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PREFACE 

The 1977 Annual Repor t  f rom P a c i f i c  Nor thwest  Labora to ry  (PNL) t o  t h e  DOE A s s i s t a n t  Secre- 

t a r y  f o r  Environment i n t r o d u c e s  a new cover. The ear th -g reen  c o l o r  used on p a s t  annual r e p o r t s  

has been r e p l a c e d  by t h e  "env i ronmenta l  co lo rs , "  b l u e  and green. The c o v e r ' s  a b s t r a c t  des ign  

i s  n o t  in tended  t o  r e p r e s e n t  a n y t h i n g  s p e c i f i c ,  b u t  we would n o t  be unhappy i f  i t  suggests 

something envi ronmenta l  o r  b i o l o g i c a l  t o  t h e  reader .  The b l u e  and green c o l o r  p a t t e r n  on t h e  

cover  i s  d i f f e r e n t  f o r  each p a r t  o f  t h i s  r e p o r t  t o  h e l p  d i s t i n g u i s h  t h e  f i v e  p a r t s .  

The f i v e  p a r t s  o f  t h e  Repor t  a r e  o r i e n t e d  t o  p a r t i c u l a r  segments o f  o u r  program. Par ts  1-4 

r e p o r t  research  performed f o r  t h e  DOE O f f i c e  o f  Biomedical and Environmental Research. P a r t  5 

r e p o r t s  progress on a l l  o t h e r  research  performed f o r  t h e  A s s i s t a n t  Secre ta ry  f o r  Environment, 

i n c l u d i n g  t h e  O f f i c e  o f  Envi ronmenta l  Con t ro l  Technology, O f f i c e  o f  Technology Impact, and 

O f f i c e  o f  Opera t iona l  and Environmental Sa fe ty .  

Each p a r t  c o n s i s t s  o f  p r o j e c t  r e p o r t s  au thored  by s c i e n t i s t s  f rom severa l  PNL research  

departments, r e f l e c t i n g  t h e  i n t e r d i s c i p l i n a r y  n a t u r e  o f  t h e  research  e f f o r t .  Par ts  1-4 a r e  

o rgan ized  p r i m a r i l y  by energy technology,  a l though  i t  i s  recogn ized  t h a t  much o f  t h e  research  

performed a t  PNL i s  a p p l i c a b l e  t o  more than  one energy technology.  

The p a r t s  o f  t h e  1977 Annual Repor t  a r e :  

P a r t  1 : Biomedica l  Sciences 

Program Manager - W .  R. Wi ley  R. C. Thompson, Repor t  Coord ina to r  
D. L. Fe l ton ,  E d i t o r  

P a r t  2: E c o l o g i c a l  Sciences 

Program Manager - B. E. Vaughan B. E. Vaughan, Repor t  Coord ina to r  
J. L. H e l b l i n g ,  E d i t o r  

P a r t  3: Atmospheric Sciences 

Program Manager - C. L. Simpson R. L. Drake, Repor t  Coord ina to r  
C. M. G i l c h r i s t ,  E d i t o r  

P a r t  4: Phys ica l  Sciences 

Program Manager - J. M. N i e l s e n  J. M. N ie lsen ,  Repor t  Coord ina to r  
G. M. Garnant IL .  Carson, E d i t o r s  



P a r t  5: C o n t r o l  Technology, Overview, Heal t h y  Sa fe ty ,  
and P o l i c y  A n a l y s i s  

Program Managers - N. E. C a r t e r  
D. B. Cear lock 
J. C. Fox 
D. L. Hessel 
H. V .  Larson W. J. B a i r ,  Repor t  Coord ina to r  
S. Marks R. W. Baalman, E d i t o r  

A c t i v i t i e s  o f  t h e  s c i e n t i s t s  whose work i s  descr ibed  i n  t h i s  Annual Repor t  a r e  broader  i n  

scope than  t h e  a r t i c l e s  i n d i c a t e .  Knowledge and exper ience ob ta ined  by PNL s t a f f  i n  c a r r y i n g  

o u t  research  i n  t h e  Environment, I i ea l th ,  and S a f e t y  Research program have c o n t r i b u t e d  t o  many 

o t h e r  DOE i n t e r e s t s .  These i n c l u d e  a s s i s t a n c e  i n  t h e  p r e p a r a t i o n  o f  severa l  Envi ronmenta l  

Development Plans f o r  t h e  A s s i s t a n t  S e c r e t a r y  f o r  Environment, p r e p a r a t i o n  o f  env i ronmenta l  

s ta tements f o r  which t h e  Labora to ry  i s  respons ib le ,  key membership i n  severa l  n a t i o n a l  and 

i n t e r n a t i o n a l  o r g a n i z a t i o n s ,  and numerous responses t o  t h e  media on research  p r o j e c t s  o f  p u b l i c  

i n t e r e s t .  

W. J. B a i r ,  Manager 
S. Marks, Assoc ia te  Manager 
Environment, Hea l th ,  and S a f e t y  Research 
Program 

Prev ious  Repor ts  i n  t h i s  S e r i e s :  

Annual Repor t  f o r  

W-25021, HW-25709 
HW-27814, HW-28636 
HW-30437, HW-30464 
HW-30306, HW-33128, HW-35905 , HW-35917 
HW-39558, HW-41315, HW-41500 
HW-47500 
HW-53500 
HW-59500 
HW-63824, HW-65500 
HW-69500, HW-70050 
HW-72500, HW-73337 
HW-76000, HW-77609 
HW-80500, HW-81746 
BNWL-122 
BNWL-280, BNWL-235, Vol. 1-4, BNWL-361 
BNWL-480, Vol.  1, BNWL-481, Vol.  2, P t  1-4 
BNWL-714, Vol.  1, BNWL-715, Vol.  2, P t  1-4 
BNWL-1050, Vol .  1, Pt .  1-2, BNWL-1051, Vol.  2, P t .  1-3 
BNWL-1306, Vol .  1, P t .  1-2, BNWL-1307, Vol. 2, Pt .  1-3 
BNWL-1550, Vol .  1, P t .  1-2, BNWL-1551, Vol .  2, Pt .  1-2 
BNWL-1650, Vol .  1, P t .  1-2, BNWL-1651, Vol.  2, Pt .  1-2 
BNWL-1750, Vol .  1, P t .  1-2, BNWL-1751, Val. 2, Pt .  1-2 
BNWL-1850, Pt.  1-4 
BNWL-1950, P t .  1-4 
BNWL-2000, P t .  1-4 
BNWL-2100, Pt .  1-5 



FOREWORD 

P a r t  4 of t h e  P a c i f i c  Nor thwest  L a b o r a t o r i e s '  Annual Repor t  f o r  1977 t o  t h e  A s s i s t a n t  

Secre ta ry  f o r  Environment, DOE, i n c l u d e s  those  programs funded under t h e  t i t l e  "Phys ica l  and 

Techno log ica l  Programs." The 189 program s t u d i e s  r e p o r t s  a r e  grouped under t h e  most d i r e c t l y  

a p p l i c a b l e  energy technology heading. Each energy technology s e c t i o n  i s  i n t r o d u c e d  by a  

d i v i d e r  page which i n d i c a t e s  t h e  189s r e p o r t e d  i n  t h a t  s e c t i o n .  These r e p o r t s  o n l y  b r i e f l y  

i n d i c a t e  progress ~iiade d u r i n g  1977, so f o r  d e t a i l s  t h e  reader  shou ld  c o n t a c t  t h e  p r i n c i p a l  

i n v e s t i g a t o r s  named o r  examine t h e  pub1 i c a t i o n s  c i t e d .  
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COAL 

Reaction Kinetics of Combustion Processes 

In Situ Coal Gasification 

Bullet Denotes 189 Title 



Reaction Kinetics of Combustion Processes 

The goal o f  t h e  Reac t ion  K i n e t i c s  o f  Combustion Processes i s  t o  determine t h e  c o n d i t i o n s ,  

mechanism, and chemical r e a c t i o n s  which c o n t r o l  t h e  i d e n t i t y  and concen t ra t ions  o f  emissions 

f rom coa l  conibustion processes. The f i r s t  two years  o f  t h i s  program have emphasized a n a l y s i s  

of f l y  ash and t h e  development o f  a  model f o r  i t s  fo rmat ion .  The model s u c c e s s f u l l y  r a t i o n a l i z e s  

t h e  l a r g e  enr ichment  observed f o r  many t r a c e  elements i n  f l y  ash e m i t t e d  f rom c o a l - f i r e d  steani 

p l a n t s .  Mass s p e c t r o m e t r i c  techniques have been developed f o r  t h e  s tudy  o f  t h e  h i g h  tempera- 

t u r e  k i n e t i c s  r e l e v a n t  t o  coa l  combustion, w i t h  s p e c i f i c  emphasis on techniques which w i l l  

a l l o w  i n v e s t i g a t i o n  o f  t h e  mechanism and r a t e s  o f  f o r m a t i o n  f o r  t o x i c  and c a r c i n o g e n i c  o r g a n i c  

compounds. 

Format ion o f  F l y  Ash i n  Coal Combustion 

R. D. Smith and J. A. Campbell 

It has been e s t a b l i s h e d  t h a t  t h e  s m a l l e r  
f l y a s h  p a r t i c l e s  formed d u r i n g  coa l  combus- 
t i o n  show a  s i g n i f i c a n t  enr ichment  o f  
severa l  v o l a t i l e  t r a c e  elements. The most 
reasonable mechanism f o r  t r a c e  element 
enr ichment  i n  f l y a s h  f o r m a t i o n  i n v o l v e s  t h e  
v o l a t i l i z a t i o n  o f  these elements d u r i n g  
combustion, f o l l o w e d  by condensat ion o r  
a d s o r p t i o n  over  t h e  a v a i l a b l e  m a t r i x  m a t e r i a l  
(composed p r i m a r i l y  o f  t h e  n o n v o l a t i l e  
ox ides  o f  A l ,  Mg, and S i ) .  The l a r g e r  
sur face- to-vo lume r a t i o  o f  t h e  s m a l l e r  
p a r t i c l e s  leads t o  a  t r a c e  element con- 
c e n t r a t i o n  which i s  i n v e r s e l y  r e l a t e d  t o  t h e  
p a r t i c l e  d iamete r .  We have found f l y a s h  
sur faces  t o  be e n r i c h e d  i n  severa l  o f  t h e  
same t r a c e  elements, s u p p o r t i n g  t h i s  mechan- 
ism. The s m a l l e r  p a r t i c l e s ,  which show t h e  
h i g h e s t  c o n c e n t r a t i o n s  o f  severa l  p o t e n t i a l l y  
t o x i c  t r a c e  meta ls ,  a r e  n o t  e f f i c i e n t l y  
c o l l  ec ted  by p o l  l u t i o n  c o n t r o l  dev ices.  
These p a r t i c l e s  a l s o  have t h e  h i g h e s t  
a tmospher ic  m o b i l i t i e s  and a r e  depos i ted  
p r e f e r e n t i a l l y  i n  t h e  pulmonary and b r o n c h i a l  
r e g i o n s  o f  t h e  r e s p i r a t o r y  system. 

I n  t h e  p a s t  y e a r  we have c o l l e c t e d  f l y a s h  
f rom two c o a l - f i r e d  steam p l a n t s  f o r  separa- 
t i o n  i n t o  9 t o  17 w e l l - d e f i n e d  s i z e  f r a c t i o n s  
u s i n g  a  Bahco M i c r o p a r t i c l e  C l a s s i f i e r .  
Separate a l i q u o t s  o f  each s i z e  f r a c t i o n  were 
analyzed f o r  43 ma jo r ,  m inor  and t r a c e  

elements by X-ray f l uo rescence ,  a tomic 
absorp t ion ,  and i n s t r u m e n t a l  neu t ron  a c t i v a -  
t i o n  t o  e s t a b l i s h  t h e  c o n c e n t r a t i o n - p a r t i c l e  
s i z e  dependence f o r  each element. These 
r e s u l t s  show a  s t r o n g  dependence on p a r t i c l e  
s i z e  f o r  a  number o f  elements, as expected 
f o r  v o l a t i l i z a t i o n  and subsequent condensat ion.  

A  model t o  s e m i - q u a n t i t a t i v e l y  p r e d i c t  
t h e  c o n c e n t r a t i o n  versus p a r t i c l e  s i z e  
behav io r  observed i n  these f l y a s h  samples 
has been developed. The t h e o r y  d i v i d e s  t h e  
t r a c e  elements i n  coal  i n t o  t h r e e  f r a c t i o n s :  
1 )  a  component which i s  always v o l a t i l i z e d  
and i s  p r i ~ a a r i l y  assoc ia ted  w i t h  t h e  o rgan ic  
m a t t e r  i n  coa l ;  2 )  a  p o t e n t i a l l y  v o l a t i l e  
component assoc ia ted  w i t h  t h e  m inera l  
m a t t e r  i n  coal  f o r  which t h e  f r a c t i o n  
v o l a t i l i z e d  i s  c o n t r o l l e d  by d i f f u s i o n -  
l i m i t e d  processes i n  t h e  p a r t i c l e ;  and 3 )  a  
n o n v o l a t i l e  component assoc ia ted  w i t h  t h e  
m inera l  m a t t e r .  Experiments a r e  p r e s e n t l y  
i n  progress which a r e  designed t o  t e s t  t h e  
re1  a t i o n s h i p  between the  o r g a n i c  a f f i n i t y  o f  
t r a c e  elements i n  coal  and t h e  enr ichment  
i n  t h e  s m a l l e r  f l y a s h  p a r t i c l e s .  F i g u r e  1.1 
shows t h e  exper imenta l  r e s u l t s  ob ta ined  f o r  
Rb, Mn, As, and Se, and t h e  f i t  ob ta ined  
u s i n g  a  simp1 i f i e d  v e r s i o n  o f  o u r  v o l a t i l i z a -  
t i on -condensa t ion  model. Wi th f u r t h e r  
t h e o r e t i c a l  advancement, f u e l e d  by experimen- 
t a l  developnients, we hope t o  be a b l e  t o  
s e m i - q u a n t i t a t i v e l y  p r e d i c t  such c o n c e n t r a t i o n  
p r o f i l e s  g i v e n  o n l y  analyses o f  t h e  coa l  
( i n c l u d i n g  c o n c e n t r a t i o n  and o r g a n i c  a f f i n i t y  
o f  each e lement)  and a  knowledge o f  t h e  

1.1 
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FIGURE 1.1. Concentration of Four Elements in Fly Ash as a Function of 
Particle Size 

o p e r a t i n g  parameters and t ime- temperature 
p r o f !  1  e  f o r  t h e  coa l  - f i r e d  p l a n t .  

Mass Spec t romet r i c  S tud ies  o f  Combustion 
Re la ted  React ions 

R. D. Smi th 

To understand t h e  complex chemical p ro -  
cesses which occur  i n  t h e  combustion and 
post -combust ion r e g i o n  o f  coa l  - f i r e d  p l a n t s ,  
knowledge i s  r e q u i r e d  o f  t h e  r a t e  cons tan ts  
f o r  i m p o r t a n t  un imolecul  a r  ( p y r o l y s i s ) ,  
b imol  e c u l a r ,  gas-sol i d ,  and more complex 
r e a c t i o n s .  I n  t h e  p a s t  y e a r  we have deve l -  
oped mass s p e c t r o m e t r i c  techniques t o  per -  
f o r m  exper imenta l  measurements f o r  each 
r e a c t i o n  t ype .  

Unimol ecu l  a r  r e a c t i o n s  o f  i m p o r t a n t  
p o l y n u c l e a r  a romat i c  conipounds formed i n  t h e  
p y r o l y s i s  o f  coa l  can be s t u d i e d  u s i n g  t h e  
v e r y  l o w  p ressure  p y r o l y s i s  (VLPP) method 
developed by Benson and coworkers. (1  ) I n  
these exper iments,  we use a  h i g h  temperature 
Knudsen c e l l  capable o f  o p e r a t i o n  up t o  
3300°K and equipped w i t h  a  gas i n l e t .  For  
t h e  s tudy  o f  r a p i d  b i m o l e c u l a r  ( o r  more 
complex) r e a c t i o n s ,  a  f l o w - t u b e  i s  i n t e r -  
faced  w i t h  a  modulated mo lecu la r  beam mass 
spectrometer .  A f l o w - t u b e  capable o f  opera- 
t i o n  a t  temperatures up t o  500°C has been 
c o n s t r u c t e d  and a  second f low- tube  fu rnace  
f o r  o p e r a t i o n  up t o  2200°C i s  be ing  cons t ruc ted .  

For  h i g h  p ressure  s t u d i e s ,  an atmospher ic  
p ressure  f l ow- tube  (equipped w i t h  a  m v a b l  e  
combustion r e g i o n )  has been c o n s t r u c t e d  and 
demonstrated. T h i s  system a l l o w s  e x t r a c t i o n  
o f  m a t e r i a l  f rom atmospher ic  p ressure  
th rough  a  water-cooled sampl ing cone and a  
s e r i e s  o f  beam skimmers i n t o  t h e  modulated 
beam mass spectrometer  f o r  a n a l y s i s .  Very 
s low r e a c t i o n s  a t  e l e v a t e d  pressures may 
a l s o  be s t u d i e d  u s i n g  a  s t a t i c  system f rom 
which a  smal l  sample i s  c o n t i n u a l l y  leaked  
i n t o  t h e  mass spectrometer .  T h i s  combina- 
t i o n  o f  techniques a l l o w s  t h e  measurement 
e s s e n t i a l l y  o f  any r a t e  cons tan t  f o r  gas 
phase r e a c t i o n s .  The VLPP method, o f  
course, a l s o  a l l o w s  t h e  s tudy  o f  g a s - s o l i d  
p y r o l y s i s  r e a c t i o n s  u s i n g  s e l e c t e d  sur faces .  

The f l  e x i  b i  1  i t y  o f  t h e  m d u l  a t e d  beam 
mass spectrometer  developed f o r  t h i s  work 
has been shown i n  o t h e r  a p p l i c a t i o n s .  For 
example, t h e  h i g h  temperature Knudsen c e l l  
a l l o w s  t h e  d e t e r m i n a t i o n  o f  thermodynamic 
i n f o r m a t i o n ,  as w e l l  as i d e n t i f i c a t i o n  o f  
species p resen t  i n  t h e  vapors o f  h i g h  tempera- 
t u r e  systems. We have used t h i s  c a p a b i l i t y  
t o  exanline t h e  vapors o v e r  f l y  ash i n  vacuum, 
under o x i d i z i n g  and reduc ing  atmospheres, a t  
temperatures up t o  1  800°C. Other  e x p e r i  - 
mental c o n f i g u r a t i o n s  may be r e a d i l y  con- 
s t r u c t e d  t o  meet t h e  needs o f  each e x p e r i -  
ment. For  example, F i g u r e  1.2 shows how a  
l o w  temperature (20" t o  700°C) arrangement 
has been used t o  i d e n t i f y  species subl imed 
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FIGURE 1.2. Experimental Configuration for Flyash Heating Experiments 

from f l y  ash o v e r  v a r i o u s  i n e r t  and r e a c t i v e  
gases a t  pressures o f  1  t o  10 t o r r .  F i g -  
u r e  1.3 shows t h e  r e s u l t s  o f  such a  s tudy  
f o r  f l y  ash heated t o  500°C i n  an i n e r t  gas 
(He). These r e s u l t s  show t h a t  s i g n i f i c a n t  
q u a n t i t i e s  o f  SO2 and C02 a r e  l i b e r a t e d  a t  
r e l a t i v e l y  l o w  temperatures.  I n  a d d i t i o n ,  a  
l a r g e  number o f  o r g a n i c  species a r e  l i b e r a t e d  
w i t h  a  maximum a t  approx imate ly  350°C. 
Analyses o f  t h e  mass s p e c t r a  show these 
species t o  be p r i m a r i l y  o r g a n i c  ac ids .  T h i s  

r e s u l t  i s  c o n s i s t e n t  w i t h  t h e  r e p o r t e d  gase- 
ous emiss ions o f  o r g a n i c  a c i d s  f rom c o a l -  
f i r e d  p l a n t s  which have been shown t o  be on 
t h e  o r d e r  o f  102 g r e a t e r  than  emiss ions o f  
p o l y n u c l e a r  aromat ics.  

We a r e  i n  t h e  process o f  d e t e r m i n i n g  t h e  
mechanisms f o r  f o r m a t i o n  o f  t h e  o r g a n i c  
emissions f rom c o a l - f i r e d  p l a n t s ,  w i t h  
p a r t i c u l a r  emphasis on de te rmin ing  t h e  r a t e s  
f o r  f o r m a t i o n  and r e a c t i o n  o f  p o t e n t i a l l y  
t o x i c  and carc inogen ic  o r g a n i c  species.  

FIGURE 1.3. Relative Concentrations of Species Volatilized from a Sample 
of Fly Ash 





In Situ Coal Gasification 

D u r i n g  t h e  Hanna I 1 1  i n  s i t u  coal  g a s i f i c a t i o n  burn, t h e  raw p roduc t  gas was analyzed f o r  

gaseous i n o r g a n i c  species.  O f  t h e  elements f o r  which analyses were performed, o n l y  a r s e n i c  

and mercury were de tec ted  i n  t h e  gas phase. 

C h a r a c t e r i z a t i o n  o f  Gaseous E f f l u e n t s  
From I n  S i t u  Coal G a s i f i c a t i o n  

J. A. Campbell and M. R. Petersen 

I n  s i t u  coa l  g a s i f i c a t i o n  looks  p romis ing  
as a  means o f  r e c o v e r i n g  energy f rom coa l  
resources w i t h o u t  e x t e n s i v e  s u r f a c e  d i s t u r -  
bances o r  undue exposure t o  workers. Wi th  
t h i s  technology,  low grade coal  o r  narrow 
seams c o u l d  y i e l d  energy i n  t h e  fo rm o f  low 
B tu  gas. 

A t  t h e  s i t e  i n  Hanna, Wyoming, t h e  
process c o n s i s t s  o f  d r i l l i n g  two w e l l s ,  then  
f i r i n g  t h e  seam a t  t h e  bot tom o f  one w e l l  
and i n j e c t i n g  h i g h  p ressure  a i r  down t h e  
n e i g h b o r i n g  w e l l .  The f lame f r o n t  then  
s l o w l y  m ig ra tes  t o  t h e  source o f  a i r  i n  t h e  
i n j e c t i o n  w e l l .  Once l i n k - u p  has occurred,  
then  gas p r o d u c t i o n  begins by f o r c i n g  l a r g e  
volumes o f  a i r  underground and r e c o v e r i n g  
t h e  gas f l o w i n g  f rom t h e  p r o d u c t i o n  w e l l .  

1 .0 REFERENCES 

A s e r i e s  o f  10 sampling runs were made 
o v e r  a  one-month p e r i o d  t o  i n v e s t i g a t e  t h e  
v o l a t i l e  i n o r g a n i c  species i n  t h e  raw p r o -  
d u c t  gas. The h o t  gas (up t o  900°F) was 
drawn o f f  t h e  p r o d u c t i o n  w e l l  l i n e ,  f i l t e r e d  
t o  remove e n t r a i n e d  p a r t i c u l a t e s ,  and passed 
th rough  v a r i o u s  imp inger  s o l u t i o n s .  The 
s o l u t i o n s  were analyzed by X- ray  f l uo rescence  
and atomic a b s o r p t i o n  spect roscopy f o r  Hg, 
Pb, Br, Cd, Se, Na, K, L i ,  and Ce. These 
elements were below t h e  d e t e c t i o n  l i m i t s  
(a10-100 ppb) o r  near  c o n c e n t r a t i o n s  o f  t h e  
b lank  d u r i n g  every  sampling run.  For  
inc reased  s e n s i t i v i t y ,  s e l e c t i v e  a b s o r p t i o n  
t r a p s  were used s p e c i f i c a l l y  f o r  a r s e n i c  and 
mercury species.  The c o n c e n t r a t i o n  o f  
mercury as t h e  element o n l y  was about  
1000 ng/R, which i s  c o n s i s t e n t  i f  t h e  
mercury i n  t h e  coal  was v o l a t i l i z e d  d u r i n g  
combustion. No a r s e n i c  species were detected.  

1. D. M. Golden, G. N. Spokes and S. W. 
Benson, "Very Low-Pressure P y r o l y s i s  
(VLPP); A  V e r s a t i l e  K i n e t i c  Tool ." 
Angew. Chem. I n t .  Ed. Engl.  - 12:534, 1973. 
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Radiation Physics 

The R a d i a t i o n  Physics p r o j e c t  con t inues  i n  t h e  i n v e s t i g a t i o n  o f  b a s i c  mechanisms o f  energy 

d e p o s i t i o n  by f a s t  charged p a r t i c l e s  and t h e  subsequent t r a n s p o r t  and degrada t ion  o f  t h a t  

energy i n  l e a d i n g  t o  t h e  f o r m a t i o n  o f  c h e m i c a l l y  a c t i v e  mo lecu la r  species.  Energy d e p o s i t i o n  

i s  s t u d i e d  th rough  t h e  measurement o f  i n t e r a c t i o n  cross s e c t i o n s  which, when compared t o  

theory,  p r o v i d e  i n s i g h t  i n t o  t h e  mechani sms o f  energy d e p o s i t i o n  i n  b i o l o g i c a l l y  s i g n i f i c a n t  

m a t t e r  and which p r o v i d e  t h e  data base r e q u i r e d  f o r  energy t r a n s p o r t  s t u d i e s .  Our e f f o r t  i n  

energy t r a n s p o r t  and degrada t ion  combines t h e  use o f  Monte Car lo  c a l c u l a t i o n s  t o  p r o v i d e  

d e t a i l e d  i n f o r m a t i o n  on t h e  i n i t i a l  f o r m a t i o n  o f  t h e  p a r t i c l e  t r a c k  w i t h  t h e o r e t i c a l  i n v e s t i -  

g a t i o n  o f  condensed-phase chemical k i n e t i c s  t o  p r o v i d e  t h e  l i n k  between i n i t i a l  energy deposi -  

t i o n  and t h e  f i n a l  o b s e r v a t i o n  o f  chen i i ca l l y  a c t i v e  mol e c u l a r  species.  D e f i n i t i v e  t e s t s  o f  

t h e  t h e o r e t i c a l  r e s u l t s  a r e  p rov ided  by t ime- reso l  ved measurements o f  f l uo rescence  from 1  i q u i d  

systems e x c i t e d  by i r r a d i a t i o n  w i t h  pu lsed  beams o f  f a s t  charged p a r t i c l e s  and UV l i g h t .  

