  mo is tu re  down 
t o  t h e  o r d e r  o f  0.005%. T h i s  method has t h e  
added advantage o f  be ing  a b l e  t o  measure m o i s t u r e  
i n  s o l i d  m a t e r i a l s  i n  s i t u .  

The lower  l i n e  shows t h e  f requency  
The d r y  LX-17 was 

The c rosses  represent  

Note t h a t  t h e r e  i s  no 

The 

The r e q u i r e d  accurac ies  o f  t h e  o r d e r  

Such h igh -q  

The use of c losed  resona to rs  t o  

Work performed under t h e  auspices o f  t h e  U.S. 
Department of Energy by t h e  Lawrence L ivermore  
Na t iona l  Labora to ry  under c o n t r a c t  W-7405-Eng-48. 
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Water 
in 

solids 

Chemically bound 
water (water of 
crystallization) 

Physically bound 
water 

Coordinated water - MgC12-6H20 

Lattice water - CuS04*5H,0 
H30+ water - Ca(H,0),(U02)(Si04)2-3H20 
Hydrogen-bonded water - Na,S04-10H20 
Decomposition water - Ca(OH), 

Bonded water 

Zeolite water - Be2A12(Si03)6*nH20 (Beryl) 

Adsorption (surface only) 
Liquid inclusion - bubble during crystallization 
Absorption (structural uptake) - silica gel 

Fig. 1. Structural classification of water in solids. Some examples are shown. 
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Figure 2. TATB particle size distributions 
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T Sample holder-coaxial condenser I 

14.2mm (GR-900 precision air line) 
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~ 

HP 7245 
Printer- 
Plotter 

Figure 3. Experimental apparatus 
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Figure 5. Plots of E' versus frequency for O.O%, 0.01%, and 0.1% H,O 
in LX-17. 
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