Understanding t h e  mechanisms by which energy i s  depos i ted  and subsequent ly  conver ted  t o  

c h e m i c a l l y  a c t i v e  species i s  o f  d i r e c t  va lue  i n  t h e  i n t e r p r e t a t i o n  o f  dose-response r e l a t i o n -  

sh ips  i n  terms o f  q u a n t i f i a b l e  chemical and p h y s i c a l  processes. 





Initial Interaction Processes 

Molecu la r  E f f e c t s  i n  I o n i z a t i o n  by Fas t  
Protons 

L. H. Toburen, W. E. Wilson, 
L. E. Por te r , *  and T. L. C r i s w e l l * *  

The e f f e c t s  o f  r a d i a t i o n  on b i o l o g i c a l  
m a t t e r  depend s t r o n g l y  on t h e  manner i n  
which energy i s  i n i t i a l l y  depos i ted  by t h e  
r a d i a t i o n  f i e l d .  De te rn i ina t ion  o f  t h e  
p r o b a b i l i t y  o f  i n t e r a c t i o n  and q u a n t i t y  o f  
energy deposi ted,  i n c l u d i n g  t h e  e f f e c t s  of 
t h e  chemical environment on these i n t e r a c -  
t i o n s ,  p rov ides  i n s i g h t  i n t o  t h e  b i o l o g i c a l  
e f f e c t i v e n e s s  o f  r a d i a t i o n .  These i n t e r -  
a c t i o n  p r o b a b i l i t i e s  a r e  determined f rom 
b a s i c  i n t e r a c t i o n  c ross  s e c t i o n s  f o r  molec- 
u l a r  t a r g e t s  under i r r a d i a t i o n  by f a s t  
charged p a r t i c l e s .  The charged p a r t i c l e s  
a r e  chosen t o  be t y p i c a l  o f  those encountered 
i n  i r r a d i a t e d  t i s s u e .  

The i n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f  
mo lecu la r  s t r u c t u r e  o f  e l e c t r o n  emiss ion 
cross s e c t i o n s  con t inues  as an i m p o r t a n t  
component o f  o u r  c ross  s e c t i o n  measurements. 
Dur ing  t h e  p a s t  year ,  two s t u d i e s  b e a r i n g  on 
t h i s  problem have been completed. Cross 
s e c t i o n s  f o r  wa te r  vapor, mo lecu la r  oxygen 
and mo lecu la r  hydrogen were measured f o r  
i n c i d e n t  p ro tons  i n  t h e  energy range 0.3 t o  
1.5 IleV. These r e s u l t s  were analyzed i n  
terms o f  B ragg- ru l  e  a d d i t i v i t y  and were 
compared f o r  s c a l  a b i l  i t y  w i t h  p rev ious  
measurements o f  molecules w i t h  c o n s t i t u e n t s  
o f  l o w  atomic number. The p r i n c i p a l  f i n d i n g s  
o f  t h i s  s t u d y  were t h a t  b o t h  a d d i t i v i t y  and 
s c a l i n g  work w e l l  w i t h i n  t h i s  p r o t o n  energy 
range f o r  double d i f f e r e n t i a l  c ross  s e c t i o n s  
f o r  emiss ion  o f  e l e c t r o n s  w i t h  energ ies  
g r e a t e r  than  about  100 eV. For  lower  e l  ec- 
t r o n  energ ies,  mo lecu la r  s t r u c t u r e  p l a y s  an 
i m p o r t a n t  r o l e  i n  e s r a b l  i s h i n g  t h e  e l e c t r o n  
energy spec t ra .  Because o f  t h e  l a r g e  number 
o f  l ow energy e l e c t r o n s  e j e c t e d  i n  i o n i z i n g  
- 

*Dept. o f  Phys ics,  U n i v e r s i t y  o f  Montana, 
Mi ssoul  a, Montana 5981 2. 

**Temporary assignment. Permanent address : 
Bevatron Group, Lawrence Berke ley  Labora- 
t o r y ,  Berkeley,  C a l i f o r n i a  94720. 

c o l l  i s i o n s ,  t h e  e f f e c t s  o f  mo lecu la r  s t r u c -  
t u r e  w i l l  be i m p o r t a n t  i n  de te rmin ing  
q u a n t i t i e s  such as t o t a l  i o n i z a t i o n  c ross  
s e c t i o n s  and W va lues.  Low energy e l e c t r o n s  
a r e  a l s o  known t o  p l a y  an i m p o r t a n t  r o l e  i n  
e s t a b l  i s h i n g  t h e  y i e l d  o f  c h e m i c a l l y  a c t i v e  
species.  Our r e s u l t s  f o r  p r o t o n  i o n i z a t i o n  
o f  H20, 02, and H2 have been p u b l i s h e d  i n  
J. Chem. Phys. 66, 5202-5213 (1977). 

The degree o f  success i n  unders tand ing  
c ross  s e c t i o n s  o b t a i n e d  f o r  molecules o f  
low-Z c o n s t i t u e n t s  encouraged us t o  l o o k  f o r  
f u r t h e r  sys temat i cs  i n  complex molecules and 
those c o n t a i n i n g  h igh-Z elements. Measure- 
ments were conducted f o r  i o n i z a t i o n  o f  SF6 
and TeF6 nlolecules by p ro tons  i n  t h e  energy 
range 0.3 t o  1.8 MeV. Again, mo lecu la r  
s t r u c t u r e  e f f e c t s  were observed i n  t h e  l o w  
energy p o r t i o n  o f  t h e  e j e c t e d  e l e c t r o n  
energy spect ra.  A u t o i o n i z a t i o n  was observed 
a t  e l e c t r o n  energ ies  l e s s  than  10 eV and 
a t t r i b u t e d  t o  e x c i t a t i o n  o f  e l e c t r o n s  f rom 
" i n n e r  w e l l "  s t a t e s  t o  cont inuum s t a t e s  
which subsequent ly  a u t o i o n i z e .  At tempts t o  
s c a l e  c ross  s e c t i o n s  i n  t h e  manner found 
success fu l  f o r  l e s s  complex low-Z niolecules 
f a i l e d .  W i t h i n  t h e  p r o t o n  energy range 
s tud ied ,  t h e  p r o b a b i l i t y  f o r  e j e c t i n g  
e l e c t r o n s  f rom t h e  v a r i o u s  i n n e r  s h e l l s  i s  
s t r o n g l y  dependent on p ro ton  energy which 
renders  d e r i v a t i o n  o f  a  s imp le  s c a l i n g  
parameter i m p r a c t i c a l .  Any requi rement  o f  
d i f f e r e n t i a l  i o n i z a t i o n  cross s e c t i o n s  f o r  
molecules i n v o l v i n g  h igh-Z atoms w i l l  con- 
t i n u e  t o  r e q u i r e  s p e c i f i c  measurements u n t i l  
a  s u f f i c i e n t  da ta  base has been generated t o  
d e r i v e  t h e  sys temat i cs  needed t o  determine 
a p p r o p r i a t e  s c a l i n g  parameters. A  paper 
p r e s e n t i n q  t h i s  s t u d y  i n  d e t a i l  has r e c e n t l y  
been publ  :shed i n  ~ o u r n a l  o f  Chemical phys ics ,  
67:4212-4221 (1 977). - 

The R a d i a t i o n  Physics p r o j e c t  has a l s o  
progressed i n  t h e  s tudy  o f  i o n i z a t i o n  by 
heavy i o n s  and by low energy p ro tons .  A  
s tudy  o f  t h e  i o n i z a t i o n  o f  argon by 5-50 
keV p ro tons  was completed and p u b l i s h e d  i n  
Phys. Rev. A x ,  508 (1977). I n  a d d i t i o n  t o  
accumulat ion o f  da ta  f o r  5  t o  50 keV p r o t o n  
on mo lecu la r  n i t r o g e n ,  we have i n i t i a l  da ta  



on mo lecu la r  oxygen and mo lecu la r  hydrogen. 
We i n t e n d  t o  i n v e s t i g a t e  wa te r  vapor soon. 
These l o w  energy da ta  a r e  i m p o r t a n t  i n  
p r o v i d i n g  a  complete p i c t u r e  o f  t h e  p r o t o n  
t r a c k  as t h e  p a r t i c l e  s tops.  

Systemat ics i n  E l e c t r o n  Enerqy Spectra 
R e s u l t i n g  f rom Pro ton  Impact I o n i z a t i o n  

L. H. Toburen and S. T. Manson* 

Several y e a r s  ago, Y .  -K. Kim demonstrated 
a  method based on s imp le  t h e o r e t i c a l  tech-  
n iques o f  e x t r a p o l a t i n g  and/or  i n t e r p o l a t i n g  
d i f f e r e n t i a l  c ross  s e c t i o n s  i n t o  r e g  'ons 
where measurements were nonex is ten t .  11 -3)  
A1 though t h e  model was o r i g i n a l l y  t e s t e d  f o r  
i o n i z a t i o n  by e l e c t r o n  impact,  i n  p r i n c i p l e ,  
t h e  t h e o r y  a p p l i e s  e q u a l l y  w e l l  f o r  p ro tons  
o f  s u f f i c i e n t l y  h i g h  v e l o c i t i e s .  

D u r i n g  t h e  p a s t  year ,  an e x t e n s i v e  
i n v e s t i g a t i o n  o f  p r o t o n  i o n i z a t i o n  o f  He, 
Ne, and Ar  was under taken i n  c o l l a b o r a t i o n  
w i t h  Y. -K. Kim o f  Argonne N a t i o n a l  Labora- 
t o r y  and S. T. Manson o f  Georgia S t a t e  
U n i v e r s i t y ,  t o  determine t h e  appl  i c a b i l  i t y  
of t h i s  t h e o r e t i c a l  model f o r  p r o t o n  impact.  
Both exper imenta l  and t h e o r e t i c a l  c ross  
s e c t i o n s  were s t u d i e d  u s i n g  t h e  t h e o r e t i c a l  
a n a l y s i s  proposed by  Kim. Our f ind. ings show 
t h a t  K im's  technq iue  i s  v e r y  u s e f u l  f o r  
p r o t o n  energ ies  above a  few MeV. Below 
1  MeV, t h e  p r o t o n  v e l o c i t y  i s  t o o  l o w  f o r  
t h e  s imp le  t h e o r e t i c a l  a n a l y s i s  used i n  t h i s  
a n a l y s i s  t o  be v a l i d .  Even a t  h i g h  energ ies,  
t h e  model must be used w i t h  c a r e  when atoms, 
o r  molecules, c o n t a i n i n g  m u l t i p l e  i n n e r  
s h e l l s  a r e  concerned. The d e t a i l s  o f  t h i s  
s tudy  have r e c e n t l y  been submi t ted  f o r  
p u b l i c a t i o n  i n  t h e  Phys ica l  Review A. See 
a l s o  c o n t r i b u t i o n  t o  X ICPEAC, A b s t r a c t s  o f  
Pa e r s ,  e d i t e d  by M. B a r a t  and J. Re inhard t  
Commissariat A ' 1  'Energy Atomique, Par i s ,  f 

1977), p. 988-989, 990-991 . 
I o n i z a t i o n  by Hel ium Ions  and Alpha P a r t i c l e s  

L. H. Toburen, J. H. M i l l e r ,  R. J. Popowich,** 
and W. E. Wi lson 

An e x t e n s i v e  i n v e s t i g a t i o n  o f  i o n i z a t i o n  
by a lpha  p a r t i c l e s  and s i n g l y  charged he l ium 
i o n s  was i n i t i a t e d  d u r i n g  t h e  p a s t  year .  
T h i s  work was g iven  h i g h  p r i o r i t y  because o f  
t h e  impor tance o f  unders tand ing  energy 
d e p o s i t i o n  by a lpha  p a r t i c l e s  assoc ia ted  
w i t h  t h e  decay o f  elements such as p lu ton ium 
which may be encountered as a i r b o r n e  contami- 
n a t i o n  a t  v a r i o u s  s tages o f  t h e  n u c l e a r  

*Consul tant ,  Dept. o f  Physics, Georgia 
S t a t e  U n i v e r s i t y ,  A t l a n t a ,  Georgia. 

**Graduate s tuden t ,  U n i v e r s i t y  o f  Washington. 

2.4 

r e a c t o r  f u e l  c y c l e .  O f  p a r t i c u l a r  i n t e r e s t  
i s  d e t e r m i n a t i o n  o f  t h e  range o f  a p p l i c a -  
b i l  i t y  o f  22 s c a l i n g  f o r  a lpha  p a r t i c l e  
c ross  s e c t i o n s  and i n v e s t i g a t i o n  o f  t h e  
e f f e c t s  o f  sc reen ing  by t h e  bound e l e c t r o n  
f o r  Het c ross  s e c t i o n s .  A lso  o f  impor tance 
a r e  t h e  atomic and mo lecu la r  e f f e c t s  asso- 
c i a t e d  w i t h  t h e  t a r g e t .  

Measurements now have been completed f o r  
i n c i d e n t  Het and ~ e + '  i o n  energ ies  o f  0.3, 
0.8, 1.2, 1.6, and 2.0 MeV/amu on t a r g e t s  o f  
wa te r  vapor and argon. P r e l  - iminary r e s u l t s  
o f  these measurements were presented a t  t h e  
R a d i a t i o n  Research S o c i e t v  meet inq -- see 
R a d i a t i o n  Research 70, 618 (1977)-and 
BNWL-SA-6216. For  t h e  most   art. d i f f e r e n -  
t i a l  i o n i z a t i o n  cross s e c t i o n s  f o r  a lpha  
p a r t i c l e s  r e a d i l y  s c a l e  by 22 f rom measured 
p r o t o n  c ross  s e c t i o n s  when t h e  p r o j e c t i l e  
v e l o c i t i e s  a r e  equal .  D i f f e r e n c e s  do e x i s t ,  
however, f o r  l ow energy e j e c t e d  e l e c t r o n s .  
I t shou ld  a1 so be no ted  t h a t  t h e  l o w e s t  
a1 pha p a r t i c l e  energy cons idered  i n  t h i s  
comparison was 1.2 MeV because p r o t o n  da ta  
a r e  n o t  a v a i l a b l e  a t  e q u i v a l e n t  v e l o c i t i e s  
f o r  l ower  energ ies .  

The r e s u l t s  shown i n  F i g u r e  2.1 r e p r e s e n t  
t h e  d i f f e r e n c e  between a1 pha p a r t i c l e  
r e s u l t s  and sca led  (22=4) p r o t o n  c ross  
s e c t i o n s  f o r  i o n i z a t i o n  o f  argon by 0.3 and 
0.5 MeV/amu p a r t i c l e s .  The dashed and s o l i d  
l i n e  represen ted  expected 23 c o n t r i b u t i o n s  
f o r  p r o j e c t i l e  energ ies  o f  0.3 and 0.5 MeVIamu, 
r e s p e c t i v e l y ,  based on h i g h e r  o r d e r  Born 
terms u s i n g  t h e  model o f  Ashley, e t  a1. (4)  
A l though  t h i s  t h e o r y  i s  i n  e x c e l l e n t  agree- 
ment f o r  energy l o s s  between 4  and 8  Ry 
where smal l  v a r i a t i o n s  f rom 22 s c a l i n g  a r e  
observed, l a r g e  d isc repanc ies  e x i s t  f o r  
s m a l l e r  energy l o s s  where t h e  d i f f e r e n c e s  
f rom Zz s c a l i n g  a r e  l a r g e s t  and t h e  23 
c o r r e c t i o n  appears t o  have t h e  wrong s i g n .  

It should be no ted  t h a t  some u n c e r t a i n t y  
i n  t h e  low energy e l e c t r o n  measurement i s  t o  
be expected based on i n s t r u m e n t a l  d i f f i c u l -  
t i e s ,  b u t  one would n o t  expec t  t h e  uncer-  
t a i n t i e s  t o  be l a r g e  enough t o  encompass t h e  
1  arge d i f f e r e n c e s  observed i n  F i g u r e  2.1. 
V a r i a t i o n s  f rom z2 s c a l i n g  observed f o r  
energy l o s s  i n  t h e  range 10 t o  17 Ry a r e  
a t t r i b u t e d  t o  two f a c t o r s .  F i r s t ,  f o r  
0.3 MeV/amu ions ,  charge t r a n s f e r  t o  t h e  
cont inuum i s  expected t o  enhance t h e  a lpha  
p a r t i c l e  spectrum o v e r  t h e  p r o t o n  r e s u l t s .  
Th.is i s  based on d iscuss ions  w i t h  A. S a l i n  
(Labora to ry  d lAst rophysique,  Talenc, France), 
whose c a l c u l a t i o n s  i n d i c a t e  t h a t  cont inuum 
charge t r a n s f e r  shou ld  depend on 23. 
Second, t h e  r e g i o n  around 15 Ry i s  dominated 
by Auger t r a n s i t i o n s  (LMM Auger t r a n s i t i o n s  
i n  argon)  and these t r a n s i t i o n s  have 
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FIGURE 2.1. The Difference Between a(€) Measured 
for Alpha Particles and 4 a(€) Measured for Equal 
Velocity Protons. The Solid and Dashed Lines 
Represent Z3 Corrections to the Born Calculation of 
a(<) Calculated According to the Theory of Ashley, 
et al (Ref.4) for Particle Energies of 0.3 and 0.5 MeV/ 
amu, Respectively 

p r e v i o u s l g  been shown t o  d e v i a t e  f rom z2 
s c a l i n g .  ( ) D e t a i l s  of ou r  a n a l y s i s  o f  t h e  
23 have been pub l i shed  i n  t h e  Phys ica l  
Review A 16:2478-2479 (1977) .  

Because an a lpha p a r t i c l e  undergoes 
charge changing c o l l i s i o n s  as i t  slows, i t  
i s  i m p o r t a n t  t o  determine t h e  e f f e c t  t h a t  
e l e c t r o n  c a p t u r e  has on t h e  subsequent 
secondary e l e c t r o n  y i e l d  and s p e c t r a l  shape. 
An example o f  t h e  e f f e c t  o f  t h e  bound e l e c -  
t r o n  i s  shown i n  F i g u r e  2.2 where t h e  
e l e c t r o n  e j e c t i o n  c ross  s e c t i o n s  a r e  com- 
pared f o r  2.0 MeV He+ and He++ i o n i z a t i o n  o f  
argon.  The q u a n t i t y  Y(E,T) p l o t t e d  i n  
F i g u r e  2.2 i s  s imp ly  t h e  r a t i o  o f  measured 
c ross  s e c t i o n s  t o  t h e  corresponding Ruther- 
f o r d  c ross  s e c t i o n  per  t a r g e t  e l e c t r o n .  
P l o t t e d  i n  t h e  manner o f  F i g u r e  2.2, equal 

2.0 MeV HELIUM IONS O N  ARGON 
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FIGURE 2.2. The Ratio of Measured Electron Energy 
Spectra a(€)  to the Corresponding Rutherford Cross 
Section for 2 MeV Helium Ions Plotted Against the 
Reciprocal of the Energy Loss 

areas under t h e  cu rve  c o n t r i b u t e  e q u a l l y  t o  
t n e  t o t a l  i o n i z a t i o n  cross s e c t i o n s ,  and t h e  
r e l a t i v e  impor tance of e l e c t r o n s  o f  v a r i o u s  
energ ies  can be assessed. Note t h a t  screen- 
i n g  by t h e  e l e c t r o n  bound t o  He+ reduces t h e  
y i e l d  o f  s low e l e c t r o n s  by as much as a  
f a c t o r  o f  4 r e l a t i v e  t o  t h e  corresponding 
He++ s p e c t r a .  A t  h i g h  energ ies o f  e j e c t e d  
e l e c t r o n s ,  He+ and He++ g i v e  n e a r l y  iden-  
t i c a l  r e s u l t s .  The broad peak ( i n  a d d i t i o n  
t o  t h e  Auger peak a t  200 eV) a t  about  300 eV 
i s  due t o  s t r i p p i n g  o f  t h e  bound e l e c t r o n  
f rom t h e  ~ e +  i o n .  An i m p o r t a n t  r a d i o l o g i c a l  
r e s u l t  d e r i v e d  f rom these measurements i s  
t h a t  t h e  mean energy o f  e l e c t r o n s  e j e c t e d  i n  
i o n i z i n g  c o l l i s i o n s  by He' can be much 
g r e a t e r  than  t h a t  f o r  a lpha p a r t i c l e s .  
S ince any r e l i a b l e  model o f  t r a c k  s t r u c t u r e  
o r  d o s i m e t r i c  c a l c u l a t i o n  must i n c l u d e  t h e  
p r o b a b i l i t y  f o r  charge t r a n s f e r  as a lpha 
p a r t i c l e s  s low down, t h e  w i d e l y  v a r y i n g  
secondary e l e c t r o n  d i s t r i b u t i o n s  f o r  
d i f f e r i n g  charge s t a t e s  o f  t h e  ions  must be 
known if t h e  r a d i a t i o n  e f f e c t s  o f  a lpha 
p a r t i c l e s  a r e  t o  be understood.  





Track Structure 

A n a l y t i c a l  Express ion f o r  Cross Sec t ion  
Data - 

W. E. Wi lson 

The s p a t i a l  d i s t r i b u t i o n  o f  energy a l o n g  
a  charged p a r t i c l e  t r a c k  determines t h e  sub- 
sequent chemical k i n e t i c s .  S ince energy 
t r a n s p o r t  v i a  e l e c t r o n  c o l l i s i o n s  occurs 
i n  an ex t reme ly  s h o r t  t i m e  (10-15-10-12 sec) ,  
one cannot  f o l l o w  t r a c k  e v o l u t i o n  experimen- 
t a l l y .  To o b t a i n  d e t a i l e d  i n f o r ~ i ~ a t i o n  regard -  
i n g  t h e  s p a t i a l  d i s t r i b u t i o n  o f  energy 
depos i ted  near  a  p a r t i c l e  t r a c k ,  one must 
r e s o r t  t o  c a l  c u l  a t i o n a l  techniques.  Monte 
Car lo  codes a r e  p a r t i c u l a r l y  w e l l  s u i t e d  f o r  
these c a l c u l a t i o n s .  

D e t a i l e d  i n f o r m a t i o n  r e g a r d i n g  charged 
p a r t i c l e  t r a c k  s t r u c t u r e  r e q u i r e s  e x t e n s i v e  
use o f  exper imenta l  i n p u t  data. O f  p a r t i c u -  
l a r  impor tance a r e  accura te  c ross  s e c t i o n s  
f o r  t h e  energy and angu la r  dependence o f  
secondary e l e c t r o n s .  Exper imenta l  r e s u l t s  
i n  t h e  fo rm o f  c ross  sec t ions ,  however, 
r e q u i r e  t o o  much computer memory t o  be used 
e f f i c i e n t l y  i n  t a b u l a r  form. For  t h e  most 
e f f i c i e n t  use, t h e  c r o s s  s e c t i o n s  need t o  
be represen ted  i n  some s i m p l e  a n a l y t i c  form. 

I n  o r d e r  t o  p r o v i d e  such an a n a l y t i c a l  
r e p r e s e n t a t i o n  o f  t h e  i n i t i a l  p r o t o n  i o n i  - 
z a t i o n  process f o r  o u r  t r a c k  s t r u c t u r e  
c a l  c u l  a t i o n s ,  we have developed a  semi- 
e m p i r i c a l  phenomenological model o f  t h e  
double d i f f e r e n t i a l  cross s e c t i o n s  (DDCS) 
f o r  e l e c t r o n  e j e c t i o n  f rom po ly -a tomic  
molecules.  Inasmuch as t i s s u e  i s  composed 
o f  85% water ,  we have based o u r  model on t h e  
DDCS f o r  t h a t  molecule.  The b a s i c  qgproach 
used has been p r e v i o u s l y  descr ibed;  t h e r e -  
f o r e ,  o n l y  t h e  improvements w i l l  be d i s -  
cussed here. 

where f? i s  t h e  Rydberg u n i t  o f  energy 
(13.606 eV), a. i s  t h e  Bohr r a d i u s ,  Ip i s  
t h e  f i r s t  i o n i z a t i o n  p o t e n t i a l  o f  t h e  t a r g e t  
molecule (12.6 eV f o r  H20), T  i s  t h e  k i n e t i c  
energy o f  an e l e c t r o n  hav ing  v e l o c i t y  equal 
t o  t h a t  o f  t h e  p r o t o n  o f  energy Ep, and Ne 
i s  t h e  number o f  weakly bound e l e c t r o n s  i n  
t h e  molecule (Ne=8 f o r  H20). 

For  a  g iven  secondary e l e c t r o n  energy E, 

t h e  r e s u l t i n g  angu la r  d i s t r i b u t i o n s ,  Y(E,o), 
a r e  f i t t e d  i n  t h e  leas t -squares  sense w i t h  t h e  
n o n l i n e a r  express ion,  

where 

and 
r 

where vp and ve a r e  t h e  v e l o c i t i e s  o f  t h e  
p r o t o n  and e l e c t r o n ,  r e s p e c t i v e l y ,  and t h e  
A i  a r e  a d j u s t a b l e  f i t t i n g  parameters which 
c o n t a i n  t h e  E and Ep dependence o f  Y .  
F i t t i n g  t h e  angu la r  d i s t r i b u t i o n s  over  t h e  
range o f  va lues o f  E g i v e s  t h e  dependence o f  
each A i  on E. 

The DDCS f o r  a  g iven  p r o t o n  energy Ep, The p a r a m e t e r i z a t i o n  o f  c o e f f i c i e n t s  
e l e c t r o n  energy E, and e l e c t r o n  emiss ion A1-A5 i n  Equat 'ons ( 2 )  and ( 3 )  have been d i s -  
ang le  8, a r e  f i r s t  s c a l e d  accord ing  t o  t h e  cussed be fo re .  1 6 )  P r e v i o u s l y ,  A1 r e q u i r e d  
f o l l o w i n g  express ion:  two d i f f e r e n t  r e p r e s e n t a t i o n s ,  each v a l i d  i n  



a d i f f e r e n t  r e g i o n  o f  e l e c t r o n  energy E. We 
have d iscovered  a s i n g l e  p a r a m e t e r i z a t i o n  o f  
t h e  c o e f f i c i e n t  A1 t h a t  i s  s u f f i c i e n t l y  
a c c u r a t e  o v e r  t h e  whole range o f  energy 
l o s s .  T h i s  express ion,  d e r i v e  rom f i t t i n g  
techniques o f  Dan ie l  and Wood,flf i s  

where x  i s  energy l o s s  i n  u n i t s  o f  4T, and 
a, b, and c  a r e  a d j u s t a b l e  parameters con- 
t a i n i n g  t h e  dependence on Ep. It was 
assumed t h a t  a, b, and c  depend l i n e a r l y  on 
Ep s i n c e  t h e  p r o t o n  energy range covered i s  
sma l l .  Under t h i s  assumption, Equat ion ( 5 )  
then  becomes t h e  a l g o r i t h m  f o r  A1 and i s  
compared i n  F i g u r e  2.3 w i t h  t h e  c o e f f i c i e n t s  
o b t a i n e d  f rom leas t -squares  f i t t i n g  t h e  
a n g u l a r  d i s t r i b u t i o n .  

C o e f f i c i e n t s  A4 and A5 o b t a i n e d  by f i t -  
t i n g  t h e  angu la r  d i s t r i b u t i o n s  a r e  l e s s  w e l l  
behaved i n  t h e i r  dependence on energy l o s s  
and p r o t o n  energy; however, t h e  DDCS a r e  n o t  
s t r o n g l y  dependent on them. Therefore,  t h e  
assumption t h a t  A4 and A5 depend l o g a r i t h m i -  
c a l l y  on x  was made r e s u l t i n g  i n  

A4 = a + b l o g  x, 

and w i t n  a s i m i l a r  express ion  f o r  As. I n  
these express ions,  a  and b a r e  l i n e a r  func -  
t i o n s  o f  Ep. 

Using t h e  p a r a m e t e r i z a t i o n  descr ibe  here 
coupled w i t h  t h a t  presented p r e v i o u s l y f 6 )  
f o r  t h e  f i v e  c o e f f i c i e n t s  as f u n c t i o n s  o f  
t h e  energy l o s s  and p r o t o n  energ ies ,  an 
a n a l y t i c a l  express ion  has been c o n s t r u c t e d  
which i s  be ing  used t o  s i m u l a t e  t h e  DDCS i n  
t r a c k  s t r u c t u r e  c a l c u l a t i o n s  f o r  i o n  ener -  
g i e s  l e s s  than about  2 Meviamu. As i t  
p r e s e n t l y  i s  developed, t h e  model r e t u r n s  
accura te  c ross  s e c t i o n s  f o r  p r o t o n  energ ies  
f rom 0.3 t o  1.5 MeV where f i t s  t o  e x p e r i -  
mental data were p o s s i b l e .  Ex tens ion  o f  t h e  
phenomenological model t o  h i g h e r  i o n  ener -  
g i e s  w i l l  n e c e s s a r i l y  r e l y  on t h e o r e t i c a l  
c a l c u l a t i o n s  and/or  exper imenta l  da ta  f o r  
molecules o t h e r  than  water  vapor .  

Pr imary I o n i z a t i o n  Source Term f o r  Track 
S t r u c t u r e  C a l c u l a t i o n s  

W. E. Wilson 

The development o f  an a n a l y t i c a l  rep re -  
s e n t a t i o n  o f  exper imenta l  c r o s s  s e c t i o n s  
d iscussed i n  t h e  p reced ing  r e p o r t  was 
necessary f o r  e f f i c i e n t  u t i l i z a t i o n  o f  
exper imenta l  c ross  s e c t i o n  data.  The model 
r e t u r n s  cross s e c t i o n s  which now must be 
conver ted t o  p r o b a b i l i t i e s  which a r e  compat- 
i b l e  w i t h  t h e  Monte C a r l o  code. Our f i r s t  
e f f o r t s  i n  t h i s  d i r e c t i o n  have been t o  use 
t h e  phenomenological model t o  p r o v i d e  an 
a l g o r i t h m  f o r  s e l e c t i n g  t h e  emiss ion  ang le  
f o r  t h e  secondary e l e c t r o n  f rom p r i m a r y  
i o n i z a t i o n .  

FIGURE 2.3. Coefficient A, as a Function of Energy Loss. Data Points 
lndicate the Results of Least-Squares Fitting Eq. (2) to the Experimental 
Angular Distributions. Solid Lines lndicate the Result of the Phenomenological 
Algorithm for A,, Including an Assumed Linear Dependence on Ep for the 
Coefficients in Eq. (5) 



To p u t  t h e  DDCS i n t o  a  p r a c t i c a l  form' f o r  
use i n  Monte C a r l o  c a l c u l a t i o n s ,  t h e  f o l l o w -  
i n g  i n t e g r a l  equa t ion  i s  i n v e r t e d  t o  p r o v i d e  
cos 6  as t h e  dependent v a r i a b l e :  

A l i n e a r  i n t e r p o l a t i o n  scheme f o r  i n v e r t i n g  
Equat ion ( 7 )  i s  s u f f i c i e n t 1  y a c c u r a t e  s i n c e  
t h e  a n a l y t i c a l  r e p r e s e n t a t i o n  f o r  o ( E , ~ )  

a l l o w s  one t o  o b t a i n  P ( c o s ~ , E )  a t  a r b i t r a r i l y  
c l o s e  spaced i n t e r v a l s .  I n v e r s i o n  o f  Equa- 
t i o n  ( 7 )  p rov ides  a  t a b l e  o f  cos (e )  as a  
f u n c t i o n  o f  p r o b a b i l i t y  a t  u n i f o r m l y  spaced 
p r o b a b i l i t y  i n t e r v a l s .  The computer 
genera t ion  o f  a  random number determines a  
s p e c i f i c  cos ine  va lue  f rom t h e  t a b l e .  

Several t y p i c a l  tab1 es o f  cos ine  va lues  
f o r  d i f f e r e n t  secondary e l e c t r o n  energ ies  
generated w i t h  t h e  model a r e  shown i n  
F i g u r e  2.4 f o r  1  MeV/amu pro tons .  By com- 
b i n i n g  t h i s  t a b l e  w i t h  a  p r e s e l e c t e d  e l e c -  
t r o n  energy, t h e  e j e c t i o n  ang le  (cos ine  o f  
t h e  a n g l e )  i s  o b t a i n e d  f rom a  random number 
generated by t h e  code. We a r e  p r e s e n t l y  
s t u d y i n g  t h e  r e s u l t s  o f  implement ing t h i s  
change i n  t h e  Monte C a r l o  code and i n c o r -  
p o r a t i n g  t h e  model f o r  t h e  d e t e r m i n a t i o n  o f  
e l e c t r o n  energy as w e l l  as emiss ion  angle.  

FIGURE 2.4. Cosine of Emission Angle for Ejection of Secondary Electrons 
with Energy e by 1 MeV/arnu Protons 





Energy Transport 

Track S t r u c t u r e  E f f e c t s  i n  R a d i a t i o n  
Chemist ry  

J. H. t5 l i l l e r  and M. L. West 

The s p a t i a l  d i s t r i b u t i o n  o f  absorbed dose 
i n f l u e n c e s  t h e  y i e l d  o f  c h e m i c a l l y  a c t i v e  
species i n  a  medium exposed t o  r a d i a t i o n .  
Through t h e  s tudy  o f  nonhomogeneous k i n e t i c s  
o f  r a d i a t i o n  chemis t ry  i n  s imp le  l i q u i d  
systems, we w i l l  ga in  i n s i g h t  i n t o  t h e  
chemical bases f o r  r a d i a t i o n  q u a l i t y  f a c t o r s  
such as R e l a t i v e  B i o l o g i c a l  E f f e c t i v e n e s s  
(RBE) and Oxygen Enhancement R a t i o  (OER). 
T h i s  i n s i g h t  c o n t r i b u t e s  t o  t h e  s c i e n t i f i c  
b a s i s  f o r  r a d i a t i o n  p r o t e c t i o n  s tandards and 
t o  t h e  e f f e c t i v e  use o f  r a d i a t i o n  i n  medical 
a p p l i c a t i o n s .  

The d i f f u s i v e  mot ion o f  molecules r a p i d l y  
des t roys  t h e  i n i t i a l  d i s t r i b u t i o n  o f  p r imary  
species i n  most l i q u i d s .  Hence, s t roboscop-  
i c  techniques must be used t o  d i r e c t l y  
observe t h e  e f f e c t s  o f  nonhoniogeneous chem- 
i c a l  k i n e t i c s .  Pulsed r a d i o l y s i s  w i t h  
e l e c t r o n s  has been used ex tens ive1  y  t o  probe 
t h e  subnanosecond t in ie  reg ion .  However, t h e  
a p p l i c a t i o n  o f  t h i s  method t o  o t h e r  types o f  
r a d i a t i o n ,  i n  p a r t i c u l a r ,  r a d i a t i o n s  w i t h  
h i g h  l i n e a r  energy t r a n s f e r  (LET) i s  l i m i t e d  
by t h e  requ i rement  o f  l a r g e  dose p e r  p u l s e  
t o  achieve a  s i g n i f i c a n t  a b s o r p t i o n  s i g n a l  
f o r  t h e  chemical species under i n v e s t i g a t i o n .  

The use o f  f l uo rescence ,  r a t h e r  than  
absorp t ion ,  t o  d e t e c t  t h e  presence o f  cheni- 
i c a l  species c i rcumvents t h i s  d i f f i c u l t y .  
By t ime- reso lve ,  emiss ion spectroscopy, t h e  
e v o l u t i o n  o f  a  smal l  p o p u l a t i o n  o f  e x c i t e d  
s t a t e s  can be s t u d i e d  under v a r i e d  r a d i a t i o n  
c o n d i t i o n s  w i t h  subnanosecond t i m e  r e s o l  u- 
t i o n .  Through f luo rescence  quenching, t h e  
t i m e  e v o l u t i o n  o f  t h e  c o n c e n t r a t i o n  o f  
n o n r a d i a t i v e  species can a l s o  be i n v e s t i -  
gated. 
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FIGURE 2.5. Time-Resolved Singlet Emission from 
Benzene in Cylohexane Excited by Pulsed Proton and 
Ultraviolet Irradiation 

nonexponent ia l  c h a r a c t e r  o f  t h e  f l uo rescence  
decay w i t h  p r o t o n  i r r a d i a t i o n  r e s u l t s  f rom a  
t i m e  dependent c o n c e n t r a t i o n  o f  quenching 
species n o t  p resen t  under UV e x c i t a t i o n .  
We have p u b l i s h e d  a  d e t a i l e d  a n a l y s i s  o f  
t h i s  e f f e c t  i n  J. Cheni. Phys. 2, 2793 
(1977). The t i m e  dependence o f  t h e  quencher 
c o n c e n t r a t i o n  can be exp la ined  by t h e  
d i f f u s i o n  o f  chemical species o u t  o f  t h e  
r e g i o n  o f  i n i t i a l  energy d e p o s i t i o n .  The 
i n i t i a l  c o n c e n t r a t i o n  o f  t h e  quenching 
species i s  p r o p o r t i o n a l  t o  t h e  LET o f  t h e  
r a d i a t i o n .  Hence, more quenching i s  
observed as t h e  energy o f  p r o t o n  i r r a d i a t i o n  
decreases. 

F i g u r e  2.5 compares t i m e - r e s o l  ved emis- A n a l y s i s  o f  t h e  energy dependence o f  t h e  
s i o n  f rom benzene i n  cyclohexane e x c i t e d  by f l uo rescence  decay i n  terms o f  t h e  LET o f  
pu lsed  p r o t o n  i r r a d i a t i o n  a t  t h r e e  p r o t o n  t h e  r a d i a t i o n  ignores  t h e  r a d i a l  d i s t r i b u -  
energ ies  w i t h  t h e  f luo rescence  decay observed t i o n  o f  t h e  i n i t i a l  energy d e p o s i t i o n .  Th is  
u s i n g  u l t r a v i o l e t  (UV) i r r a d i a t i o n .  The i s  a  good approx in ia t ion over  t h e  range of 



p r o j e c t i l e  energ ies  ach ievab le  w i t h  t h e  2  MV 
a c c e l e r a t o r ;  however, w i t h  more e n e r g i c  
heavy ions ,  t r a n s p o r t  o f  energy away f rom 
t h e  t r a c k  co re  by  secondary e l e c t r o n s  r e s u l t s  
i n  a  more d i f f u s e  p a t t e r n  o f  energy deposi -  
t i o n  a t  equal va lues o f  LET. T h i s  d i f f e r -  
ence i n  r a d i a l  d i s t r i b u t i o n  o f  absorbed dose 
m o d i f i e s  t h e  RBE o f  t h e  r a d i a t i o n .  

A model i s  be ing  developed t o  e s t i m a t e  
t h e  e f f e c t  o f  t h e  r a d i a l  d i s t r i b u t i o n  o f  
absorbed dose on t h e  decay o f  f l uo rescence  
induced by p r o t o n s  and a lpha  p a r t i c l e s  o f  
t h e  same LET. The model i s  based on t h e  
assunlpt ion t h a t  e x c i t e d  s t a t e s  and quenchers 
a r e  formed i n  spurs cen te red  about  t h e  
i n i t i a l  s i t e s  o f  i o n i z a t i o n  o f  t h e  medium. 
The d i s t r i b u t i o n  o f  chemical species w i t h i n  
each spur  ' s  assumed t o  be Gaussian w i t h  a  
v a r i a n c e  a 3 ( t )  = rg + 2Dt, where ro i s  t h e  
i n i t i a l  spur  r a d i u s  and D i s  t h e  d i f f u s i o n  
c o e f f i c i e n t  o f  quenchers and e x c i t e d  s t a t e s .  
The model p r e d i c t s  a  f l uo rescence  decay o f  
t h e  fo rm 

where kuv i s  t h e  quenching r a t e  observed 
w i t h  UV i r r a d i a t i o n ,  kspur  i s  t h e  r a t e  o f  
quenching i n  i s o l a t e d  spurs, and 

+ + +  2  2  
g ( r ; t )  = 1 + exp ( - ( r - r j )  140 ( t ) )  

r j f  r ( 9 )  

i s  t h e  p r q b a b i l i t y  t h a t  an e x c i t e d  s t a t e  a t  
p o s i t i o n  r w i l l  be quenched by chemical 
species f rom o t h e r  s i t e s  o f  i o n i z a t i o n .  We 
c a l l  t h i s  t h e  "spur  over lap .  " 

The goal o f  o u r  model c a l c u l a t i o n s  i s  t o  
e v a l u a t e  t h e  e x p e c t a t i o n  v a l u e  o f  t h e  spur  
o v e r l a p  by Monte C a r l o  t r a c k  s i m u l a t i o n  and 
t o  s tudy  i t s  r e l a t i o n s h i p  t o  t h e  r a d i a l  
d i s t r i b u t i o n  o f  absorbed dose. When r a d i a l  
d i s p e r s i o n  o f  t h e  i o n i z a t i o  s  i s  ignored,  
t h e  mean spur  o v e r l a p  i s  2nY12aS/W, where S  
i s  t h e  p r o j e c t i l e  s t o p p i n g  power and W i s  
t h e  mean energy absorbed p e r  i o n i z a t i o n .  
P r e l i m i n a r y  Monte C a r l o  r e s u l t s  show t h a t  
t h i s  i s  a  good approx imat ion  when t h e  spur  
r a d i u s  ' s  much g r e a t e r  than  t h e  t r a c k  c o r e  
rad ius .18)  I f  t h e  spur  r a d i u s  i s  comparable 
t o  t h e  t r a c k  c o r e  r a d i u s ,  t h e  Inean spur  
o v e r l a p  i s  s i g n i f i c a n t l y  s m a l l e r  due t o  t h e  
c o n t r i b u t i o n  f rom i o n i z a t i o n  o u t s i d e  o f  t h e  
t r a c k  co re .  C a l c u l a t i o n s  o f  t h e  expected 
f l  uorescence decay w i t h  e n e r g e t i c  a1 pha 
p a r t i c l e s  a r e  i n  progress.  The model ca lcu -  
l a t i o n s  w i l l  t hen  be t e s t e d  a g a i n s t  

measurements o f  t h e  t ime- reso lved  emiss ion 
induced by a lpha i r r a d i a t i o n  f rom t h e  
a c c e l e r a t o r  f a c i l i t i e s  a t  t h e  U n i v e r s i t y  o f  
Washington Nuclear  Physics Labora to ry .  

Temperature S tud ies  

M. L. West and J. H. M i l l e r  

I n  a  r e c e n t  p u b l i c a t i o n , ( 9 )  we a t t r i b u t e d  
proton- induced f luo rescence  decay t o  dynamic 
quenching f rom a  t i m e  dependent concentra-  
t i o n  o f  r a d i a t i o n  produced r a d i c a l s .  I n  
a d d i t i o n ,  t h e r e  i s  quenching by in t ramo lecu-  
1  a r  processes thermal  1 y  a c t i v a t e d  th rough  
s o l v e n t  p e r t u r b a t i o n .  A s tudy  o f  t h e  tenipera- 
t u r e  dependence o f  rad io luminescence p rov ides  
a d d i t i o n a l  i n f o r m a t i o n  about  t h e  dynamic 
quenching and t h e r m a l l y  a c t i v a t e d  processes. 
Resu l t s  o f  t h i s  s tudy  have been r e c e n t l y  
submi t ted  f o r  p u b l i c a t i o n  i n  J. Phys. Chem. 

Di 1  u t e  so l  u t i o n s  o f  benzene i n  c y c l  ohex- 
ane were i r r a d i a t e d  w i t h  subnanosecond 
pu lses  o f  p ro tons  and changes i n  t h e  t ime-  
reso lved  emiss ion were s t u d i e d  as a  f u n c t i o n  
o f  s o l v e n t  temperature.  These data were 
compared t o  o u r  model which p r e d i c t s  a  t i m e  
dependence f o r  proton- induced f l  uorescence 
o f  t h e  form 

I ( t )  = I, exp ( - k t  - a l n  (1  + t / t o ) )  

where k  i s  the  decay r a t e  observed f o r  u l t r a -  
v i o l e t  e x c i t a t i o n ,  a  i s  t h e  r a t i o  o f  t h e  
i n t e r a c t i o n  r a d i u s  f o r  quenching by r a d i c a l s  
t o  t h e  mean r~umber o f  r a d i c a l s  p e r  u n i t  
t r a c k  l e n g t h ,  and to i s  t h e  t i m e  r e q u i r e d  t o  
reduce t h e  c o n c e n t r a t i o n  o f  r a d i c a l s  t o  one- 
h a l f  i t s  i n i t i a l  va lue  due t o  d i f f u s i o n .  
Est imates o f  t h e  parameters k, a ,  and to 
were ob ta ined  a t  each temperature by f i t t i n g  
t h e  proton- induced f luo rescence  decay. The 
r e s u l t s  a r e  shown i n  Table 2.1. The 
asympto t i c  decay r a t e  k  ob ta ined  a t  each 
temperature f rom these p r o t o n  data agrees 
w e l l  w i t h  t h e  decay t h a t  was measured us ing  
u l t r a v i o l e t  e x c i t a t i o n .  Est imates of t h e  
parameters a and t which c h a r a c t e r i z e  t h e  
i n t r a t r a c k  quenchi8g do n o t  e x h i b i t  any 
sys temat i c  temperature v a r i a t i o n  when t h e  
exper imenta l  u n c e r t a i n t i e s  a r e  considered.  
Th is  suggests t h a t  t h e  p r i n c i p a l  temperature 
dependence o f  t h e  p ro ton- induced  f l u o r e s -  
cence i s  f rom t h e r m a l l y  a c t i v a t e d  i n t r a -  
mo lecu la r  quenching. Quenching by r a d i c a l s  
formed i n  t h e  p r o t o n  t r a c k  i s  approx imate ly  
independent o f  temperature o v e r  t h e  range 
i n v e s t i g a t e d .  

The absence o f  a  temperature v a r i a t i o n  i n  
a suppor ts  t h e  conc lus ions  t h a t  r a d i c a l s  
quench e x c i t e d  s t a t e s  on every  encounter  and 



TABLE 2.1 Parameters of the Intra-Track Quenching 
Model (a) 

to (10-9 sec) 

3.0 

3.1 

2.7 

3.1 

3.2 

2.7 

2.8 

3.3 

3.5 

( a ) ~ e f i n e d  by Eq. (10) of text. 

t h a t  t h i s  i n t e r a c t i o n  does n o t  r e q u i r e  
thermal  a c t i v a t i o n .  The p r i n c i p a l  tempera- 
t u r e  dependence o f  to i s  embodied i n  t h e  
d i f f u s i o n  r a t e  o f  r a d i c a l s .  I f  t h i s  d i f f u -  
s i o n  r a t e  obeys t h e  S tokes-E ins te in  r e l a -  
t i o n ( l 0 )  we expec t  to t o  change by a  f a c t o r  
o f  2 o v e r  t h e  temperature range s tud ied ,  
decreasing as t h e  temperature increases.  
The absence o f  such a  temperature v a r i a t i o n  
may suggest t h a t  t h e  i n i t i a l  t r a c k  r a d i u s  
inc reases  more r a p i d l y  w i t h  temperature than  
p r e d i c t e d  through change i n  s o l v e n t  d e n s i t y .  
We h e s i t a t e  t o  draw t h i s  conc lus ion ,  how- 
ever, u n t i l  more r e 1  i a b l e  es t imates  o f  to 
can be determined. R e l i a b l e  es t imates  o f  to 
r e q u i r e  a  d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  

f i r s t  5 nsec o f  f l uo rescence  response and 
t h i s  w i l l  r e q u i r e  improved t i m e  r e s o l u t i o n .  
Work i n  t h i s  d i r e c t i o n  i s  c u r r e n t l y  i n  
progress.  The e f f e c t s  on es t imates  o f  to 
o f  f i n i t e  f o r m a t i o n  t imes o f  e x c i t e d  s t a t e s  
and o f  t i m e  dependence i n  t h e  quenching r a t e  
cons tan t  a r e  a l s o  be ing  i n v e s t i g a t e d .  

Data f o r  t h e  exper imenta l  i n v e s t i g a t i o n  
o f  temperature dependence o f  f l uo rescence  
decay d iscussed above were taken w i t h  a  
d e t e c t i o n  system l i m i t e d  by p h o t o m u l t i p l i e r  
response t o  about  1.5 nsec FWHM. R e l i a b l e  
es t imates  o f  to r e q u i r e  a  b e t t e r  t i m e  r e s o l u -  
t i o n  and a d d i t i o n a l  i n f o r m a t i o n  about  t h e  
system response. We have j u s t  r e c e n t l y  
achieved a  t i m e  r e s o l u t i o n  o f  0.7 nsec FWHM 
by us ing  improved e l e c t r o n i c s  and a  new 
phototube o f  reduced background, l e s s  t i m e  
j i t t e r ,  and min imized a f t e r p u l s i n g .  The 
absence o f  a f t e r p u l s i n g  has r e s u l t e d  i n  a  
more symmetric t i m e  response and has l e a d  t o  
success fu l  u n f o l d i n g  o f  t h e  system t i m e  
r e s o l u t i o n  f u n c t i o n  f rom measured f l u o r e s -  
cence decay.. Rapid f l  uorescence decay o f  
t h e  3914 1 l i n e  o f  N2+ i s  used f o r  t h e  
r e s o l u t i o n  measurements. A t  a tmospher ic  
pressure,  t h i s  s t a t e  e x h i b i t s  exponen t ia l  
decay w i t h  a  l i f e t i m e  o f  about 100 psec. 
A1 1  exper imenta l  parameters i n c l u d i n g  beam 
o p t i c s ,  e l e c t r o n i c  t i m i n g  and phototube 
o p e r a t i n g  c h a r a c t e r i s t i c s  have been 
op t im ized  f o r  maximum performance. Pre- 
l i m i n a r y  data taken w i t h  t h i s  new t i m i n g  
system f o r  proton- induced f luo rescence  
i n d i c a t e s  t h a t  o u r  e a r l i e r  es t imates  o f  to 
may be t o o  l a r g e .  A  complete temperature 
s tudy  w i t h  t h i s  new d e t e c t i o n  system i s  i n  
progress.  
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The j o i n t  purpose o f  these two c l o s e l y  i n t e g r a t e d  programs i s  t o  e x p l o r e  t h e  connect ions 

between t h e  p r i m a r y  p h y s i c a l  events produced by r a d i a t i o n  and t h e i r  b i o l o g i c a l  consequences i n  

c e l l u l a r  systems. The r a d i a t i o n  dos imet ry  program i n c l u d e s  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  

p r imary  events and t h e i r  connec t ion  w i t h  t h e  observab le  e f f e c t s  and exper imenta l  r e a l i z a t i o n  

and measurement of t h e  p h y s i c a l  parameters needed by t h e  theory .  The r a d i a t i o n  b i o p h y s i c s  

program t e s t s  o r  niakes use o f  t h e  t h e o r e t i c a l  developments and ga thers  i n f o r m a t i o n  needed f o r  

t h e  t h e o r i e s  by exper iments on c e l l u l a r  systems. Th is  y e a r  severa l  d i f f e r e n t  s t u d i e s  converged 

and l e d  t o  f i n d i n g  i n  Chlamydomonas r e i n h a r d i  and i n  ~nammalian c e l l s  a  recovery  process f a s t e r  

than  t h e  wel l-known E l k i n d - S u t t o n  e f f e c t .  Exper imenta l  and t h e o r e t i c a l  s t u d i e s  o f  t h e  process 

a r e  s t i l l  go ing  on. E a r l y  t h e o r e t i c a l  r e s u l t s  i n d i c a t e  i t  may have a  g r e a t  i n f l u e n c e  on how 

l a b o r a t o r y  da ta  a r e  e x t r a p o l a t e d  t o  t h e  low doses and dose r a t e s  r e l e v a n t  i n  r a d i a t i o n  p r o t e c -  

t i o n .  I d e n t i f i c a t i o n  o f  t h e  e f f e c t  i s  p e r m i t t i n g  i n t e r p r e t a t i o n  o f  o u r  r e s u l t s  on t h e  change 

i n  r a d i a t i o n  k i l l i n g  w i t h  temperature and on t h e  absence o f  pool  e f f e c t s  on recovery .  Develop- 

ment o f  synchronous, s t a t i o n a r y  p o p u l a t i o n s  o f  CHO c e l l s  f o r  l o n g - p e r i o d  dose-rate and s p l i t -  

dose exper iments has begun. 

Dose-Rate and F r a c t i o n a t i o n  Theory f o r  
Mu1 t i p 1  e  Recovery Processes 

W. C. Roesch 

X rays,  gamma rays ,  and f a s t  e l e c t r o n s  
a r e  ma jo r  concerns i n  t h e  p r o t e c t i o n  o f  
workers and t h e  p u b l i c  f rom t h e  e f f e c t s  o f  
energy g e n e r a t i o n  by e i t h e r  f i s s i o n  o r  
f u s i o n .  Experiments w i t h  them a t  t h e  
low doses and dose r a t e s  r e l e v a n t  t o  p ro -  
t e c t i o n  would r e q u i r e  such l a r g e  animal 
popu la t ions  t h a t  t h e y  a r e  i n i p r a c t i c a l  . Con- 
sequent ly ,  t h e  t h e o r y  o f  t h e  phenomena t h e y  
produce a t  h i g h e r  doses and r a t e s  i s  impor- 
t a n t  because i t  enables c o n f i d e n t  e x t r a p o l a -  
t i o n  t o  low doses and r a t e s .  We have s t u d i e d  
how changes i n  dose r a t e  and dose f r a c t i o n a -  
t i o n  a f f e c t  t h i s  e x t r a p o l a t i o n  because o f  a  
recovery  ocess d iscovered  by El k i n d  and 
Sut ton.  ( ly !  Our s t u d i e s  have now l e d  us t o  
f i n d  ev idence f o r  ano ther  recovery  process, 
one t h a t  proceeds f a s t e r  than  t h e  El k ind -  
Su t ton  process. A n a l y s i s  o f  t h e  new process 
suggests t h a t  i t  t o o  w i l l  s t r o n g l y  i n f l u e n c e  
how we e x t r a p o l a t e  exper imenta l  data t o  
e s t i m a t e  r a d i a t i o n  hazards. 

2. 

Our i n t e r e s t  i n  o t h e r  k inds  o f  recovery  
began severa l  years  ag From t h e o r e t i c a l  
s t u d i e s  o f  LET e f f e c t s T 1 ~ )  we deduced a  
recovery  m igh t  be found i n  synchronized 
m i t o t i c  c e l l s .  An inc rease  i n  RBE w i t h  
i n c r e a s i n g  LET would have s i g n a l e d  t h e  
presence o f  such a  process. Such da ta  were 
n o t  a v a i l a b l e  so we proposed t h e  necessary 
exper iment .  Bu t  r e c e n t l y ,  w i t h  t h e  h e l p  o f  
W. K. S i n c l a i r  o f  Argonne Nat iona l  Labora- 
t o r y ,  we found r e l a t e d  ev idence t h a t  i n d i -  
ca tes  t h e  f a s t  recovery  may be p resen t  i n  
m i t o s i s .  

I n  unsynchronized c e l l s  t h e  assumed f a s t  
recovery  would be p resen t  w i t h  t h e  E l k i n d -  
Su t ton  recovery.  T h i s  l e d  us t o  extend o u r  
model i n g  t o  mu1 t i p l e  recovery  processes. 
Our e a r l i e r  model (see " H i t  Theory f o r  
Low-LET Radiat ion,"  Rad. Res. 51 :480, 1972) 
had r a d i a t i o n  produce a  s i n g l e k i n d  o f  
p roduc t  s u b j e c t  t o  recovery;  death r e s u l t e d  
f rom - i n t e r a c t i o n  o f  two o f  t h e  damaged e n t i -  
t i e s .  To c o n t r a s t  w i t h  t h e  models below, we 
now c a l l  t h i s  t h e  One-Product Model. Two 
k inds  o f  recovery  can appear i n  a t  l e a s t  t h e  
f o l l o w i n g  t h r e e  ways: 
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Two-Mode Model -- r a d i a t i o n  k i l l s  i n  two 
s t o c h a s t i c a l l  y independent One-Product- 
Model ways, 

Two-Product Model -- r a d i a t i o n  produces 
two k i n d s  o f  products ,  each s u b j e c t  t o  
recovery  a t  i t s  own r a t e ;  dea th  r e s u l t s  
from i n t e r a c t i o n  between one each o f  t h e  
two products ,  and 

Two-Step K i n e t i c  Model -- r a d i a t i o n  
produces two k i n d s  o f  products ;  one k i n d  
must undergo a  b iochemical  t r a n s f o r m a t i o n  
t o  become a c t i v e ;  dea th  r e s u l t s  f rom 
i n t e r a c t i o n  between one o f  these a c t i -  
va ted  p roduc ts  and one o f  t h e  o t h e r  k i n d  
o f  d i r e c t  p roduc t .  

Combinat ions o f  these  and t h e  One-Product 
Model g i v e  r i s e  t o  models w i t h  t h r e e  o r  more 
r e c o v e r y  processes. 

Formulas f o r  t h e  s u r v i v a l  i n  s i n g l e  and 
s p l i t - d o s e  i r r a d i a t i o n s  were d e r i v e d  f o r  t h e  
t h r e e  models. F i g u r e  2.6 shows - ln (S) /D  
curves c a l c u l a t e d  f o r  them. P a r t  A  i s  f o r  a  
Two-Mode Model. A t  v e r y  h i g h  dose r a t e s ,  
- l n (S) /D  i s  a  s t r a i g h t  l i n e ;  a t  i n t e r m e d i a t e  
r a t e s ,  i t  becomes s t r a i g h t  a f t e r  some 
i n i t i a l  c u r v a t u r e  and i s  lower  than  a t  h i g h  
r a t e s ;  a t  l o w  r a t e s ,  i t  i s  h o r i z o n t a l  o v e r  
most o f  i t s  l e n g t h  and i s  lower  s t i l l .  P a r t  
A  a l s o  serves f o r  t h e  Two-Product Model i f  
t h e  s l o p e  approached a t  t h e  i n t e r m e d i a t e  

r a t e s  i s  one-ha l f  t h e  s l o p e  a t  h i g h  r a t e s .  
P a r t  B i s  f o r  a  Two-Step K i n e t i c  Model. A t  
v e r y  h i g h  dose r a t e s ,  - l n (S) /D  i s  a  cu rve  
and i s  lower  than  f o r  some lower  r a t e s .  I n  
o t h e r  words, i n  t h i s  dose- ra te  range s u r -  
v i v a l  increases w i t h  i n c r e a s i n g  dose r a t e ,  
t h e  reverse  o f  what i s  o r d i n a r i l y  expected. 
A t  i n t e r m e d i a t e  r a t e s ,  - l n ( S ) / D  i s  n e a r l y  a  
s t r a i g h t  l i n e ;  and a t  l ow r a t e s  i t  i s  
m o s t l y  h o r i z o n t a l .  

These models were compared w i t h  t h e  few 
v e r y  h i g h  dose-rate s u r v i v a l  curves i n  t h e  
l i t e r a t u r e .  Most o f  t h e  da ta  a r e  f o r  HeLa 
c e l l s  and gave n o t h i n g  i n t e r p r e t a b l e  i n  
terms o f  t h  m d e l s .  On t h e  o t h e r  hand, 

71 39 Todd e t  a1 . used T i  c e l l  s  and o b t a i n e d  
two curves l i k e  1  and 2  i n  F i g u r e  2.6.A. 
The s lope  o f  cu rve  2  was c l o s e  t o  o n e - h a l f  
t h a t  o f  cu rve  1. Concluding t h a t  T i  c e l l s  
behave l i k e  t h e  Two-Product Model i s  n o t  y e t  
safe,  however, because no exper imenta l  
p o i n t s  were ob ta ined  i n  t h e  c u r v i n g  p a r t  a t  
l o w  doses. I est imated  t h e  mean recovery  
t i m e  f o r  t h e  f a s t  process t o  be 2  min. 

Our f i r s t  r e p o r t  ( W .  C. Roesch, "blodels 
o f  t h e  R a d i a t i o n  S e n s i t i v i t y  o f  Mammalian 
 el 1  s " )  (14)  on t h e  above models had j u s t  
beet  submi t ted  when Malcolm and ~ i t t l e ( l 5 )  
r e p o r t e d  t o  t h e  R a d i a t i o n  Research S o c i e t y  
t h a t  s p l i t - d o s e  exper iments w i t h  p l a t e a u -  
phase V79 and 10T1/2 c e l l s  showed f a s t  
recovery  w i t h  h a l f  t imes  f rom 2  t o  5 min i n  
a d d i t i o n  t o  t h e  normal El k ind -Su t ton  process.  

FIGURE 2.6. -ln(S)/D Curves for: (A) the Two-Mode Model (and the Two- 
Product Model, in some Circumstances), and (B) the Two-Step Kinetic Model. 
Curves 1 are for Very High Dose Rates, 2 for Intermediate Dose Rates, and 
3 for Very Low Dose Rates 
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A reversed  dose- ra te  e f f e c t  such as shown 
i n  F i g u r e  .6.B appeared i n  t h e  da ta  o f  Ben 
Hur e t  a1 .?16) f o r  "79 c e l l s  a t  a  v e r y  h i g h  
temperature,  42OC. T h i s  c o u l d  be t h e  e f f e c t  
o f  a  recovery  process t h a t  i s  so f a s t  a t  
o r d i n a r y  temperatures as t o  have escaped 
o b s e r v a t i o n  b u t  t h a t  i s  slowed down a t  h i g h  
t e ~ p e r a t u r e s .  T h e i r  r e s u l t  l e d  us t o  extend 
o u r  s p l i t - d o s e  exper iments w i t h  
C.  r e i n h a r d i  (1  7 )  t o  h i g h e r  temperatures and 
s h o r t e r  i n t e r f r a c t i o n  t imes .  We found t h a t  
C. r e i n h a r d i  does have a  f a s t  recovery  i n  
a d d i t i o n  t o  t h e  s low r e c o v e r y  we have been 
s tudy ing ,  and i n  t h e  n e x t  a r t i c l e  we w i l l  
d e s c r i b e  o u r  f i r s t  measurements o f  it. 

The presence o f  two ( o r  more) r e c o v e r y  
processes may have i m p o r t a n t  consequences on 
how we e x t r a p o l a t e  l a b o r a t o r y  da ta  t o  low 
doses and dose r a t e s  t o  choose r a d i a t i o n  
p r o t e c t i o n  1  i m i t s .  T y p i c a l  data,  on - ln (S) /D  
p l o t s  such as i n  F i g u r e  2.6, i n t e r c e p t  t h e  
v e r t i c a l  a x i s  a t  a  non-zero value, t h e  
p roper  s e n s i t i v i t y  t o  use a t  l o w  doses. 
T h i s  i n t e r c e p t  i s  i n t e r p r e t e d  as due t o  
k i l l  i n g  by s i n g l e  c h a r g e d - p a r t i c l e  events 
and, t h e r e f o r e ,  as being independent o f  dose 
r a t e .  Curve 2  i n  F i g u r e  2.6.A i s  a  t y p i c a l  
r e s u l t  f o r  o r d i n a r y  l a b o r a t o r y  dose r a t e s  
f o r  two recovery  processes. Fur ther ,  da ta  
on t h e  c u r v i n g  p o r t i o n  a t  l ow doses may be 
m i s s i n g  because t h e  s u r v i v a l  i s  h i g h  and 
measurements consequent1 y  d i f f i c u l t .  Then 
t h e  i n v e s t i g a t o r  would p robab ly  e x t r a p o l a t e  
a long  t h e  d o t t e d  l i n e  i n  t h e  f i g u r e  t o  an 
i n t e r c e p t  t h a t  i s  h i g h e r  than  t h e  t r u e  
va lue.  Indeed, t h e  data of-Todd e t  a1 . f o r  
T1 suggest t h a t  t h e  t r u e  i n t e r c e p t  may be 
n e a r l y  zero, t h a t  t h e r e  may be no t r u e  
s i n g l e - e v e n t  l e t h a l  process. (But, some 
k i l l i n g  by s i n g l e  events w i l l  p robab ly  
always occur .  The d i f f e r e n t  p roduc ts  i n  t h e  
models above can b o t h  be produced i n  a  
s i n g l e  event  as we1 1  as i n  separate events.  ) 
I n  o t h e r  words, t h e  presence o f  an unsus- 
pected f a s t  recovery  process can l e a d  an 
observer  t o  overes t imate  h i s  system's low- 
dose s e n s i t i v i t y .  A lso,  h i s  e s t i m a t e  would 
depend on t h e  dose r a t e  and d i f f e r e n t  
observers m igh t  d i s a g r e e  w i t h o u t  r e c o g n i z i n g  
d i f f e r e n t  r a t e s  as t h e  cause. 

Fas t  Recovery i n  Chlamydomonas Re inhard i  

J. M. Nelson, L. A. Braby, and W. C. Roesch 

Dur ing  t h e  s t u d y  o f  how temperature 
i n f l u e n c e s  r a d i a t i o n  k i l l  i n g  i n  C. r e i n h a r d i  
desc r ibed  i n  t h e  n e x t  a r t i c l e ,  we had d i f f i -  
c u l t y  a n a l y z i n g  da ta  a t  temperatures above 
25°C. I n  t h e  s p l i t - d o s e  p l o t  ( ln(Sm/S) vs 
t; t = i n t e r f r a c t i o n  t ime, S  = s u r v i v a l ,  Sm 
= s u r v i v a l  f o r  l a r g e  t ) ,  t h e  p o i n t  f o r  zero 
i n t e r f r a c t i o n  t i m e  was always h i g h e r  than  

expected and p o i n t s  f o r  smal l  ( 3  min o r  
l e s s )  t-imes were a l s o  c o n s i s t e n t l y  h igh .  A t  
about  t h i s  t ime,  t h e  development o f  t h e  f a s t  
recovery  concept descr ibed  i n  t h e  l a s t  
a r t i c l e  was go ing  on. We hypothesized o u r  
d i f f i c u l t i e s  m igh t  stem f rom a  f a s t  recovery  
process r a t h e r  than  t o  l a c k  o f  hea t  t o l e r a n c e  
o f  t h e  c e l l s .  To t e s t  t h e  hypo thes is ,  we 
changed o u r  i r r a d j a t i o n  techn ique  t o  employ 
a  dose r a t e  of 105 rad/min and repeated t h e  
s p l i t - d o s e  measurements, adding i n t e r f r a c -  
t i o n  t imes  o f  0.25 t o  5  min. They d i d  show 
a  f a s t  recovery  process was p resen t .  

The upper p a r t  o f  F i g u r e  2.7 shows a  
t y p i c a l  r e s u l t .  For i n t e r f r a c t i o n  t imes  
g r e a t e r  than  5  min, t h e  p o i n t s  d e f i n e  a  
s t r a i g h t  l i n e  whose s lope  g i v e s  a  (s low)  
recovery  t i m e  o f  23 min, which i s  c o n s i s t e n t  
w i t h  o u r  measurements a t  l ower  temperatures.  
Below 5  min, t h e  p o i n t s  a l l  l i e  above t h i s  
l i n e .  S u b t r a c t i n g  t h e  va lues o f  t h e  slow- 
recovery  l i n e  f rom t h e  data p o i n t s  g ives  t h e  
p l o t  i n  t h e  lower  p a r t  o f  t h e  f i g u r e .  We 
have i n t e r p r e t e d  them as ano ther  s t r a i g h t  
l i n e  due t o  a  f a s t  recovery  process w i t h  a  
mean recovery  t i m e  o f  about 1  min. 

100 krad I min 

A = 4.1 x rad-2 
T = L3 rnin 

- 
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FIGURE 2.7. A Typical Split-Dose Experiment with 
C. Reinhardi 



Simi 1  a r  curves were ob ta ined  f o r  tempera- 
t u r e s  f rom 25°C t o  37OC g i v i n g  f a s t  recovery  
t imes  f rom 1  t o  3 min. The p o i n t s  a r e  s c a t -  
t e r e d  w i t h  no p a t t e r n  d i s c e r n i b l e  through -3 

t h e  e r r o r s ;  b u t  a  p a t t e r n  presuniably e x i s t s ,  
because t h e  e f f e c t  d isappears below 25°C. 

The d a t a  i n  F i g u r e  2.7 a r e  compat ib le  
w i t h  e i t h e r  a  Two-Mode Model o r  a  Two- en l / t  4 

Product  Model. Indeed, t h e  method o f  
a n a l y s i s  j u s t  desc r ibed  was based on t h e  
models. A  Two-Step K i n e t i c  Model would have 
had t h e  p o i n t s  f o r  smal l  t inies below t h e  5 

s low-recovery l i n e  i n s t e a d  o f  above. The 
i n t e r c e p t s  o f  t h e  two recovery  l i n e s  on t h e  
v e r t i c a l  a x i s  a r e  about  equal .  They niust be 
equal f o r  a  Two-Product Model; t h e y  may be 
f o r  a  Two-Mode Model. 

\ 
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I n a c t i v i a t i o n  and Recovery -in Chlamydonionas 
Re inhard i  as a  Func t ion  o f  Temperature 

L. A. Braby, J. M. Nelson, and W. C. Roesch 

L a s t  y e a r ( 1 7 )  we began t o  measure how 
temperature i n f l u e n c e s  r a d i a t i o n  k i l l i n g  o f  
C. r e i n h a r d i .  The a im was t o  be a b l e  t o  
c o r r e c t  l a b o r a t o r y  nieasurements and t o  
o b t a i n  therniodynamic d a t a  t h a t  m igh t  shed 
l i g h t  on how t h e  c e l l  r e a c t s  t o  r a d i a t i o n .  
We found we c o u l d  separa te  changes i n  
recovery  r a t e  f rom changes i n  r a d i o s e n s i  - 
t i v i t y .  The r e c o v e r y  i s  an enzymatic p ro -  
cess. The l e t h a l  a c t i o n  i s  i n  c o m p e t i t i o n  
w i t h  sonie o t h e r  process.  T h i s  work was s e t  
a s i d e  w h i l e  i n v e s t i g a t i n g  t h e  f a s t  recovery  
r e p o r t e d  above and a  p o s s i b l e  c o r r e c t i o n  
t h a t  had been suggested t o  us (see n e x t  
a r t i c l e ) ,  s i n c e  b o t h  m igh t  have i n f l u e n c e d  
o u r  conc lus ions .  These i n v e s t i g a t i o n s  gave 
us more da ta  and conf i rn ied t h e  e a r l i e r  r e s u l t s .  

_/-- 
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FIGURE 2.8. Arrhenius Plot of the Mean Recovery 
Times Measured for C. Reinhardi. X, 5 krad/min, and 
*,I00 krad/min, by the Dose-Rate Method; m, by the 
Split-Dose Method 

FIGURE 2.9. Two-Event Factor; Same as Figure 2.8 

F i g u r e  2.8 shows t h e  Ar rhen ius  p l o t  o f  t h e  
s low recovery  t i m e  f o r  temperatures below 
25OC where t h e  f a s t  recovery  does n o t  i n t e r -  r e s u l t s  as i n d i c a t i n g  t h e  presence o f  a  
f e r e .  The Xs a r e  l a s t  y e a r ' s  data,  ob ta ined  process competing w i t h  l e t h a l i t y  and deduce 
a t  5 k rad lm in ;  t h e  0s t h i s  y e a r ' s ,  a t  t h e  a c t i v a t i o n  energ ies  o f  t h e  two niust 
100 k rad lm in .  They agree w i t h i n  t h e  accuracy d i f f e r  by 5  k c a l l m o l e .  
o f  t i l e  exper iment  and g i v e  an a c t i v a t i o n  
energy o f  19 k c a l l m o l e .  T h i s  happens t o  Reduced R a d i a t i o n  S e n s i t i v i t y  A f t e r  
agree i t h  t h e  19.1 k c a l l m o l e  Donlon and Recovery f ron i  Sub1 e t h a l  Damage 
Norman?l8) measured f o r  t h e  r e j o i n i n g  o f  
s i n g l e - s t r a n d  breaks i n  human lymphocyte L. A. Braby and W. C. Roesch 
DNA. I t makes a t t r a c t i v e  t h e  hypo thes is  
t h a t  s i n g l e - s t r a n d  breaks a r e  t h e  major  sub- On h e a r i n g  o f  o u r  s t u d i e s  w i t h  C. r e i n h a r d i  
l e t h a l  damage i n  C. r e i n h a r d i .  But t h e  (p reced ing  a r t i c l e ) ,  P. E. B ryan t  o f  London's 
a c t i v a t i o n  energy f o r  r e j o i n i n g  has n o t  been Hamnersmith H o s p i t a l  warned t h a t  an inc reased  
measured i n  C. r e i n h a r d i  and o t h e r  processes r a d i o r e s i  s tance he had observed a f t e r  t imes  
may g i v e  d e c e p t i v e l y  s i m i l a r  va lues;  t h e r e -  f o l l o w i n g  a  f i r s t  dose o f  r a d i a t i o n  l o n g  
f o r e ,  i t  remains o n l y  a  hypo thes is  f o r  now. enough t o  p e r m i t  recovery  f rom s u b l e t h a l  

damage migh t  be i n t e r f e r i n g  w i t h  o u r  s p l i t -  
F i g u r e  2.9 shows t h e  two-event f a c t o r ,  a  dose measurements. We con f i rmed h i s  f i n d i n g s  

measure o f  r a d i o s e n s i t i v i t y .  The new data b u t  concluded t h e  inc reased  r e s i s t a n c e  has a  
agree w i t h  t h e  o l d .  We s t i l l  l o o k  on these  n e g l i g i b l e  e f f e c t  on o u r  r e s u l t s .  

2.18 



F o l l o w i n g  Bryant ,  we gave c e l l s  a  dose 
s u f f i c i e n t  t o  k i l l  90% o f  them. Two hours 
l a t e r  we determined a  s u r v i v a l  cu rve  f o r  t h e  
s u r v i v o r s  o f  t h e  f i r s t  dose. The s u r v i v o r s  
had a  40% l o w e r  two-event f a c t o r .  For  a  
c o n d i t i o n i n g  dose equal t o  t h e  f i r s t  dose i n  
o u r  s p l  i t - d o s e  experiments, enough t o  k i l l  
about  50% o f  t h e  c e l l s ,  t h e  two-event f a c t o r  
was reduced o n l y  20% a t  25°C b u t  t h e  reduc- 
t i o n  inc reased  t o  40% a t  30°C. 

To determine t h e  e f f e c t  o f  t h e  inc reased  
r e s i s t a n c e  on o u r  measurements, we c a l c u l a t e d  
t h e  s p l i t - d o s e  ln(Sm/S) c u r v e  f o r  a  Two- 
Product  Model hav ing  mean recovery  t imes o f  
2  and 25 min and a l l o w i n g  f o r  a  change i n  
two-event f a c t o r  o f  t h e  s i z e  r e p o r t e d  above. 
C a l c u l a t i o n s  were made b o t h  f o r  1  i n e a r  and 
exponen t ia l  changes i n  t h e  f a c t o r  w i t h  t ime.  
The heavy l i n e  i n  F i g u r e  2.10 i s  a  t y p i c a l  
r e s u l t .  The Bryan t  e f f e c t  does n o t  a f f e c t  
t h e  f a s t - r e c o v e r y  p a r t  o f  t h e  curve. A t  
l o n g e r  t imes  t h e  curve  has a  g r e a t e r  s lope  
than  i n  t h e  absence o f  t h e  change i n  t h e  
f a c t o r  (1 i g h t  1  i n e ) :  t h e  s l o p e  (dashed 
1  i n e )  g i v e s  a  recovery  t i m e  o f  20 min 
i n s t e a d  o f  25 min. A t  much l o n g e r  t imes  t h e  
curve  a b r u p t l y  breaks away. We have observed 
t h e  break a t  temperatures above 25°C b u t  n o t  

a t  l ower  temperatures, even w i t h  i n t e r f r a c -  
t i o n  t imes  as l o n g  as 400 min. We concluded 
t h a t  t h e  e r r o r  i n  t h e  (s low)  mean recovery  
t i m e  was n o t  worse than  t h e  o t h e r  e x p e r i -  
mental e r r o r s .  The e r r o r  i n  t h e  va lue  of 
t h e  two-event f a c t o r  determined f rom t h e  
e x t r a p o l a t e d  i n t e r c e p t  on t h e  v e r t i c a l  a x i s  
i s  q u i t e  sma l l ,  10% o r  l e s s .  

Absence o f  Pool E f f e c t s  i n  t h e  Recovery 
o f  Chl amydomonas Re inhard i  

J. M. Nelson, L. A. Braby, and W. C. Roesch 

L a u r i e  e t  a1. , (19)  f o l l o w i n g  a  sugges t ion  
by E. L. Powers, hypothesized t h a t  a  pool  o r  
poo ls  o f  consumable m a t e r i a l s  used i n  t h e  
r e p a i r  processes migh t  e x i s t  w i t h i n  i r r a -  
d i a t e d  c e l l s .  Furthermore, t h e y  deduced 
t h a t  recovery  parameters determined by dose- 
r a t e  and s p l i t - d o s e  exper iments m igh t  
d i f f e r ,  one r e f l e c t i n g  t h e  r a t e  o f  consump- 
t i o n ,  t h e  o t h e r  t h e  r a t e  o f  r e f i l l i n g  t h e  
pool .  T h i s  pool  hypo thes is  aroused o u r  
i n t e r e s t  because i t  d i f f e r s  markedly from 
t h e  models we have been u s i n g  (under t h i s  
189). The e x i s t e n c e  o f  a  pool  has never  
been demonstrated, a l b e i t  t h i s  f a c t  i n  
i t s e l f  does n o t  p rove  i t s  non-ex is tence.  We 
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FIGURE 2.10. The Effect of the Reduction in Radiation Sensitivity Following 
Recovery from Sublethal Damage. Light Line, Calculated Without Such 
Recovery; Heavy Line, With. 



decided t o  t e s t  t h e  model by measuring t h e  
mean recovery  t imes  i n  dose-rate and s p l i t -  
dose exper iments t o  l o o k  f o r  t h e  d i f f e r e n c e  
i t  p r e d i c t s .  We found no s i g n i f i c a n t  d i f f e r -  
ence and, hence, cannot  suppor t  t h e  pool  
hypo thes is .  

Pr  1  i m i n  ry dose-rate and s p l  i t - d o s e  
studies?20.21? u s i n g  t h e  e u k a r y o t i c  a l g a  
Chl amydomonas r e i n h a r d i  had n o t  i n d i c a t e d  
d i f f e r e n t  mean r e c o v e r y  t imes,  b u t  d i f f e r -  
ences migh t  have gone unno t i ced  because o f  
temperature changes d u r i n g  t h e  experiment. 
Consequently,  new exper iments were made t o  
determine t h e  recovery  t imes  by b o t h  methods 
as a  f u n c t i o n  o f  temperature.  I n  p r o t r a c t e d  
i r r a d i a t i o n ,  dose r a t e s  ranged f rom 100,000 
rad/min down t o  25 t o  50 rad/min, g i v i n g  
i r r a d i a t i o n  t imes  f rom about  1  sec t o  more 
than  7 h r .  Spl i t - d o s e  i r r a d i a t i o n s  were 
g e n e r a l l y  made a t  5000 r a d l m i n  o r  g r e a t e r  
w i t h  i n t e r f r a c t i o n  t imes up t o  320 min. 

Values f o r  t h e  mean r e c o v e r y  t imes  and 
two-event f a c t o r s  determined by these two 
methods were shown i n  F igures  2.8 and 2.9. 
There i s  no s i g n i f i c a n t  d i f f e r e n c e  between 
va lues determined by t h e  s p l i t - d o s e  and t h e  
dose- ra te  methods below 25°C. I n t e r f e r e n c e  
by t h e  f a s t  r e c o v e r y  d iscussed i n  p reced ing  
a r t i c l e s ,  unrecognized a t  t h e  t i m e  these 
measurements were made, prevented a n a l y s i s  
o f  da ta  d e r i v e d  f rom exper iments a t  h i g h e r  
temperatures.  The mean recovery  t i m e  v a r i e s  
f rom about  240 min a t  5OC t o  a  minimum o f  
about  20 min a t  25°C. 

Our d a t a  do n o t  l e n d  suppor t  t o  t h e  pool 
hypo thes is  and wc conclude t h a t ,  i f  a  pool 
o r  poo ls  o f  consumable m a t e r i a l s  e x i s t s  i n  
t h i s  system, t h e  a s s o c i a t e d  r a t e  cons tan ts  
must be v e r y  h i g h  and t h e  t r a n s i t  t imes v e r y  
s h o r t ,  r e l a t i v e  t o  t h e  i r r a d i a t i o n  t imes,  so 
as t o  be unobserved by these  techniques.  

P l  ateau-Phase Chinese Hamster Ovary C e l l  s  

J. M. Nelson 

For  severa l  years  pas t ,  exper iments done 
under t h i s  p r o j e c t  t o  t e s t  models o r  o b t a i n  
i n f o r m a t i o n  f o r  model ing have used t h e  
e u k a r y o t i c  green a l g a  Chlamydomonas r e i n h a r d i .  
Synchronized C. r e i n h a r d i  have a  p e r i o d  o f  
a lmost  t e n  hours i n  which t h e i r  r a d i a t i o n  
s e n s i t i v i t y  does n o t  change. T h i s  enables 
t h e  l o n g  exper iments r e q u i r e d  i n  t h e  dose- 
r a t e  and s p l i t - d o s e  methods o f  s t u d y i n g  
recovery.  Mammalian c e l l  s  move through 
t h e i r  c y c l e  t o  new s t a t e s  o f  s e n s i t i v i t y  so 
f a s t  t h a t  such exper iments a r e  n o t  p o s s i b l e .  
However, mammal i a n  c e l l  s  can be stopped -in 
c e r t a i n  phases o f  t h e i r  c y c l e .  We hope t o  
f i n d  such synchronized,  b u t  s t a t i o n a r y ,  
p o p u l a t i o n s  we can use as we have used 

Chlamydomonas. We have begun i n v e s t i g a t i n g  
t h e  use o f  c e l l s  i n  p l a t e a u  phase f o r  t h i s  
purpose, p r e f e r r i n g  them t o  drug-b locked 
c e l l s  t o  a v o i d  s i d e  e f f e c t s  o f  t h e  drug.  

We have equipped t h e  c e l l  c u l t u r e  
f a c i l i t y  and a r e  now c a r r y i n g  t h e  Chinese 
hamster ovary  (CHO) c e l l  1  i n e .  The CHO 
c e l l s  a r e  p a r t i c u l a r l y  adapted t o  t h i s  s o r t  
o f  exper imenta t ion  because t h e y  a r e  e a s i l y  
c u l t u r e d  by conven t iona l  techn iques  and 
r e a d i l y  assayed f o r  s u r v i v i n g  f r a c t i o n s  o f  
c lonogen ic  c e l l s ,  and t h e y  may be grown 
e i t h e r  as monolayers o r  suspensions w i t h  
l i t t l e  change o f  techniques.  They are.  
ma in ta ined  i n  o u r  l a b  by s e r i a l  passage as 
monolayers and a r e  s t o r e d  i n  l i q u i d  n i t r o g e n  
f o r  purposes o f  c o n t i n u i t y .  

Our p lans  r e q u i r e  t h e  development o f  
techniques t o  s t o p  l o g a r i t h m i c  growth and 
e s t a b l i s h  a  parasynchronous, n o n p r o l i f e r a t i n g  
o r  r e s t i n g  c e l l  p o p u l a t i o n .  Res t ing  c e l l  
p o p u l a t i o n s  a r e  g e n e r a l l y  assoc ia ted  w i t h  
n u t r i t i o n a l  and/or  densi  t y - c o n t a c t  i n h i  b i -  
t i o n ;  bo th  a r e  phenomena c h a r a c t e r i s t i c  o f  
p o p u l a t i o n  p l a t e a u  c o n d i t i o n s .  U n f o r t u n a t e l y ,  
t h e  e x i s t e n c e  o f  t h e  p l a t e a u  i s  n o t  i n  
i t s e l f  evidence o f  r e s t i n g  c e l l s  o r  even o f  
g r e a t l y  a t t e n u a t e d  growth. Some systems 
can ma in ta in  an e q u i l i b r i u m  d e n s i t y  w i t h  a  
r e 1  a t i v e l  y  h i g h  c e l l  u l  a r  t u r n o v e r  and near  
normal renewal r a t e .  We do n o t  know how 
t h e  CHO c e l l s  w i l l  behave. I t i s  neces- 
sary,  t h e r e f o r e ,  t o  assess p r o l i f e r a t i v e  
a c t i v i t y  d i r e c t l y  and c o r r e l a t e  t h i s  w i t h  
c e l l  p o p u l a t i o n  growth i n  o r d e r  t o  d e t e r -  
mine t h e  p h y s i o l o g i c a l  s t a t u s  o f  t h e  
p o p u l a t i o n .  

P r e l i m i n a r y  exper iments t o  determine 
growth parameters o f  p la teau-phase CHO 
c e l l s  have e s t a b l i s h e d  t h e  e x i s t e n c e  o f  
r e s t i n g  c e l l s  a1 though f u r t h e r  development 
o f  t h e  techniques i s  necessary. F i g u r e  
2.11 shows t h e  r e l a t i o n s h i p  between c e l l  
d e n s i t y  and DNA-synthet ic a c t i v i t y  o f  t h e  
same sub-popu la t ion  f rom a  t y p i c a l  e x p e r i -  
ment. These c e l l s  have been n u t r i t i o n a l l y  
i n h i b i t e d .  

Note t h a t  bo th  t h e  p u l s e  1 2 5 ~ - ~ d ~  
uptake (a measure of2yNA-synthet ic  a c t i v i t y )  
and t h e  cont inuous I-UdR uptake (a 
q u a n t i t y  co r respond ing  t o  t h e  growth f r a c -  
t i o n ) ,  f a l l  e x p o n e n t i a l l y  f rom t h e  6 t h  o r  
7 t h  day th rough  t h e  20 th  day, w h i l e  t h e  
t o t a l  c e l l  number remains r e 1  a t i v e l y  h i g h  
and constant .  The unexp la ined  v a r i a b i l i t y  
i n  uptake cannot  be t o l e r a t e d ,  b u t  appears 
t o  be dependent on t h e  l a b e l i n g  technique.  
F u r t h e r  work shouid n o t  o n l y  c o n f i r m  t h e  
a b i l i t y  t o  m a i n t a i n  a  p o p u l a t i o n  o f  r e s t i n g  
c e l l s ,  b u t  shou ld  g i v e  us b e t t e r  techniques 
by which we can r e a d i l y  assess t h e  k i n e t i c  
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FIGURE 2.11. Growth Parameters of Plateau-Phase C H O  Cells 

s t a t u s  o f  such popu la t ions .  Experiments 
assoc ia ted  w i t h  development o f  t h i s  method- 
01 ogy a r e  i n  progress.  

E l e c t r o n  Van de G r a a f f  A c c e l e r a t o r  
I r r a d i a t i o n s  

L. A. Braby 

The f a s t  recovery  process r e p o r t e d  
above made necessary changes t o  o u r  Van de 
G r a a f f  e l e c t r o n  a c c e l e r a t o r .  Spl i t-dose 
exper iments r e q u i r e  l a r g e  doses i n  t imes 
s h o r t  compared t o  t h e  mean r e c o v e r y  t i m e  
and i n t e r f r a c t i o n  t imes coniparabl e  t o  t h e  
recovery  t ime .  Dose-rate exper iments 
r e q u i r e  c o n t r o l  o f  dose r a t e  so i r r a d i a t i o n  
t imes  can range f r o m  v e r y  much l e s s  t o  v e r y  
much more than  t h e  recovery  t ime.  The s low 
recovery  ( recovery  t i m e  say 20 min)  o f f e r s  
no d i f f i c u l t y ,  and p rev ious  changes t o  t h e  
a c c e l e r a t o r  were designed f o r  recovery  
t imes  o f  t h e  o r d e r  o f  microseconds. But  
t h e  f a s t  recovery ,  w i t h  recovery  t imes  o f  

about  a  minute, needed a  new way o f  t u r n i n g  
t h e  a c c e l e r a t o r  on and o f f .  

E l e c t r o n  beams o f  l o - '  t o  5 x  1  O - ~ A  
emerge f rom an a c c e l e r a t o r  window and 
r e f l e c t  f rom a  g r a p h i t e  b l o c k  t o  g i v e  dose 
r a t e s  f rom 2  t o  100,000 rad lm in .  The 
e l e c t r o n i c s  f o r  microsecond p u l s i n g  was 
changed t o  d i r e c t  coup1 i n g  and a  r e l a y  
added t o  t u r n  t h e  beam c u r r e n t  on and o f f  
i n  response t o  a  l i g h t  s i g n a l  f rom a  l i g h t -  
e m i t t i n g  d iode  a t  t h e  base o f  t h e  a c c e l e r -  
a t o r .  T h i s  system can t u r n  t h e  beam 
c u r r e n t  on o r  o f f  i n  a  few m i l l i s e c o n d s .  
The charge d e l i v e r e d  t o  t h e  g r a p h i t e  b l o c k  
i s  measured w i t h  a  d i g i t a l  charge i n t e g r a t o r  
whose pu lses  a r e  counted by a  p r e s e t  
coun te r  s e t  t o  t u r n  t h e  beam o f f  when t h e  
d e s i r e d  dose i s  reached. S i n g l e  exposures 
as s h o r t  as 20 ms a r e  r e p r o d u c i b l e .  Hand 
o p e r a t i o n  f o r  s p l i t  doses separated by as 
l i t t l e  as 15 sec i s  s a t i s f a c t o r y ;  f o r  
separa t ions  as smal l  as 10 ms we p l a n  t o  
use a  second p r e s e t  coun te r  d r i v e n  by a  
p u l  ser .  

2.21 





Dosimetry of Internal Emitters 

Dos in ie t r i c  guidance was p r o v i d e d  t o  many o f  t h e  r a d i o b i o l o g y  programs a t  P a c i f i c  Northwest 

Labora to ry .  I n  p a r t i c u l a r ,  organ and whole-body doses were c a l c u l a t e d  and measured i n  e x p e r i -  

ments aimed a t  e l u c i d a t i n g  t h e  d o s e - e f f e c t  r e l a t i o n s h i p s  f rom exposure t o  8 5 ~ r  gas, 2 3 9 ~ u ( ~ 0 3 ) 4  

aeroso ls  and c e r v i c a l  i m p l a n t s  o f  2 5 2 ~ f  and 2 2 6 ~ a .  

Dos imet r i c  Suppor t  o f  Rad iob io logy  S tud ies  

F. T. Cross and G. W. R. Endres 

Considerable e f f o r t  was expended i n  
suppor t  o f  t h e  Tox ico logy  o f  T r i t i u m  and t h e  
Noble Gases Program. Past  es t imates  o f  t h e  
hazards f rom 85Kr i n d i c a t e d  t h e  s u r f a c e  dose 
t o  t h e  t o t a l  body t o  be t h e  l i m i t i n g  f a c t o r  
i n  exposure b u t  i n t e r n a l  dose, e s p e c i a l l y  t o  
t h e  lung,  has n o t  been adequate ly  t rea ted .  
Doses t o  b o t h  r a t s  and beagle dogs have been 
c a l c u l a t e d  f rom assumed o r  measured t i s s u e  
c o n c e n t r a t i o n s  and a l s o  determined f rom 
therniol  uminescent (TI  ) dos imeter  measure- 
ments. There has n o t  y e t  been t o t a l  agree- 
ment between t h e  doses d e r i v e d  f rom t i s s u e  
c o n c e n t r a t i o n s  and those  measured by T1 
dosimeters.  Some o f  t h e  d i f f i c u l t y  i s  due 
t o  u n c e r t a i n t y  i n  t h e  c a l i b r a t i o n  o f  t h e  T1 
dosimeters t o  8 5 ~ r  gas exposures, a  problem 
we hope t o  s o l v e  i n  t h e  near  f u t u r e .  P a r t  
o f  t h i s  e f f o r t  i n c l u d e d  t h e  d e t e r m i n a t i o n  o f  
t h e  s h i e l d i n g  e f f e c t  o f  r o d e n t  f u r  d u r i n g  
g5Kr exposures. Assess ing b i o l o g i c  e f f e c t  
t o  s k i n  f rom b e t a  e m i t t i n g  aeroso ls  must 
t a k e  t h i s  f a c t o r  i n t o  account  as man, except  
f o r  c l o t h e s ,  h a s n ' t  such a  p r o t e c t i v e  l a y e r  
f o r  h i s  s k i n .  The f u r  f rom t h e  back o f  r a t s  
was found t o  a d d i t i o n a l l y  reduce t h e  dose t o  

sk in ,  and presumably, i f  r e p r e s e n t a t i v e  o f  
f u r  on t h e  r e s t  o f  t h e  animal ,  reduces t h e  
dose t o  t h e  whole body by 17%. These exper- 
iments accounted f o r  gas p e n e t r a t i o n  amongst 
t h e  f u r ,  f o r  when t h e  exper iments were 
repeated w i t h  a  t h i n  f i l m  s e p a r a t i n g  t h e  f u r  
and t h e  gas env i  ronment, t h e  s h i e l d i n g  
e f f e c t  o f  t h e  f u r  was h igher ,  reduc ing  t h e  
dose by 25%. 

Dos imet r i c  guidance and suppor t  was p ro -  
v i d e d  t o  many o t h e r  r a d i o b i o l o g y  programs a t  
P a c i f i c  Northwest L a b o r a t o r i e s .  Dose and 
organ burden model i n g  a long  ICRP methodology 
was c o n t r a s t e d  w i t h  separate d i g i t a l  computer 
system model ing o f  t h e  e a r l y  t r a n s l o c a t i o n  
o f  i n h a l e d  2 3 9 ~ u ( ~ 0 3 ) 4  i n  beagle dogs. 
P r e l i m i n a r y  da ta  o f  t h i s  c o n t i n u i n g  p r o j e c t  
were r e p o r t e d  a t  t h e  J u l y  1977 Annual Meet- 
i n g  o f  t h e  Hea l th  Physics Soc ie ty .  Neutron 
and photon doses and assoc ia ted  r e l a t i v e  
b i o l o g i c a l  e f f e c t i v e n e s s  (RBE) f a c t o r s  t o  
organ systems w i t h i n  swine were determined 
as p a r t  o f  an ongoing program t o  assess t h e  
response t o  normal t i s s u e s  f rom t h e  c e r v i c a l  
i m p l a n t  o f  2 2 6 ~ a  and 2 5 2 ~ f  sources. A d d i t i o n -  
a l l y ,  t h e  data o f  o u r  p rev ious  exper iments 
t o  assess t h e  h e a l t h  e f f e c t s  t o  t h e  GI t r a c t  
f rom r e a c t o r  e f f l u e n t s  have been prepared 
f o r  p u b l i c a t i o n  and f o r  p r e s e n t a t i o n .  





Microdosimetry of Internal Sources 

The purpose o f  t h i s  s tudy  i s  t o  develop p r a c t i c a l  methods f o r  c a l c u l a t i n g  m i c r o d o s i m e t r i c  

d i s t r i b u t i o n s  f o r  s o f t  t i s s u e  and f o r  l u n g  t i s s u e  i n  which p l u t o n i u m  o r  o t h e r  a l p h a - e m i t t i n g  

elements a r e  deposi ted,  p a r t i c u l a r l y  when depos i ted  as p a r t i c u l a t e s ,  t o  a i d  i n  c o r r e l a t i n g  

and e x t r a p o l a t i n g  r a d i a t i o n  e f f e c t s  measured a t  d i f f e r e n t  l e v e l s  o f  exposure and i n  d i f f e r e n t  

species.  Computat ional methods w i l l  be developed and t e s t e d  i n  t h e  R a d i o l o g i c a l  Phys ics 

Sec t ion ;  c o n c u r r e n t l y ,  t h e  R a d i o l o g i c a l  H e a l t h  Sec t ion  w i l l  develop c e l l  and t i s s u e  models i n  

which those methods w i l l  be a p p l i e d .  Th is  y e a r  t h e  development o f  a  computer code f o r  s i n g l e -  

even t  d e n s i t i e s  was completed, p rev ious  codes f o r  u s i n g  these d e n s i t i e s  were updated and 

descr ibed,  and a s tudy  made o f  moving p a r t i c u l a t e s .  

C a l c u l a t i o n  o f  S inq le-Event  D i s t r i b u t i o n s  
f o r  P o i n t  Source Alpha E m i t t e r s  

W. E. Wi lson 

A method f o r  c a l c u l a t i n g  t h e  s i n g l e -  
event  d i s t r i b t i o n  i n  energy impar ted f o r  
p o i n t - s o u r c e  a lpha  e m i t t e r s  has been devised.  
The need f o r  these  d i s t r i b u t i o n s  a r i s e s  as 
a p r a c t i c a l  m a t t e r  i n  t h e  m ic rodos imet ry  o f  
i n t e r n a l  e m i t t e r s .  

The s i n g l e - e v e n t  d i s t r i b u t i o n  i n  energy 
impar ted  f o r  a  p o i n t  a lpha  source a t  a  
d i s t a n c e  r f r o m  a s p h e r i c a l  volume o f  
r a d i u s  p i s  

where n ( n )  i s  t h e  f l u x  dens i t y ,  and f l  (e,?) 
i s  t h e  ener2y impar ted  by a s i n g l e  t r a c k  a t  
a  d i s t a n c e  r f r o m  t h e  volume o f  i n t e r e s t .  
The volume o f  i n t e g r a t i o n  i n  Equat ion ( 1 )  
must ex tend  over  a l l  s o l i d  angles f o r  which 
f l  i s  non-zero, which, because o f  t h e  f i n i t e  
range o f  t h e  most e n e r g e t i c  6-rays, i s  
s l i g h t l y  l a r g e r  than  t h e  s i t e  volume. 

N Fl ( e )  = o/' s i n e  fl (e,r," do ( 2 )  

Furthermore, because o f  t h e  r o t a t i o n a l  
symmetry, t h e  f l  (e, r ,e)  can be charac- 
t e r i z e d  by f l  (e,a), s i n c e  a l l  f l ' s  hav ing  
t h e  same impact  parameter, a, a r e  i d e n t i c a l .  

Monte Car lo  techniques were used t o  
eva lua te  f l  [e,a) f o r  t h e  range o f  a lpha  
p a r t i c l e  energ ies  1-6 MeV and s i t e s  o f  
r a d i i  0.1-5.0 micrometers. The c a l c u l  a- 
t i o n s  were made u s i n g  om u t e r  codes 
developed by P a r e t z k e . ? ~ ~ Y  The r e s u l t s  o f  
t h e  c a l c u l a t i o n s ,  as expected, i n d i c a t e d  
t h a t  f o r  i n d i v i d u a l  a lpha t r a c k s  pass ing  
th rough  t h e  s i t e ,  t h e  s i n g l e - e v e n t  d i s t r i -  
b u t i o n s  can be approximated by a Gaussian 
f u n c t i o n  o f  t h e  fo rm 

f, (e,a) = EXP (-112 
( e - ~ ( a  1; 

/ Z a [ a )  a ( a )  
( 3  

- 
~ ( a )  i s  t h e  mean and a ( a )  i s  t h e  w i d t h  o f  
t h e  d i s t r i b u t i o n .  

For  an i s o t r o p i c  source o f  a c t i v i t y ,  N, The Monte C a r l o  c a l c u l a t i o n s  i n d i c a t e d  
t h e  problem has r o t a t i o n a l  symmetry, and t h a t  Z i s  l i n e a r l y  r e l a t e d  t o  t h e  t r a c k  
t h e n  f l  does n o t  depend on 4 ,  t h e  az imuthal  l e n g t h  i n s i d e  t h e  s i t e .  T h i s  i s  t o  be 
coord ina te .  I n  t h i s  case Equat ion (1 ) can expected because f o r  t h e  energ ies  and s i t e  
be w r i t t e n  s i z e s  cons idered  here, t h e  energy impar ted  



t o  t h e  s i t e  shou ld  n e a r l y  equal t h e  energy 
l o s t  by t h e  a lpha  p a r t i c l e  i n  pass ing  
th rough  t h e  s i t e .  

The dependence o f  t h e  w i d t h  o f  t h e  
d i s t r i b u t i o n  on r a d i a l  p o s i t i o n  i s  such 
t h a t  t h e  r a t i o ,  u/K, i s  c o n s t a n t  o u t  t o  
w i t h i n  0.1 um o f  t h e  edge o f  t h e  s i t e ,  then  
i t  inc reases  s h a r p l y .  T h i s  sharp inc rease  
was phenomenologica l ly  approximated by an 
e x p o n e n t i a l .  

The c o n t r i b u t i o n  t o  F1 f r o m  t r a c k s  
pass ing  o u t s i d e  t h e  s i t e  was es t imated  
e n t i r e l y  f rom Monte C a r l o  c a l c u l a t i o n s .  

S i  n g l  e-event d i s t r i b u t i o n s  were c a l  cu-  
l a t e d  f o r  t r a c k s  pass ing  up t o  0.3 uni 
o u t s i d e  t h e  s i t e  and f o r  a lpha  energ ies  
f rom 1  t o  6 MeV and f o r  s i t e  r a d i i  o f  0.1 
t o  5  urn. I n  summary, t h e  s i n g l e - e v e n t  
d i s t r i b u t i o n  f o r  t r a c k s  which pass t o t a l l y  
o u t s i d e  t h e  s i t e  i s  n o t  s i g n i f i c a n t l y  
dependent on a lpha  energy and can be ade- 
q u a t e l y  approx imated w i t h  an a1 g o r i t h m  
exponen t ia l  i n  energy impar ted.  The a m p l i -  
tude  and t h e  c h a r a c t e r i s t i c  decay o f  t h e  
exponen t ia l  a r e  n o t  s t r o n g  f u n c t i o n s  o f  p. 

Numerical i n t e g r a t i o n  o f  Equat ion ( 2 )  
u s i n g  Equat ion ( 3 )  and t h e  observed depend- 
ences o f  and u on a  i s  s u f f i c i e n t  t o  
e v a l u a t e  s i n g l e - e v e n t  d i s t r i b u t i o n s  f o r  
t r a c k s  which pass th rough  t h e  s i t e .  The 
c o n t r i b u t i o n  f r o m  t r a c k s  pass ing  o u t s i d e  
t h e  s i t e  i s  an a d d i t i v e  f e a t u r e  s imu la ted  
by t h e  exponen t ia l  a l g o r i t h m  descr ibed  
above. 

C a l c u l a t i o n s  f o r  M ic rodos in ie t ry  o f  
I n t e r n a l  Sources 

W. C. Roesch 

L a s t  y e a r  we descr ibed  computer programs 
f o r  combining s i n g l e - e v e n t  d e n s i t i e s ,  such 
as descr ibed  i n  t h e  p reced ing  a r t i c l e ,  i n t o  
m i c r o d o s i m e t r i c  d i s t r i b u t i o n s  f o r  any 
d i s t r i b u t i o n  o f  p a r t i c u l a t e s  i n  a  homogene- 
ous t i s s u e .  These programs have been 
rearranged i n  a  more o r d e r l y  f a s h i o n  than  
t h e y  were i n  a f t e r  t h e  developnient p e r i o d  
so t h e y  can be understood and used by o t h e r  
programniers. A  1  a b o r a t o r y  r e p o r t  d e s c r i b i n g  
t h e  mathemat ica l  methods and approx imat ions 
used i n  t h e  programs and t h e  conib inat ions 
o f  programs used i n  t y p i c a l  a p p l i c a t i o n s  i s  
n e a r i n g  comp le t ion .  

M ic rodos imet ry  o f  Moving P a r t i c u l a t e s  

W. C. Roesch 

L a s t  y e a r  we r e p o r t e d  a  number o f  examples 
o f  m i c r o d o s i m e t r i c  d i s t r i b u t i o n s  f o r  a lpha-  
p a r t i c l e  e m i t t i n g  p a r t i c u l a t e s ,  b u t  t h e y  
were a l l  s t a t i o n a r y  p a r t i c u l a t e s .  U s u a l l y ,  
p a r t i c u l a t e s  move about,  a t  l e a s t  d u r i n g  
t h e  e a r l y  stages o f  t h e i r  h i s t o r y  i n  t h e  
body. Consequently,  we en la rged  o u r  
t h e o r e t i c a l  s tudy  t o  i n c l u d e  moving p a r t i c u -  
l a t e s .  But, as a  r e s u l t ,  we concluded t h a t  
c o r r e c t i o n s  f o r  mot ion  a r e  seldoni necessary. 

Because o f  t h e  c o r r e l a t i o n  between a1 pha 
p a r t i c l e s  e m i t t e d  a t  d i f f e r e n t  p o i n t s  a long  
t h e  t r a c k s  o f  movl'ng p a r t i c u l a t e s ,  t h e  
m i c r o d o s i m e t r i c  d i s t r i b u t i o n  produced i n  a  
s i t e  by a  f i e l d  o f  moving p a r t i c u l a t e s  
d i f f e r s  f rom t h a t  produced by s t a t i o n a r y  
p a r t i c u l a t e s  whose number p e r  u n i t  volume 
equals  t h e  t ime-average number o f  moving 
p a r t i c u l a t e s .  T h i s  c o r r e l a t i o n ,  however, 
i s  i n e f f e c t i v e  i f  t h e  p a r t i c u l a t e  emi ts  
a lpha p a r t i c l e s  so s l o w l y  t h a t  t h e  chance 
o f  a  s i t e  be ing  h i t  by more than  one a lpha  
p a r t i c l e  f rom a  p a r t i c u l a t e  i s  s m a l l .  A  
s i t e  cannot be h i t  by more a lpha  p a r t i c l e s  
than  t h e  p a r t i c u l a t e  emi ts  w h i l e  w i t h i n  
a l p h a - p a r t i c l e  range o f  t h e  s i t e .  T h i s  
number i s  about  AR/v (A = a c t i v i t y  o f  
p a r t i c u l a t e ,  R  = a l p h a - p a r t i c l e  range, v  = 
speed o f  p a r t i c u l a t e ) .  For  p a r t i c u l a t e s  
c o n t a i n i n g  10-15 Ci o f  2 3 9 ~ u ,  f o r  example, 
AR i s  5  cm/year. I f  t h e  p a r t i c u l a t e  moves 
f a s t e r  than  t h i s ,  t h e  c o r r e l a t i o n  can be 
ignored;  a t  some lower  speed, i t  w i l l  
beconie s i g n i f i c a n t .  

To e s t i m a t e  t h i s  c r i t i c a l  speed, t h e  
computer programs f o r  s t a t i o n a r y  p a r t i c u -  
l a t e s  were m o d i f i e d  f o r  c a l c u l a t i o n s  w i t h  
moving p a r t i c u l a t e s .  The mathematical 
t h e o r y  f o r  moving a r  i c u l a t e s  p r e s e n t  P t l i t t l e  d i f f i c u l t y ,  23 b u t  t h e  computing 
does. Many more c a l c u l a t i o n s  and much more 
computer memory a r e  g e n e r a l l y  necessary. 
F o r t u a n t e l y ,  f o r  a  u n i f o r m  f i e l d  o f  p a r t i c -  
u l a t e s  moving w i t h  c o n s t a n t  v e l o c i t i e s ,  t h e  
computer memory requi rement  can be re1  axed 
by u s i n g  t h e  same space s u c c e s s i v e l y  f o r  
d i f f e r e n t  q u a n t i t i e s .  F i g u r e  2.12 shows 
d e n s i t i e s  i n  s p e c i f i c  energy a t  f o u r  AR/v 
va lues f o r  t h i s  c o n d i t i o n .  For  AR/v = 1, 
t h e  d e n s i t y  i s  i n d i s t i n g u i s h a b l e  f rom t h a t  
f o r  a  u n i f o r m  s t o c h a s t i c  d i s t r i b u t i o n  o f  
s t a t i o n a r y  p a r t i c u l a t e s .  For t h e  v a l u e  10 
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FIGURE 2.12. Densities in Specific Energy in Sites 
in Uniform Fields of 239Pu Particulates Moving with 
Constant Velocities 

i t  i s  n o t i c e a b l y  d i f f e r e n t ,  b u t  t h e  d i f f e r -  
ence i s  n o t  p a r t i c u l a r l y  i m p o r t a n t  u n t i l  
s t i l l  h igher .  

I n  o t h e r  words, i n  t h e  example above, 
t h e  p a r t i c u l a t e s  must be s lower  than  0.5 
cmlyear b e f o r e  t h e  m i c r o d o s i m e t r i c  d i s t r i -  
b u t i o n  i s  d i f f e r e n t  f rom t h a t  o f  u n i f o r m l y -  
spread s t a t i o n a r y  p a r t i c u l a t e s .  T h i s  speed 
i s  o f  t h e  o r d e r  o f  10  c e l l  d iameters p e r  

year .  A p a r t i c u l a t e  i s  u n l i k e l y  t o  move 
t h a t  s low ly .  Rather, i t  w i l l  p robab ly  move 
r e l a t i v e l y  r a p i d l y  f rom one p o s i t i o n  t o  
another  where i t  w i l l  remain a  w h i l e .  Then 
i t s  m ic rodos in ie t r i c  e f f e c t  i s  t h a t  o f  a  
s e r i e s  o f  s t a t i o n a r y  p a r t i c u l a t e s .  The use 
o f  t h e  r e l a t i v e l y  d i f f i c u l t  computer 
methods f o r  moving p a r t i c u l a t e s  i s  
unnecessary. 





Real-Time Measurement o f  Pu in Air at Below-MPC Levels 

A d i  r e c t - i n l e t  mass spect rometer  i s  be ing  developed f o r  m o n i t o r i n g  low-1 eve1 a i r b o r n e  

p l u t o n i u m  on a r e a l - t i m e  bas is .  The i n s t r u m e n t  w i l l  be capable o f  measuring p l u t o n i u m  concen- 

t r a t i o n s  below t h e  MPC l e v e l .  Developments d u r i n g  t h e  y e a r  have improved severa l  aspects  o f  

t h e  i n s t r u m e n t ' s  performance. A minicomputer-based i o n - b u r s t  measurement system has been 

completed. Ins t rument  c a l i b r a t i o n  f o r  p a r t i c l e  s i z e  measurement i s  c o n t i n u i n g .  

D i r e c t - I n l e t  I-lass-Spectrometer Development pu lse -coun t ing  channel t h i s  g i v e s  a 10 
decade range i n  i o n  c u r r e n t  measurement 

J. J. S t o f f e l s ,  P. J. Hof, and c a p a b i l i t y .  
T. P. H a r r i n g t o n  

A minicomputer-based i o n - b u r s t  measure- 
Cur ren t  techniques f o r  m o n i t o r i n g  a i r -  ment system (I-BMS) f o r  use w i t h  t h e  d e t e c t o r  

borne p lu ton iun i  a r e  l i m i t e d  b he r a t e  o f  
$38 

has been p u t  i n t o  o p e r a t i o n .  The I-BMS i s  
r a d i o a c t i v e  decay which, f o r  Pu, amounts designed t o  measure t h e  f a s t ,  t r a n s i e n t  
t o  o n l y  one d i s i n t e g r a t i o n  p e r  second f o r  s i g n a l s  which r e s u l t  when a p a r t i c l e  i s  
every  1012 atoms present .  A new techn ique  i o n i z e d  i n  t h e  DIMS. I o n  b u r s t s  as s h o r t  as 
u s i n g  d i r e c t - i n l e t  mass spec t romet ry  i s  10 msec can be measured by accumulat ing i o n -  
be ing  developed which w i l l  measure one i o n  p u l s e  counts and i n t e g r a t i n g  t h e  dc c u r r e n t .  
coun t  f o r  approx imate ly  every  102 atoms o f  
2 3 9 ~ u  p r e s e n t  and do t h i s  on an i n d i v i d u a l  I n  o r d e r  t o  min imize t h e  amount o f  PuO2 
p a r t i c l e  bas is .  ae roso l  which must be generated t o  t e s t  and 

c a l i b r a t e  t h e  DIMS, i n i t i a l  work i s  be ing  
The d i r e c t - i n l e t  mass s p e c t r o m e t r i c  done w i t h  analogs. Analogs can be used t o  

technique(24,25) and t h e  d i r e c t - i n l e t  develop techniques f o r  genera t ion  o f  t e s t  
mass spec t romete r  (DIMS) we have developed aeroso ls ,  t o  determine t h e  t r a n s m i s s i o n  o f  
a r e  descr ibed  i n  p rev ious  PNL Annual d i f f e r e n t  s i z e  p a r t i c l e s  through t h e  i n 1  e t ,  
Repor ts .  (26-28) F u r t h e r  development o f  t h e  and t o  determine t h e  r e l a t i v e  i o n i z a t i o n  
i o n  d e t e c t o r  has improved t h e  gain.  A e f f i c i e n c y  o f  d i f f e r e n t  s i z e  p 3 r t i c l e s .  
minicomputer-based measurement system f o r  Uranium d i o x i d e  and Ce02 have been s e l e c t e d  
use w i t h  t h e  d e t e c t o r  has been completed. f o r  t h i s  r o l e  because o f  t h e i r  r e f r a c t o r y  
Work i s  c o n t i n u i n g  on c a l i b r a t i o n  o f  t h e  na tu re ,  d e n s i t y ,  and i o n i z a t i o n  p o t e n t i a l  
i n s t r u m e n t  t o  p r o v i d e  s i z e  measurement o f  and because t h e y  a l s o  fo rm d i o x i d e  i o n s  i n  
Pu02 p a r t i c l e s .  Mass s p e c t r a l  i n t e r f e r e n c e  t h e  DIMS. 
due t o  hydrocarbon con tamina t ion  has been 
minimized. Performance o f  t h e  a i r -sampl  i n g  We have measured t h e  d u r a t i o n  o f  i o n  
d i r e c t  i n l e t  has been improved. s i g n a l s  which r e s u l t  a t  d i f f e r e n t  f i l a m e n t  

temperatures when a group of U02 p a r t i c l e s  
The ga in  o f  t h e  i o n  d e t e c t o r  was improved e n t e r s  t h e  DIMS. As shown i n  F i g u r e  2.1 5 ,  

by a n g l i n g  t h e  t a r g e t  s u r f a c e  20' away f rom a t  a  f i l a m e n t  temperature o f  1070°C i o n i z a -  
t h e  incoming i o n  beam (see F i g u r e  2.13). t i o n  p e r s i s t s  f o r  minutes so t h a t  i n d i v i d u a l  
T h i s  inc reased  t h e  y i e l d  o f  secondary e l e c -  p a r t i c l e  i n f o r m a t i o n  cannot  be obta ined.  A t  
t r o n s  about  a  f a c t o r  o f  two by reduc ing  t h e  1180°C t h e  i o n  s i g n a l  shows s t r u c t u r e  due t o  
ang le  between t h e  i n c i d e n t  i o n s  and t h e  p a r t i c l e s  s t r i k i n g  t h e  f i l a m e n t ,  b u t  t h e  
t a r g e t  su r face .  C a l i b r a t i o n  o f  t h e  i o n  i n d i v i d u a l  events s t i  11 cannot  be separated. 
d e t e c t o r  shows t h e  dc channel t o  be 1 i n e a r  As t h e  f i l a m e n t  temperature i s  increased,  
up t o  about  1.6 x  10-10 A o f  i n p u t  i o n  i o n i z a t i o n  proceeds more r a p i d l y  a1 l o w i n g  
c u r r e n t  ( F i g u r e  2.14). Together  w i t h  t h e  i n d i v i d u a l  i o n  b u r s t s  t o  be measured. 

2.29 
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FIGURE 2.15. Ionization of U 0 2  Particles on Rhenium in a Direct-Inlet Mass 
Spectrometer 

Cerium d i o x i d e  p a r t i c l e s  e x h i b i t  s i m i l a r  
behavior .  C a l i  b r a t i o n  measurements w i t h  
monodisperse Ce02 p a r t i c l e s  w i l l  begin 
s h o r t 1  y. 

Mass s p e c t r a l  i n t e r f e r e n c e  due t o  hydro- 
carbon con tamina t ion  i n  t h e  vacuum system 
has been min imized i n  t h e  r e q i o n  o f  i n t e r e s t  
around mass 271 (corresponding t o  2 3 9 ~ u 1  602). 
O-r ings used on t h e  i o n  source chamber and 
as a  s l i d i n g  sea l  t o  p o s i t i o n  t h e  i n l e t  
c a p i l l a r y  have been r e p l a c e d  w i t h  t e f l o n  
gaskets.  Wi th  t h i s  mo i f i c a t i o n  and those 1 r e p o r t e d  l a s t  year ,  (28 t h e  hydrocarbon 
background can be s i g n i f i c a n t l y  reduced by 
bak ing  t h e  i o n  source. Even w i t h  s e r i o u s  
contaminat ion,  t h e  hydrocarbon spectrum 
d im in ishes  as t h e  f i l a m e n t  temoerature i s  
increased.  Above 1600°C t h e  background i n  
t h e  r e g i o n  around mass 271 i s  e s s e n t i a l l y  
t h e  d e t e c t o r  background. 

We a r e  c o n t i n u i n g  work aimed a t  d e f i n i r , g  
and c o n t r o l l i n g  parameters which a f f e c t  t h e  
performance o f  t h e  d i r e c t  i n l e t .  A1 though 
t h e  performance o f  d i f f e r e n t  i n l e t  c a p i l l a r y  
tubes v a r i e s ,  we have never the less  o b t a i n e d  
some e x c e l l e n t  ae roso l  beams w i t h  t h e  
p r e s e n t  i n l e t .  Aerosol  beam d e p o s i t s  were 
c o l l e c t e d  by p l a c i n g  t r a n s p a r e n t  tape  a t  t h e  
f i l a m e n t  p o s i t i o n  i n  t h e  i o n  source so t h a t  
t h e  aeroso l  p a r t i c l e s  impact  on t h e  adhesive 
s i d e  o f  t h e  tape.  F i g u r e  2.16 i s  a  photograph 
o f  such a  d e p o s i t  and shows a  uni form,  
sharp-edged d e p o s i t  o f  o n l y  0.5 mm diameter .  
The aeroso l  used was p o l y d i s p e r s e  Fez03 w i t h  
a  geometr ic  mean d iameter  o f  about  0.1 pm. 

FIGURE 2.16. Aerosol Beam Deposit Collected at the 
Filament Position of the Direct-Inlet Mass 
Spectrometer 

F i g u r e  2.17 shows what a  0.5 mm-diameter 
d e p o s i t  r e ~ r e s e n t s  i n  terms o f  t h e  i n l e t  
geometry. The f i g u r e  i s  drawn t o  s c a l e  i n  
bo th  t h e  a x i a l  and r a d i a l  d i r e c t i o n s ,  b u t  
t h e  r a d i a l  s c a l e  i s  expanded f o r  c l a r i t y .  
We see t h a t  t h e  aerosol  beam was n o t  mere ly  
c o l l i m a t e d  b u t  focused. A l though t h e  
geometry would a l l o w  a  d ive rgence  o f  0.85" 
measured r e l a t i v e  t o  t h e  c a p i l l a r y  bore, t h e  
aeroso l  beam d i v e r g e d  on1 y 0.05". To o u r  
knowledge, t h i s  degree o f  f o c u s i n g  o f  an 
aerosol  beam has n o t  p r e v i o u s l y  been repor ted .  



CAPILLARY NOZZLE 
- I ! 4 3 3 m m D U  

[ / d ' \ \ , \ s K , M M E R  I 1 4 7 5  m m  D I A  

I I  , 

COLLIMATOR /'I ib LO m m  D I A  

I 
9.3 cm I II \ 

\ 

' ION LENS \ SLIT PLATE 
\ 21 mm WIDE 

FIGURE 2.17. Divergence of an Aerosol Beam in the 
Direct Inlet. The Aerosol Used was Polydisperse Fe20, 
Having a Geometric Mean Diameter of About 0.1 prn 



Analytical Techniques for Measurement of 99Tc in Environmental Samples 

A h i g h l y  s e n s i t i v e  techn ique  i s  be ing  developed f o r  measurement o f  "TC i n  env i ronmenta l  

samples. The procedure i n v o l v e s  t h e  a d d i t i o n  o f  a  known q u a n t i t y  o f  9 7 ~ c  t r a c e r  t o  t h e  sample, 

chemical s e p a r a t i o n  and p u r i f i c a t i o n  o f  t h e  Tc f r a c t i o n  and mass spec t ron ie t r i c  measurement o f  

t h e  9 7 ~ c / 9 9 ~ c  i s o t o p i c  r a t i o .  C a l i b r a t i o n  o f  t h e  mass spectrometer  has r e c e n t l y  been completed, 

and p r e l i m i n a r y  measurements o f  env i ronmenta l  samples have been i n i t i a t e d .  

J. H. Kaye 

From an envi ronmenta l  and hazard view- 
p o i n t  99Tc i s  one o f  t h e  most troublesome 
r a d i o n u c l i d e s  produced th rough  n u c l e a r  
f i s s i o n .  T h i s  i s  due t o  t h e  l o n g  h a l f - l i f e  
(2.13 x  l o 5  y e a r s ) ,  t h e  v o l a t i l e  n a t u r e  o f  
t h e  heptox ide,  t h e  m o b i l i t y  o f  t h e  per -  
t e c h n e t a t e  i o n  i n  aqueous s o l u t i o n ,  t h e  h i g h  
f i s s i o n  y i e l d  (over  6%) and t h e  a f f i n i t y  o f  
severa l  organs o f  t h e  human body f o r  t h i s  
element. Furthermore, techne t ium i s  a lmost  
in iposs ib le  t o  d e t e c t  a t  v e r y  low l e v e l s  by 
d i r e c t  c o u n t i n g  methods s i n c e  i t s  h a l f - l i f e  
i s  l o n g  and i t  emi ts  o n l y  low-energy beta 
r a d i a t i o n .  

The purpose o f  t h i s  s tudy  i s  t o  develop, 
by means o f  mass spect rometry ,  much more 
s e n s i t i v e  methods f o r  i t s  d e t e c t i o n  than  a r e  
p r e s e n t l y  a v a i  l ab1  e. Current1 y p lanned 
e c o l o g i c a l  s t u d i e s  w i t h i n  e x i s t i n g  DOE 
brograms a r e  a w a i t i n g  development o f  t h e  

9 ~ c  a n a l y t i c a l  procedures. Other  programs 
(e.g., waste management, env i ronmenta l  
m o n i t o r i n g )  a l s o  r e q u i r e  a v a i l a b i l i t y  o f  a  
s e n s i t i v e  a n a l y s i s  method f o r  93Tc. 

The method be ing  developed f o r  a n a l y s i s  
o f  9 9 ~ c  i s  based on i s o t o p e  d i l u t i o n  mass 
spectrometry .  Cur ren t  s e n s i t i v i t y  o f  t h i s  
method i s  about  1  pg 99Tc (0.018 p C i ) .  It 
i s  a n t i c i p a t e d  t h a t  t h e  s e n s i t i v i t y  may be 
improved by a  f a c t o r  o f  10 t o  100. 

The b a s i c  approach o f  t h e  method i n v o l v e s  
f i r s t  t h e  a d d i t i o n  o f  a  kn n  q u a n t i t y  89' (approx imate ly  300 pg)  o f  Tc t r a c e r  t o  t h e  

sample. The sample i s  d i s s o l v e d  by ashing, 
f u s i n g  w i t h  sodium p e r o x i d e  and adding a c i d  
t o  t h e  me1 t. Sodium hydrox ide  i s  added t o  
t h e  s o l u t i o n  t o  p r e c i p i t a t e  t h e  b u l k  o f  any 
ru then ium which may be p resen t .  (Ruthenium 
i s  t h e  o n l y  s t a b l e  element w i t h  a  mass 99 
i so tope . )  F u r t h e r  p u r i f i c a t i o n  i n v o l v e s  
an ion  exchange, c a t i o n  exchange, s o l v e n t  
e x t r a c t i o n  and e l e c t r o - d e p o s i t i o n  o f  t h e  
techne t ium as t h e  d i o x i d e  on to  an i r i d i u m  
f i l a m e n t .  Due t o  t h e  c o d e p o s i t i o n  o f  
molybdenuni d u r i n g  t h e  e l  ec t rodepos i  t i o n  
step, i t  i s  necessary t o  d i s s o l v e  t h e  p l a t e d  
sample and do f u r t h e r  s o l v e n t  e x t r a c t i o n  
p u r i f i c a t i o n s .  F i n a l l y ,  t h e  sample, c o n t a i n  
i n g  about  50 p 1 i t e r s  o f  1  i q u i d ,  i s  evapo- 
r a t e d  on to  a  rhenium f i l a m e n t ,  reduced w i t h  
hydrogen gas a t  e leva ted  temperature t o  con- 
v e r t  t h e  d i o x i d e  t o  technet ium meta l ,  and 
loaded i n t o  t h e  mass spectrometer .  The 
i s o t o p i c  measurement i n v o l v e s  de te rmin ing  
t h e  i o n  c o u n t i n g  r a t e s  a t  masses 97, 98, 99 
and 102. The mass 98 c o u n t i n g  r a t e  and t h e  
n a t u r a l  abundances o f  molybdenum 97 and 98 
a r e  used t o  c o r r e c t  t h e  mass 97 coun t ing  
r a t e  f o r  molybdenuni and t h e  mass 102 coun t -  
i n g  r a t e  may be used s i m i l a r l y  t o  c o r r e c t  
t h e  mass 99 c o u n t i n g  r a t e  f o r  ruthenium. 
However, t h e  niass 102 c o u n t i n g  r a t e  has 
n o r m a l l y  been i n s i g n i f i c a n t .  A f t e r  these  
c o r r e c t i o n s  a r e  made, t h e  97/99 c o u n t i n g  
r a t e  r a t i o  i s  used t o  determine t h e  l e v e l  o f  
9 9 ~ c  i n  t h e  sample. 

A  c a l i b r a t i o n  cu rve  o f  t h e  9 7 ~ c / 9 9 ~ c  r a t i o  
has been r u n  f o r  e l e c t r o p l a t e d  s o l u t i o n s  
c o n t a i n i n g  300 pg o f  97Tc and e i t h e r  0.01, 
0.1, 1.0, 10.0 o r  100 pg o f  99Tc. The 
c a l i b r a t i o n  c u r v e  i s  l i n e a r  f o r  q u a n t i t i e s  
o f  99Tc o f  one picogram o r  g r e a t e r .  For  
s m a l l e r  added q u a n t i t i e s  o f  9 9 ~ c ,  t h e  97/99 



mass r a t i o  does n o t  remain cons tan t  as a  
f u n c t i o n  o f  t ime.  Causes o f  t h i s  e f f e c t  a r e  
under i n v e s t i g a t i o n .  

D u r i n g  t h e  a s t  y e a r  t h e  procedure f o r  I; p a r a t i o n  o f  7Tc f rom i r r a d i a t e d  enr i ched  
$%Ru was success fu l  l y  e s t a b l  ished.  A  p r o -  
cedure was a l s o  deve oped f o r  s e p a r a t i o n  o f  4 9 5 m ~ c  f rom e n r i c h e d  5b10 which had been 
i r r a d i a t e d  a t  t h e  Oak Ridge c y c l o t r o n .  

A  s u b s t a n t i a l  e f f o r t  d u r i n g  t h e  p a s t  y e a r  
has been d i r e c t e d  toward development o f  
s p e c i a l  hardware and s o f t w a r e  f o r  c o n t r o l  o f  
t h e  mass spectrometer  v i a  a  PDP-11 computer 
system. An i n t e r f a c e  was b u i l t  which a l l o w s  
t r a n s f e r  o f  d i g i t a l  d a t a  f rom t h e  mass 
spectrometer  s c a l e r  t o  t h e  computer. 

Sof tware a l l o w s  d i s p l a y  o f  these  da ta  d u r i n g  
a c q u i s i t i o n  and genera t ion  and d i s p l a y  o f  
p l o t s  o f  count  r a t e  versus t i m e  f o r  each 
mass a f t e r  a c q u i s i t i o n .  P l o t s  o f  97/99 
count  r a t e  r a t i o s  versus t ime,  a f t e r  c o r r e c -  
t i o n  f o r  9 7 ~ 0  and 9 9 ~ u ,  can a l s o  be 
generated. A s p e c i a l  power supp ly  was 
c o n s t r u c t e d  which a1 lows computer c o n t r o l  o f  
t h e  c u r r e n t  t o  t h e  mass spectrometer  f i l a m e n t .  

Development o f  t h e  chemical procedures 
f o r  i s o l a t i o n  o f  Tc f rom v e g e t a t i o n  samples 
has n e a r l y  been completed. Spec ia l  p l a n t s  
were grown h y d r o p o n i c a l l y  i n d o o r s  t o  p r o v i d e  
v e g e t a t i o n  samples low i n  9 9 ~ ~ .  A n a l y s i s  o f  
these and o t h e r  samples i s  p r e s e n t l y  
underway. 



Radiation Instrumentation-Radiological Chemistry 

Program e f f o r t s  were concen t ra ted  i n  t h e  f o l l o w i n g  areas:  development o f  l o w - l e v e l  

rad iochemical  l a b o r a t o r y  techniques,  i n  s i t u  m o n i t o r i n g  techniques, and a c t i v a t i o n  a n a l y s i s  

technology.  

C y c l i c  A c t i v a t i o n  A n a l y s i s  

N. A. Wogman and H. G. Rieck 

A  compute r -con t ro l led  c y c l i c  n e u t r o n  
a c t i v a t i o n  f a c i l i t y  i s  be ing  assembled f o r  
r o u t i n e  mu1 t i e l e m e n t  a n a l y s i s  o f  env i ron-  
mental and g e o l o g i c a l  samples. The neu t ron  
source f o r  i r r a d i a t i o n  c o n s i s t s  o f  about 80 
mg o f  2 5 2 ~ f  which i s  p laced  i n  a  93% 2 3 5 ~  
e n r i c h e d  uranium core. The o v e r a l l  s u b c r i t -  
i c a l  assembly produces a  thermal f l u x  o f  
a l 0 l u  n/cm2/sec. T h i s  system i s  coupled t o  
a  pneumatic r a b b i t  system and an au tomat i c  
computer s w i t c h i n g  d e v i c e  which c o n t r o l s  
i r r a d i a t i o n ,  decay, coun t ing ,  and data 
r e d u c t i o n  o f  a  sample. 

The r a d i o a c t i v e  i s o t o p e s  produced a r e  
p r i m a r i l y  measured by t h e i r  c h a r a c t e r i s t i c  
gamma-ray energ ies  w i t h  i n t r i n s i c  Ge detec-  
t o r s ,  dual  Ge(Li ) d e t e c t o r s ,  and NaI ( T I  ) 
mu1 t i  dimensional gamma-ray spect rometers.  
High e f f i c i e n c y  (25%), l o w  background, 
a n t i c o i n c i d e n c e  s h i e l d e d  Ge(Li ) gamma-ray 
d e t e c t o r s  a r e  used t o  p r o v i d e  t h e  l o w e s t  
p o s s i b l e  background y e t  m a i n t a i n i n g  h i g h  
peak-to-Compton r a t i o s  (1 000: l ) .  

Computer c o n t r o l  f o r  t h e  system i s  
i n c o r p o r a t e d  i n  a  TN-11/10 ana lyzer  which 
p r o v i d e s  d i r e c t i o n  f o r  p rograml ing  o f  t h e  
c y c l i c  a c t i v a t i o n  procedure. T h i s  i n c l u d e s  
t h e  number o f  cyc les ,  decay per iods,  count-  
i n g  t imes,  and samples t o  be i n s e r t e d  f o r  
i r r a d i a t i o n .  T h i s  approach i s  p a r t i c u l a r 1  y 
u s e f u l  f o r  v e r y  shor t -1  i v e d  r a d i o n u c l  i d e s  
whose h a l f - 1  i v e s  a r e  i n  t h e  ranges o f  
seconds t o  minutes.  The d a t a  assembled 
f rom c y c l i c  a c t i v a t i o n  a r e  t r a n s f e r r e d  t o  a  
PDP-11/35 d i s c  system f o r  a n a l y s i s  o f  t h e  
spec t ra .  The da ta  r e d u c t i o n  by computer 
i n v o l v e s  a  comparison o f  t h e  s tandard  and 
unknown s p e c t r a  f o r  each element t o  

determine t h e  q u a n t i t y  o f  e lement  (ppm) i n  
a  g i v e n  m a t r i x .  A1 t e r n a t i v e l y ,  t h e  s u b c r i  t- 
i c a l  mu1 t i p 1  i e r  system i s  s tandard ized  f o r  
a  g iven  element i n  a  g iven  m a t r i x ,  and t h e  
s t a n d a r d i z a t i o n  approach a1 lows d i  r e c t  
computat ion o f  t h e  d e s i r e d  elements (ppm) 
i n  a  sample m a t r i x  w i t h o u t  i n v o l v i n g  a  
s p e c i f i c  s tandard  i n  t h e  i r r a d i a t i o n .  Such 
an approach i s  u s e f u l  and i s  p r i m a r i l y  used 
i n  t h e  c y c l i c  a c t i v a t i o n  a n a l y s i s  where t h e  
number o f  c y c l e s  ( c o n s i s t i n g  o f  t h e  i r r a d i -  
a t ion /decay /coun t  p e r i o d s )  may be as h i g h  
as 100. 

Computer a n a l y s i s  and r e c o r d i n g  o f  t h e  
c y c l i c  a c t i v a t i o n  data a r e  r e q u i r e d  due t o  
t h e  vas t  amounts o f  t h e  i n f o r m a t i o n  i n v o l v e d .  
For  example, i n  200 seconds o f  e lapsed 
t ime, a  one-second i r r a d i a t i o n ,  one-second 
count,  produces 100 spec t ra  f o r  a  s i n g l e  
sample. The o n - l i n e  a n a l y s i s  o f  spec t ra  i s  
r e q u i r e d  t o  j u s t  m a i n t a i n  da ta  c o n t r o l .  

The on-1 i n e  c o m p u t e r / i r r a d i a t i o n  
f a c i l i t y  has been eva lua ted  on NBS o r c h a r d  
l e a f  and USGS BCR-1 standards.  The use o f  
computer a n a l y s i s  w i t h  t h e  nonco inc idence l  
co inc idence  Ge(Li ) c o u n t i n g  system has 
a l lowed t h e  measurement o f  22 elements i n  
o r c h a r d  lea f .  A  6-9 sample o f  o r c h a r d  l e a f  
and BCR-1 was i r r a d i a t e d  a t  a  t o t a l  neu t ron  
f l u e n c e  o f  1  x  1017 neu t rons  i n  t h e  sub- 
c r i t i c a l  f a c i l i t y .  F o l l o w i n g  t h e  i r r a d i a -  
t i o n ,  t h e  samples were fused  w i t h  NazOz + 
NaOH m i x t u r e  and a  group chemical separa- 
t i o n  scheme was performed t o  i s o l a t e  t h e  
r a r e  e a r t h  elements. The s o l u t i o n  a l i q u o t s  
were counted f o r  300-1000 minutes on t h e  
v a r i o u s  c o u n t i n g  systems t o  measure a l l  t h e  
REE. S e n s i t i v i t i e s  t o  p a r t - p e r - b i l l i o n  
l e v e l s  were ob ta ined  f o r  some o f  t h e  REE. 

The use o f  a  2 5 2 ~ f  neu t ron  source i n  
a  23% e n r i c h e d  s u b c r i t i c a l  assembly seems 



t o  be a  s t r a i g h t f o r w a r d  and s a f e  method o f  
p r o v i d i n g  a  r e l a t i v e l y  inexpens ive  and f a s t  
a c t i v a t i o n .  The wide-scale use o f  these 
mu1 t i p 1  i e r  u n i t s  f o r  deve lop ing  h i g h l y  
s e n s i t i v e  gamma-ray spect rometers r e q u i r e s  
t h e  use o f  computer c o n t r o l  and a n a l y s i s  i n  
t h e i r  expanding a p p l i c a t i o n ,  p a r t i c u l a r l y  
i n  c y c l i c  a c t i v a t i o n .  

I n  S i t u  R a d i a t i o n  D e t e c t i o n  

K. K. N ie lson ,  N. A. Wogman and 
R. L. B r o d z i n s k i  

A  p o r t a b l e  i n t r i n s i c  germanium spectrom- 
e t e r  has been adapted t o  i n  s i t u  a n a l y s i s  
o f  p l u t o n i u m  and amer ic ium X-rays and 
y - rays  f o r  use i n  decontaminat ion and 
m o n i t o r i n g  o f  contaminated l a b o r a t o r i e s .  
T h i s  ystem c o n s i s t s  o f  a  h i g h - e f f i c i e n c y ,  2 19-cm d e t e c t o r  mounted i n  a  r o t a t a b l e  (180")  
vacuum c r y o s t a t  f o r  f l e x i b l e  p o s i t i o n i n g ,  
and connected t o  a  p o r t a b l e  mu l t i channe l  
a n a l y z e r  and c a s s e t t e  tape  deck f o r  r a p i d  
da ta  accumula t ion  and s to rage .  

Developmental i n  s i t u  c o u n t i n g  o f  contami- 
na ted  c o n c r e t e  f l o o r s  i n d i c a t e d  10-min, 
30 d e t e c t i o n  l i m i t s  t o  be 290 d/m/cm2 f o r  
2 3 9 ~ ~  and 9  d/m/c1n2 f o r  241~m, based respec- 
t i v e l y  on L  X-rays (14,17 and 20 keV) and 
t h e  26- and 60-keV y - r a y  peaks. A l though 
t h e  f l o o r  con tamina t ion  was observed t o  be 
on t h e  c o n c r e t e  su r face ,  s i m i l a r  counts o f  
concre te  su r faces  near  a  contaminated hood 
showed t h e  a c t i v i t y  t o  be l o c a t e d  a t  a  depth 
o f  severa l  m i l l i m e t e r s ,  as determined f rom 
X-ray and y - r a y  i n t e n s i t y  r a t i o s .  A l though 
t h e  b e s t  d e t e c t i o n  l i n i i t s  a r e  o b t a i n e d  
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Heavy Metal and Noxious Gas Emissions from Geothermal 
Resource Development 

Although geothermal energy i s  generally considered a r e l a t ive ly  clean source of power, the  

high temperature processes which c rea te  the  hydrothermal provinces r e s u l t  in the  mobilization 

of sonie undesirable const i tuents .  In t h i s  sec t ion,  we repor t  on a general e f f o r t  underway to  

character ize  and compare e f f luen t s  from a number of d i f f e r e n t  geothermal s i t e s .  The second 

repor t  d e t a i l s  our r e s u l t s  from a preliminary sampling of a geopressured geothermal well .  

Heavy Metal Gaseous Emissions from Geo- 
thermal Power Plants 

D .  E .  Robertson, J .  S .  Fruchter, 
J .  D.  Ludwick, E .  A .  Crecelius,  
C .  L .  Wilkerson, J .  C .  Evans 

The high temperature magmatic processes 
which c rea te  the  hydrothermal provinces of 
high geothermal energy potential  a l so  r e s u l t  
in the  accumulation of undesirable gases and 
1 iquids .  During the  tapping and u t i l i z a t i o n  
of geothermal f l u i d s  f o r  power production, 
elevated levels  of these natura l ly  produced 
contaminants can be released t o  the surround- 
ing environment. We have i n i t i a t e d  a study 
t o  iden t i fy  the  quan t i t i e s  and chemical 
fornis of v o l a t i l e  and water soluble heavy 
metals released in geothermal e f f luen t s .  To 
date ,  our s tudies  have been conducted a t  
The Geysers, Cerro Pr ie to ,  Niland, East Mesa, 
Raft River, Heber, and Vermilion Bay, 
Louisiana geothermal s i t e s .  

O f  t he  heavy metals studied,  mercury i s  
the  most v o l a t i l e  and gms/hour quan t i t i e s  
a re  released as gases from the generating 
uni ts  a t  The Geysers and Cerro Pr ie to .  
Mercury concentrations in e f f luen t s  from 
Imperial Valley geothermal wells a r e  s l i g h t l y  
lower. Mercury concentrations in Raft River 
steam and water a r e  one t o  two orders of 
magnitude lower than a t  The Geysers and 
Cerro Pr ie to .  The mercury levels  in  gases 
and hot water from the geopressured well a t  
Vermi 1 ion Bay, Louisiana contained extremely 
low levels  of mercury. The v o l a t i l e  mercury 
a t  a l l  locations i s  predominantly elemental 

HgO vapor, a surpr is ing observation because 
of the  high concentrations of H2S present.  

Hydrogen s u l f i d e  was ubiquitous in the  
noncondensable gases and ranged in  concentra- 
t ion  from 6% a t  several uni ts  a t  The Geysers 
to  several ppm a t  the  Vermilion Bay s i t e .  
Radon gas i s  a l so  present in elevated concen- 
t r a t ions  in the noncondensable geothernial 
gases, with the  highest concentrations 
observed a t  The Geysers. 

Arsenic primarily follows the  1 iquid 
phase a t  the  hot water dominated s i t e s  and 
concentrations in the  geothermal waters 

.ranged from 28 ug/l in Raft River hot water 
to 2250 pg/l in the  Cerro Pr ie to  brine.  A t  
Cerro P r i e to ,  2480 gm/hr of arsenic  a re  
released to  an evaporation pond. A t  Cerro 
Pr ie to  the  arsenic  in the  f resh  brine i s  
primarily in the  +3 oxidation s t a t e ,  but 
appears t o  oxidize rapidly to the  +5 form 
when exposed t o  the atmosphere. The arsenic  
in f resh  hot water from Raft River i s  i n i -  
t i a l l y  present mainly in the  +5 form. 

The source-term chemical character iza t ion 
includes the  quan t i t a t ive  measurement of 
numerous gases,  including C02, NH3, N2, 02, 
hydrocarbons and noble gases,  and the  
analyses of numerous major and t r ace  element 
const i tuents  in the  hot waters. We have 
a l so  begun to  examine the  environs surround- 
ing es tabl ished geothermal power plants to  
ident i fy  any accumulations of geothermal 
pol lu tants  as a r e s u l t  of p lant  operations.  
Preliminary data suggest t h a t  Hg, 6 and 
perhaps As levels  have become elevated in 
s o i l s  surrounding several generating uni ts .  



Measurement o f  P o t e n t i a l l y  Tox ic  M a t e r i a l s  
i n  Geopressured Geothermal F l u i d s  

J. S. F ruch te r ,  D. E. Robertson, and 
J. D. Ludwick 

I n  p rev ious  work, we found t h a t  a number 
o f  conven t iona l  geothermal we1 1 s e m i t t e d  
c e r t a i n  heavy meta ls  o r  nox ious gases a t  
r a t e s  comparable t o  those f rom coal  - f i r e d  
power p l a n t s .  These emiss ions f rom a geo- 
thermal  w e l l  may be r e l a t i v e l y  s e r i o u s  
because t h e  p l a n t  must be l o c a t e d  near t h e  
w e l l s ,  l e a v i n g  l i t t l e  f l e x i b i l i t y  i n  t h e  
s e l e c t i o n  o f  t h e  s i t e .  The o b j e c t i v e  o f  
t h i s  work i s  t o  determine these same elements 
and compounds i n  a geopressured w e l l  t o  see 
how t h e y  compare t o  conven t iona l  geothermal 
w e l l s  and t o  o t h e r  energy sources. Geopres- 
su red  resources d i f f e r  c o n s i d e r a b l y  f rom 
conven t iona l  geothermal resources i n  t h a t  
t h e y  a r e  l o c a t e d  a long  t h e  Texas and 
Lou is iana  Coasts, an area which has no 

apparent  connec t ion  w i t h  magmatic o r  v o l c a n i c  
a c t i v i t y .  DOE has a t  t h i s  t i m e  a c o n s i d e r -  
a b l e  commitment t o  development o f  geopres- 
sured resources.  The measurements r e p o r t e d  
here were made a t  E l  T i g r e  Lagoon, V e r m i l i o n  
Bay, Lou is iana ,  which was a t  t h e  t i m e  t h e  
o n l y  o p e r a t i n g  geopressured w e l l .  

Data were o b t a i n e d  f o r  t h e  gases and 
b r i n e  f rom t h e  El T i g r e  Lagoon Wel l .  The 
ma jo r  c o n s t i t u e n t  o f  t h e  gas i s  methane. 
The gases a r e  q u i t e  l o w  i n  H2S and Hg 
compared t o  gases f rom most conven t iona l  
geothermal areas.  The b r i n e  i s  a l s o  r e l a -  
t i v e l y  low i n  F and As. O f  t h e  t r a c e  
c o n s t i t u e n t s  measured, B, NH3, K, L i ,  Mg and 
Sr were found i n  l e v e l s  t y p i c a l  o f  those 
found a t  o t h e r  geothermal areas.  The h i g h  
c o n c e n t r a t i o n  o f  a number o f  ma jo r  c o n s t i t u -  
en ts ,  such as Na and Ca, shows t h a t  t h e  
b r i n e  i s  v e r y  concen t ra ted  compared t o  sea 
water .  
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Oil Shale and Tar Sand Research 

O i l  sha le  and t a r  sands a r e  a  p o t e n t i a l  supply  o f  b i l l i o n s  o f  b a r r e l s  o f  crude o i l  f o r  t h i s  

c o u n t r y ' s  f u t u r e  use. One o f  t h e  c h i e f  concerns i n  t h e  development o f  these new i n d u s t r i e s  i s  

t o  make sure  t h a t  t h e  convers ion  processes can be c a r r i e d  o u t  i n  an e n v i r o n m e n t a l l y  accep tab le  

manner. For t h i s  reason, i t  i s  i m p o r t a n t  t o  c h e m i c a l l y  and p h y s i c a l l y  c h a r a c t e r i z e  t h e  

e f f l u e n t s  f rom these convers ion  processes a t  an e a r l y  s tage o f  development, p r e f e r a b l y  a t  t h e  

p i l o t  p l a n t  o r  semi-works stage. The complex n a t u r e  o f  t h e  e f f l u e n t s  makes i t  necessary t o  

develop new sampling, a n a l y s i s  and chemical o p e r a t i o n  techniques.  I n  t h i s  s e c t i o n ,  new o r  

improved techniques f o r  b o t h  o r g a n i c  and i n o r g a n i c  analyses a r e  presented,  a long w i t h  a p p l i c a -  

t i o n s  t o  f o s s i l  f u e l  research.  A lso  descr ibed  i s  a  program f o r  p r o v i d i n g  r e p r e s e n t a t i v e  and 

w e l l - c h a r a c t e r i z e d  f o s s i l  f u e l  samples f o r  f u r t h e r  c h a r a c t e r i z a t i o n ,  env i ronmenta l ,  and 

h e a l t h  e f f e c t s  s t u d i e s  and a  prograln o f  i n t e r l a b o r a t o r y  comparisons t o  ensure t h e  accuracy o f  

t h e  data.  





Oil Shale and Tar Sand Effluent Characterization 

Iniproved Computer Program f o r  Neutron 
A c t i v a t i o n  A n a l y s i s  

C .  L .  Wi lkerson,  J. C. Laul ,  and V .  L. Crow 

Computer programs p r e v i o u s l y  developed i n  
o u r  l a b o r a t o r y  f o r  neu t ron  a c t i v a t i o n  
a n a l y s i s  (NAA) and Ge(Li ) gamma-ray spectrom- 
e t r y  have been m o d i f i e d  t o  improve a n a l y t -  
i c a l  accuracy and t o  inc rease  t h e  p rocess ing  
e f f i c i e n c y  f o r  l a r g e  numbers o f  y - r a y  
spec t ra .  Our m o d i f i e d  computer programs f o r  
gamma-ray spect rometry  do n o t  i n v o l v e  
spectrum s t r i p p i n g ,  smoothing o p e r a t i o n s ,  
spectrum unscrambling, e tc . ,  where shaping 
o f  a photopeak i s  i n v o l v e d .  Ins tead ,  o u r  
approach t o  y - r a y  spectrum a n a l y s i s  i s  based 
on t h e  p r i n c i p l e  o f  manual s e l e c t i o n  o f  a 
photopeak area and Compton background 
channels of t h e  i d e n t i f i e d  photopeaks o f  
i n t e r e s t  i n  a spectrum. T h i s  approach t o  
computer a n a l y s i s  o f  Ge(L i  ) gamma-ray 
spec t ra  has been thorough ly  t e s t e d  i n  our  
l a b o r a t o r y  and has proven t o  be very  a p p l i -  
cab1 e t o  q u a n t i t a t i v e  NAA-procedures. 

I n  our  p resen t  computer a n a l y s i s  system, 
severa l  Ge(Li ) d e t e c t o r s  and mu1 t i c h a n n e l  
ana lyzers  a r e  i n t e r f a c e d  t o  a POP-15/30 
computer. Gamma-ray spec t ra  a r e  t r a n s f e r r e d  
d i r e c t l y  f rom a mu1 t i c h a n n e l  ana lyzer  t o  t h e  
PDP-15/30 computer by a t r a n s f e r  i n t e r f a c e .  
The l i s t  o f  parameters which may be ass igned 
t o  each spec t ra  has been m o d i f i e d  and now 
i n c l u d e s :  1 )  a d e s c r i p t i o n  o f  t h e  sa~np le  o r  
s tandard  m a t e r i a l  ; 2 )  spectrum sequence name 
and number; 3 )  d e t e c t o r  i d e n t i f i c a t i o n ;  
4 )  sample c o u n t i n g  p o s i t i o n  o r  s h e l f  number; 
5 )  g a i n  c a l i b r a t i o n ;  6 )  d a t e  and t i m e  o f  
r e a c t o r  i r r a d i a t i o n ;  7)  d a t e  and t i m e  o f  
coun t ing ;  8 )  coun t ing  i n t e r v a l ;  9 )  a c t u a l  
e lapsed t i m e  d u r i n g  count ;  10)  d e t e c t o r  dead 
t ime; 11 ) neu t ron  f l u x  and coun t ing  geometry 
c o r r e c t i o n  f a c t o r s ;  and 12)  sample we igh t .  
These parameters and t h e  y - r a y  spec t ra  a r e  
s t o r e d  on a DEC tape  by t h e  PDP-15/30 com- 
p u t e r .  Up t o  50 2048 channel o r  25 4096 
channel spec t ra  may be s t o r e d  on a s i n g l e  
DEC tape.  

The o u t p u t  f o r m a t  o f  t h e  a n a l y s i s  program 
has been expanded t o  p r e s e n t  a more complete 
and easy- to- read r e c o r d  o f  computed data.  
Th is  m o d i f i c a t i o n  has s i g n i f i c a n t l y  reduced 
the  t i m e  spen t  i n  e v a l u a t i n g  NAA r e s u l t s .  
The c u r r e n t  program computes e lementa l  
concen t ra t ions  i n  ppm, t h e  assoc ia ted  e r r o r  
(%) ,  and o t h e r  d a t a  such as gross,  n e t  and 
background counts, c o u n t i  ng e r r o r s  due t o  
t h e  sample and standard,  decay c o r r e c t i o n  
d u r i n q  c o u n t i n q  and f rom t h e  end o f  i r r a d i a -  
t i o n ,  c o r r e c t e d  counts/min/gm, e t c . ,  t h a t  
a r e  used i n  computat ion by t h e  PDP-15/30 
computer. The program a l s o  l i s t s  peak 
channel and any peak s h i f t ,  peak w id th ,  any 
background channel s h i f t s ,  and o t h e r  i d e n t i -  
f y i n g  parameters mentioned above. 

We have t e s t e d  very  s u c c e s s f u l l y  o u r  
computer program approach on f i v e  i d e n t i c a l  
s y n t h e t i c  TEST s e c t r a  which were comprised 
o f  241~m, 5 7 ~ 0 ,  l o c o ,  1 3 7 ~ s ~  2 0 3 ~ 9 ,  and 465, 
r a d i o n u c l i d e s .  Each TEST spec t ra  c o n s i s t e d  
o f  35 photopeaks o f  d i f f e r e n t  i n t e n s i t i e s  i n  
t h e  range o f  60-1600 keV. The photopeak 
channels i n  t h e  f i r s t  TEST spectrum were 
p r e c i s e l y  c a l i b r a t e d  (1  keV p e r  channel )  and 
served as s tandards,  wherever t h e  photopeak 
channels i n  t h e  second and t h i r d  TEST spec t ra  
were s h i f t e d  by two channels t o  t h e  r i g h t  
and l e f t ,  r e s p e c t i v e l y .  The peak channels 
i n  t h e  f o u r t h  and f i f t h  TEST spec t ra  were 
d i s p r o p o r t i o n a l  l y  s h i f t e d  (2-6 channe ls )  by 
a smal l  t o  a l a r g e  g a i n  s h i f t .  I n  each 
TEST case, t h e  program was a b l e  t o  success- 
f u l l y  l o c a t e  s h i f t e d  photopeaks and t o  ca lcu -  
l a t e  r e s u l t s  which agree i n  g r e a t e r  than  95% 
o f  t h e  cases w i t h  manual c a l c u l a t i o n s .  

The approach o f  o u r  computer program has 
been f u r t h e r  t e s t e d  i n  t h e  analyses o f  
g e o l o g i c a l  and envi ronmenta l  m a t r i c e s .  We 
have analyzed i n  d u p l i c a t e  t h e  USGS standards 
BCR-1, W-1, and PCC-1, IAEA S o i l - 5 ,  and NBS 
coa l ,  f l y  ash, o r c h a r d  l e a f  and bov ine  l i v e r  
f o r  some 34 major ,  minor, and t r a c e  elements 
( A l ,  As, Ba, Br, Ca, Ce, C1, Co, C r ,  Cs, Eu, 
Fe, H f ,  K, La, Lu, Mg, Mn, Na, Nd, N i ,  Rb, 
Sb, Sc, Se, Sm, Sr, Ta, Tb, Th, T i ,  V ,  Yb, 



and Zn) by NAA-gamma-ray spect rometry .  Our 
r e s u l t s  w i t h i n  t h e  p r e c i s i o n  ( 1 )  i n  t h e  v a s t  
m a j o r i t y  o f  cases agree very  w e l l  w i t h  t h e  
recommended r e p o r t e d  va lues.  

W. D. F e l i x  

Dur ing  t h e  p r o d u c t i o n  o f  o i l  f rom o i l  
shale, wa te r  i s  produced as a  byproduct .  
Both env i ronmenta l  and process c o n s i d e r a t i o n s  
l e a d  t o  i n t e r e s t  i n  t h e  e v a l u a t i o n  o f  changes 
i n  t h e  o rgan ic  c o n t e n t  o f  t h e  process water .  
A n a l y t i c a l  procedures a r e  t h e r e f o r e  r e q u i r e d  
which a r e  r a p i d  and q u a n t i t a t i v e  f o r  t h e  
d e t e r m i n a t i o n  o f  o r g a n i c  s o l u t e  a l t e r a t i o n .  
A h i g h  performance l i q u i d  chromatographic 
techn ique  was developed such t h a t  f i n g e r -  
p r i n t  spec t ra  a r e  produced. T h i s  technique 
has t h e  advantage o f  be ing ex t reme ly  r a p i d  
and s e n s i t i v e .  The success o f  t h i s  tech-  
n ique  i n  t h e  p resen t  a p p l i c a t i o n  was i n  p a r t  
due t o  r e c e n t  improvements i n  column packing. 
An RP8, r e v e r s e  phase, l o n g  cha in  hydro- 
carbon bonded column o f  h i g h  t h e o r e t i c a l  
p l a t e  c a p a c i t y  (10,000-40,000 p la tes /mete r )  
was used w i t h  programmed g r a d i e n t  e l u t i o n .  
The s o l v e n t  o f  cho ice  was a  methano l lwa te r  
m i x t u r e .  A  t y p i c a l  l i q u i d  chromatogram i n  
F i g u r e  4.1 shows t h e  d e t e c t i o n  capabi 1  i t y  
u s i n g  an UV s e n s i t i v e  d e t e c t o r  a t  230 nm. 

HPLC OF OMEGA-9 RETORT WATER 

FIGURE 4.1. HPLC (High-Pressure Liquid 
Chrornatograrn) of a-9 Retort Water at  
230 nrn 

Compounds were i d e n t i f i e d  by comparison w i t h  
s tandards and by s e l e c t i v e  c o l l e c t i o n  o f  t h e  
e l u a n t  w i t h  subsequent GC/MS analyses.  The 
techn ique  was a p p l i e d  t o  i n v e s t i g a t e  t h e  
changes i n  r e t o r t  wa te r  s t o r e d  a t  37" and 
4°C. S i g n i f i c a n t  d i f f e r e n c e s  were no ted  i n  
t h e  chromatogram f o r  peaks cen te red  around 
peak numbers 3, 4, 8, 47, 48 and 50. These 
changes c o u l d  presumably be a s c r i b e d  t o  
m i c r o b i a l  e f f e c t s  a t  37°C. The e l u t i o n  
norma l l y  r e q u i r e s  l e s s  than  1  h r  w i t h  s i g n i -  
f i c a n t  r e s o l u t i o n  o f  over  60 compounds as 
de tec ted  a t  wavelengths i n  t h e  u l  t r a - v i o l  e t  
range. Thus, i t  i s  p o s s i b l e  t o  o b t a i n  
c h a r a c t e r i s t i c  LC spec t ra  a g a i n s t  which 
comparisons niay be made o f  r e t o r t  wa te r  
suspected t o  have been niodi f i e d  by p h y s i c a l  
o r  m i c r o b i a l  processes. T h i s  work was done 
i n  c o n j u n c t i o n  w i t h  D. S. F a r r i e r  and R. 
Poul son o f  t h e  Laraniie Energy Research 
Center,  Laraniie, Wyoming. 

J. S. F r u c h t e r  

P o t e n t i a l l y  t o x i c  elements a r e  p r e s e n t  i n  
raw o i l  sha le  a t  v a r i o u s  l e v e l s  o f  concentra-  
t i o n .  The f i n a l  impact  o f  these  elements 
depends on t h e i r  f a t e  d u r i n g  t h e  r e t o r t i n g  
process and on t h e  f i n a l  p h y s i c a l  and chem- 
i c a l  f o r m  i n  t h e  e f f l u e n t s  f rom t h e  process.  
Mass balance s t u d i e s  a r e  a  f i r s t  s t e p  i n  
understandina t h e  d i s t r i b u t i o n  o f  an element 
i n  t h e  proce;s and waste streams. These 
s t u d i e s  h e l p  t o  p i n p o i n t  those  streams which 
r e q u i r e  f u r t h e r  s tudy  and make s u r e  t h a t  
s i g n i f i c a n t  amounts o f  t h e  elements a r e  n o t  
escaping by unknown pathways. Once t h e  mass 
balance s tudy  i s  complete, t h e  d e t e r m i n a t i o n s  
o f  t h e  chemical and p h y s i c a l  forms o f  t h e  
elements o f  i n t e r e s t  can be c a r r i e d  o u t .  

Reported here  i s  a  p r e l i m i n a r y  mass 
balance s tudy  f o r  t h e  S-11 r u n  o f  t h e  
125-kg s imu la ted  i n - s i t u  r e t o r t  opera ted  by 
t h e  Lawrence L ivermore Labora to ry .  The 
element balances f o r  t h e  elements were 
c a l c u l a t e d  us ing  t h e  f o l l o w i n g  mass f l o w  
balance:  raw sha le  125.2 kg, spen t  s h a l e  
85.6 kg, d r y  s h a l e  o i l  10.54 kg and r e t o r t  
wa te r  3.77 kg. The c a l c u l a t e d  balances i n  
percen t  f o r  s i x  elements o f  i n t e r e s t  a r e  
shown i n  F i g u r e  4.2, assuming 100% s t a r t i n g  
m a t e r i a l .  The ma jo r  imbalance occurs f o r  
t h e  v o l a t i l e  element Hg. The Hg i s  p robab ly  
l o s t  i n  t h e  o f f g a s  stream, which was n o t  
measured i n  t h i s  case. Measurements we have 
made o f  o t h e r  o f f g a s  streams do i n d i c a t e  
t h a t  Hg i s  a t  t imes p r e s e n t  i n  r e t o r t  o f f -  
gases. Complete measurements o f  a l  1  e f f l u e n t  
streams t o  complete t h e  balance f o r  Hg 



f o r  o t h e r  o i l  sha le  r e t o r t  runs a r e  under- such as As, Se and Sb, which l i k e  Hg, m igh t  
way. Balances f o r  t h e  r e f r a c t o r y  elements be expected t o  be v o l a t i l e ,  a l s o  remained i n  
Fe and Na shown i n  t h e  f i g u r e ,  as w e l l  as a t h e  spen t  s h a l e  i n  t h i s  case. S i g n i f i c a n t  
number o f  o t h e r  r e f r a c t o r y  elements , have amounts o f  As and Se were, however, found 
been found t o  be s a t i s f a c t o r y  w i t h  most o f  a l s o  i n  t h e  p r o d u c t  o i l  and water .  S tud ies  
t h e  elements ending UP i n  t h e  spent  s h a l e  as a r e  underway t o  determine t h e  p h y s i c a l  forms 
expected. The g r e a t  m a j o r i t y  o f  elements o f  these and o t h e r  elements i n  t h e  process 

streams. 

-2% SPENT CRUDE PROCESS IMBALANCE SPENT CRUDE YROCtSS IMBALANCE SPENT CR'JDE PROCESS IMBALANCE 
43- 1 SHALE OIL WATER SHALE OIL WATER SHALE OIL WATER 

SPENT CRUDE PROCESS IMBALANCE SPENT CRUDE PROCESS IMBALANCE SPENT CRUDE PROCESS IMBALANCE % 1 SHALE OIL WATER SHALE OIL WATLR SHALE 0 1 1  WATER 

FIGURE 4.2. Material Balances for Selected Elements-Livermore 125Kg 
Retort-Run 5-11 





Oil Shale and Tar Sand Research Materials 

F o s s i l  Fuel Research M a t e r i a l s  

J. S. F r u c h t e r  and M. R. Petersen 

The o b j e c t i v e  o f  t h i s  program i s  t o  
prepare research  m a t e r i a l s  f rom feedstock,  
products ,  by-products  and wastes f rom f o s s i l  
f u e l  p i l o t  opera t ions  t o  be used i n  charac- 
t e r i z a t i o n ,  h e a l t h  and envi ronmenta l  pro-  
grams. The m a t e r i a l s  a r e  needed so t h a t  
env i ronmenta l  and h e a l t h  s t u d i e s  can be 
c a r r i e d  o u t  on homogeneous, r e p r e s e n t a t i v e  
and we1 1  documented samples. I n  t h i s  pro-  
gram, m a t e r i a l s  f rom some o f  t h e  more prom- 
i s i n g  p i l o t  o p e r a t i o n s  as w e l l  as severa l  
crude petro leums f o r  r e f e r e n c e  purposes have 
been 1 )  ob ta ined ;  2 )  s t o r e d  i n  a  manner 
which min imizes degradat ion;  and 3 )  s p l i t  
i n t o  a l i q u o t s  which a r e  a v a i l a b l e  f o r  d i s t r i -  
b u t i o n  t o  DOE l a b o r a t o r i e s  and o t h e r s  des ig -  
nated by DOE t o  conduct env i ronmenta l  and 
h e a l t h  s t u d i e s .  The a v a i l a b i l i t y  o f  samples 
t o  l a b o r a t o r i e s  f o r  t h e i r  research  programs 
i s  a l s o  c o n t i n g e n t  upon t h e  consent o f  t h e  
o r g a n i z a t i o n  t h a t  p rov ided  t h e  m a t e r i a l s  t o  
PNL. 

The m a t e r i a l s  we have ob ta ined  and s t o r e d  
t o  d a t e  a r e  l i s t e d  i n  Table 4.1. We have 
a l s o  s p l i t  samples o f  severa l  o f  t h e  sha le  
o i l s  and t h e  s o l v e n t - r e f i n e d  coa l  l i q u i d s  
i n t o  f o u r  f r a c t i o n s  (ac id ,  bas ic ,  PNA and 
n e u t r a l )  u s i n g  t h e  scheme descr ibed  i n  l a s t  
y e a r ' s  r e p o r t s .  These f r a c t i o n s  have been 
p rov ided  t o  PNL b i o l o g i s t s  f o r  s t u d i e s  o f  
m u t a g e n i c i t y  and t o x i c i t y .  I n  a d d i t i o n ,  
samples o f  a i r  p a r t i c u l a t e s  have been 
ob ta ined  fro111 t h e  Paraho s i t e .  These samples 
w i l l  be e x t r a c t e d  w i t h  a  b a t t e r y  o f  s o l v e n t s  
f o r  use i n  m u t a g e n i c i t y  t e s t s .  

Ana lys is  o f  Boron i n  F o s s i l  Fuel and 
Geotnernial Samples 

J. S. F r u c h t e r  and J. C. Evans 

The element boron i n  i t s  v a r i o u s  chemical 
forms i s  o f  cons iderab le  i n t e r e s t  i n  env i ron-  
mental s t u d i e s  because o f  i t s  known t o x i c i t y  

TABLE 4.1 Fossil Fuel Reference ~ a t e r i a l s ( ~ )  

1. Solvent-Refined Coal Process 

a. Solvent-refined coal 
b. Mineral residue 
c. Light oil (naphtha) 
d. Recycle solvent 
e. Wash solvent 

2. Lawrence Livermore 125 kg Retort 

a. Mahogany Zone raw shale (24 gal/ton) 
b. Spent shale (Run S-11) 

3. Lawrence Livermore 7 Ton Retort 

a. Spent shale (Run L-I) 
b. Crude shale oil (Run L-1) 
c. Process water (Run L-I) 

4. Geokinetics In Situ 

Process water 

5. Crude Petroleums 

a. Wilmington (high N) 
b. Gato Ridge (high metals, high N, high S) 
c. Prudhoe Bay (low N, low S) 

6. Paraho Semiworks Retort 

a. Raw shale 
b. Retorted shale 
c. Crude shale 
d. Product water 
e. Raw shale crushing fines from filter baghouse 
f. Retorted shale fines from filter baghouse 

7. CO, Acceptor 

a. Ash 
b. Spent Acceptor 

( a ) ~ h e  availability of samples is  contingent upon 
approval on a case-by-case basis by the organiza- 
tion that made the materials available to PNL 

t o  many p l a n t s  i n  r e l a t i v e l y  low concentra-  
t i o n s .  I t i s  a l s o  one o f  t h e  most d i f f i c u l t  
e l  enents t o  measure a c c u r a t e l y  i n  t h e  complex 



m a t r i c e s  found i n  f o s s i l  f u e l  and geothermal 
m a t e r i  a1 s. Many procedures r e p o r t e d  i n  t h e  
l i t e r a t u r e  l i s t  i n t e r f e r e n c e s  which make 
them i n a p p l i c a b l e  t o  these samples. A f t e r  
c a r e f u l  c o n s i d e r a t i o n ,  two p r imary  techniques 
f o r  boron de te rmina t ions ,  which a r e  r e a l l y  
q u i t e  independent  o f  one another ,  were se- 
l e c t e d .  These techniques were a plasma emis- 
s i o n  spect roscopy method and t h e  Azomethine 
(H)co l  o r o m e t r i c  method. Some samples were 
a l s o  checked us ing  a prompt gamma spec t ro -  
m e t r i c  method developed elsewhere. P u b l i c a -  
t i o n s  on t h e  spec t ropho tomet r i c  determina-  
t i o n  o f  l o w - l e v e l  B(0-4 ppm) s o l u t i o n s ,  
p l a n t  and s o i l  samples us ing  Azomethine (H) 
suggested a p p l i c a t i o n  o f  t h e  method t o  
severa l  o f  o u r  e x i s t i n g  DOE r e l a t e d  programs. 
The method i s  s e l e c t i v e  and s e n s i t i v e  on 
geothermal waters,  sea water ,  sha le  o i l  and 
o i l  sha le  process water ,  and s u f f e r s  f rom 
very  few i n t e r f e r e n c e s .  

The procedure f o r  c l e a r  s o l u t i o n s  (sea 
water ,  geothermal f l u i d s ,  e t c .  ) i s  f a i r l y  
s t r a i g h t f o r w a r d .  Four ml o f  sample a r e  
p i p e t t e d  i n t o  a 25 ml p o l y e t h y l e n e  b o t t l e .  
It i s  i m p o r t a n t  t h a t  p o l y e t h y l e n e  o r  q u a r t z  
be used th roughou t  t o  avo id  con tamina t ion  
problems. One ml o f  a  b u f f e r  washing s o l u -  
t i o n  c o n t a i n i n g  ammonium a c e t a t e  (pH 4.5)  
and pentasodium DPTA i s  added f o l l o w e d  by 
one ml o f  Azomethine(H) i n d i c a t o r .  A f t e r  
thorough mix ing,  t h e  s o l u t i o n  i s  a l lowed t o  
s tand  f o r  one hour. The s o l u t i o n ' s  adsor-  
bance a t  415 nm i s  compared t o  t h a t  o f  s tan-  
dard  boron s o l u t i o n s .  A d i s t i l l e d  water  
b lank  i s  a l s o  r u n  through t h e  procedure. 

L i q u i d  m a t e r i a l s  such as sha le  o i l  and 
sha le  o i l  r e t o r t  wa te r  which a r e  n o t  c l e a r  
must be t r e a t e d  t o  remove t h e  c o l o r  w i t h o u t  
l o s i n g  t h e  boron. I n  cases where t h e  c o l o r  
i s  due t o  o r g a n i c  compounds, t h e  sample may 
be wet ashed o r  low-temperature ashed. 
Dur ing  t h e  ashing procedure, t h e  pH must be 
kep t  h i g h  (8 -9 )  t o  p reven t  v o l a t i l i z a t i o n  o f  
b o r i c  a c i d .  

The plasma emiss ion spect roscopy method 
i s  d e t a i l e d  i n  another  s e c t i o n  o f  t h i s  
r e p o r t .  The agreement between t h e  two 
methods i s  i n  genera l  q u i t e  good and i s  
i l l u s t r a t e d  i n  Table 4.2 f o r  t h e  case o f  
a1 k a l i n e  leacha tes  o f  s o i l  samples taken 
near a geothermal p l a n t  a t  The Geysers. 

TABLE 4.2 Boron Concentrations in Alkaline 
Leachates of Soils Taken Near a Geothermal 
Plant at The Geysers, California 

Azomethine-H 
Method 

1 

2 

3 

4 

5 

7 

9 

10 

Blank 

Plasma Emission 
Spectroscopy 

Method 

580 ug 

103 ug 

4.2 lig 

14.6 ug 

25.1 ug 

150.0 lig 

27.2 ug 

47.5 ug 

0.018 ug 

O i  1  Shale A n a l y t i c a l  In te rcompar i  son S tud ies  

J. S. F ruch te r ,  J. C .  Lau l ,  and J. C .  Evans 

Complex samples such as o i l  s h a l e  m a t e r i -  
a l s  p resen t  a  cons iderab le  a n a l y t i c a l  
cha l lenge .  Therefore,  i t  i s  i m p o r t a n t  t o  
eva lua te  t h e  p r e c i s i o n  and accuracy o f  
v a r i o u s  a n a l y t i c a l  methods used t o  de te rmine  
e l  ements and species o f  i n t e r e s t .  R e s u l t s  
can be c ross  checked b o t h  by u s i n g  more than  
one a n a l y t i c a l  techn ique  and by comparing 
r e s u l t s  among d i f f e r e n t  l a b o r a t o r i e s .  
Dur ing  t h e  p a s t  y e a r  we have been a t t e m p t i n g  
t o  determine each element o f  i n t e r e s t  by a t  
l e a s t  two methods and have been p a r t i c i p a t i n g  
i n  severa l  i n t e r l a b o r a t o r y  comparisons. 

Some o f  t h e  r e s u l t s  f o r  one i n t e r c o m p a r i -  
son sample a r e  shown i n  Tab le  4.3. As can 
be seen, t h e  data were o b t a i n e d  by t h r e e  
d i f f e r e n t  l a b o r a t o r i e s  u s i n g  f o u r  d i f f e r e n t  
a n a l y t i c a l  techniques.  I n    no st cases, t h e  
agreement i s  q u i t e  good. T h i s  good agree-  
ment shows t h a t  a n a l y s t s  u s i n g  modern 
techniques can ach ieve  u n i f o r m  and r e l i a b l e  
r e s u l t s .  Other  elements f o r  which in terconi -  
pa r i sons  a r e  a v a i l a b l e  a r e  l i s t e d  a t  t h e  
bot tom o f  t h e  t a b l e .  



TABLE 4.3 Intercomparison Study - Spent Shale Livermore S-11 

Analyst Technique 

LBL 

BNW 

LBL 

BNW 

CSM 

BNWL 

LBL 

LBL = Lawrence Berkeley Laboratory 

BNW = Battelle Northwest 

CSM = Colorado School of Mines 

Note: 
Additional Elements for which Intercomparisons will be Available on Shale and Spent Shale 

Al, Si, Sc, Ti, V, Cr, Mn ,  Co, Ni, Cu, Se, Mo ,  Cd, Sb, Cs, Ba, La, Sm, Eu, Hg and Pb 

A riew Procedure f o r  A n a l y s i s  o f  Po lynuc lear  
Aromat ic  Hydrocarbons (PAH) 

M. R. Petersen and P. W. Ryan 

The usual a n a l y t i c a l  techniques f o r  PAH 
compounds i n v o l v e  a s e p a r a t i o n  and precon- 
c e n t r a t i o n  procedure which may r e q u i r e  sev- 
e r a l  days b e f o r e  t h e  PAH1s i n  t h e  sample can 
be determined q u a n t i t a t i v e l y .  One o f  ou r  
e f f o r t s  d u r i n g  t h e  pas t  year  has been t o  
develop a new a n a l y t i c a l  procedure t h a t  i s  
f a s t e r  than  t h e  more l e n g t h y  ve rs ions  and a t  
t h e  same t i m e  j u s t  as s e l e c t i v e  and s e n s i t i v e  
f o r  PAH1s. 

Our technique i n  i t s  p resen t  fo rm c o n s i s t s  
of a GC/MS a n a l y s i s  w i t h  s e l e c t e d  i o n  moni- 
t o r i n g  a t  t h e  d e s i r e d  m/e r a t i o ;  e.g., 
m/e = 252 f o r  benzof luoroanthenes,  benzo- 
pyrenes, and p e r y l  ene. F u r t h e r  s e l e c t i v i t y  
i s  achieved th rough  use o f  t h e  a p p r o p r i a t e  
gas chromatography s t a t i o n a r y  phase and use 
o f  argon as a chemical reagent  gas. The use 
o f  argon as t h e  charge exchange agent  i s  t h e  
unique f e a t u r e  t h a t  d i f f e r e n t i a t e s  t h i s  
techn ique  f rom o t h e r  r e p o r t e d  procedures 
u s i n g  GC/MS. More i m p o r t a n t l y ,  t h e  use o f  
argon inc reases  s e l e c t i v i t y  and s e n s i t i v i t y  
a t  l e a s t  another  o rder  o f  magnitude over  
o t h e r  chemical i o n i z a t i o n  ( C I )  techniques.  

We have used a v a r i e t y  o f  l i q u i d  s t a t i o n -  
a r y  phases on Chroniosorb W w i t h  e f f i c i e n t  2- 
f o o t  packed columns. The l i q u i d  phases, 
SP2100 (SE-30) and SP2250 (OV-17), a r e  s t a b l e  
over  long  t i m e  per iods  and per fo rm w e l l  w i t h  
temperature programming. Hence, a v a r i e t y  
o f  PAH1s can be determined q u a n t i t a t i v e l y .  
For  more s o p h i s t i c a t e d  separa t ions  o f  t h e  
i s o m e r i c  s e t s  such as C 2 ~ d 1 2  (mol w t  228) 
C22H12 (mol w t  252), o r  C22H12 (mol w t  276), 
e tc . ,  we use t h e  h i g h  temperature l i q u i d  
c r y s t a l  s t a t i o n a r y  phase N,N1-bis (p-phenyl--  ' 

benzyl  idene)  a , a l - b i - p - t o l u i d i n e  (BPhBT) 
developed by researchers  a t  NCI. I t s  use i s  
l i m i t e d  t o  i so therma l  runs a t  temperatures 
above t h e  s o l i d  nematic t r a n s i t i o n ,  260°C. 
The l i q u i d  c r y s t a l  phase (3% on Chromosorb W 
100-120 mesh AN-DMCS) may be s t a b l e  f o r  
severa l  weeks. 

The c o n c e n t r a t i o n s  o f  some s e l e c t e d  PAH'S 
were determined i n  t h e  f o l l o w i n g  s y n t h e t i c  
f u e l s :  4 d i f f e r e n t  sha le  o i l s  f rom above- 
ground r e t o r t s ,  3 l i g h t  d i s t i l l a t e s ,  2 m idd le  
d i s t i l l a t e s ,  3 heavy d i s t i l l a t e s ,  2 s o l v e n t  
r e f i n e d  c o a l s  f rom t h e  SRC (PAMCO) process 
and Prudhoe Bay crude f o r  comparat ive 
purposes. For  a comparison o f  t h e  average 
benzo(a)pyrene c o n t e n t  i n  these  sample 
types,  see F i g u r e  4.3. 
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MULTITECHNOLOGY 

Environmental Pollution Analysis-Instrument and 
Methods Development 

Environmental Pollutant Characterization by Direct-Inlet 
Mass Spectrometry (DIMS) 

In Situ Pollutant Measurements 

Trace Constituent Analysis by Laser Excitation 

Applications of Holography 



Environmental Pollution Analysis-Instrument and 
Methods Development 

Assessment o f  energy - re la ted  p o l l u t a n t s  a t  t h e i r  sources and e f f l u e n t s  t r a n s p o r t e d  through 

t h e  environment c a l l s  f o r  r e l i a b l e  a n a l y t i c a l  i ns t ruments  and methods. A n a l y s i s  methods have 

been developed f o r  measurement o f  t h e  chemical forms and q u a n t i t i e s  o f  p r i o r i t y  p o l l u t a n t  

elements, i n c l u d i n g  1 )  a rsen ic ,  copper, and mercury i n  f r e s h ,  geothermal,  and sea waters by 

p r e c i p i t a t i o n  and X-ray f l uo rescence ;  and 2 )  copper, lead,  z i n c ,  cadmium, selenium, chromium, 

and n i c k e l  by ca thod ic  s t r i p p i n g  voltamnietry, and d i f f e r e n t i a l  p u l s e  polarography.  Method 

development has been conipleted t o  a l l o w  X-ray f l uo rescence  a n a l y s i s  o f  s i z e d  coa l  f l y  ash, 

u r i n e ,  and h a i r .  The use o f  plasma emiss ion spect roscopy i s  a l s o  be ing  eva lua ted  f o r  some 

70 p o l l u t a n t  elements. 

Plasma Emission Spectroscopy U t i l i z a t i o n  
f o r  P o l l u t a n t  A n a l y s i s  

J. C .  Evans 

A  p las~na  emiss ion spect rograph i s  be ing 
eva lua ted  f o r  e lementa l  a n a l y s i s  o f  p o l l u t a n t  
elements i n  a  v a r i e t y  o f  env i ronmenta l  
mat r i ces .  The ins t rument  u t i l i z e s  a  d i r e c t  
d i scharge  argon plasma f o r  i t s  e x c i t a t i o n  
source. L i q u i d  samples a r e  i n t r o d u c e d  i n t o  
t h e  plasma by a  p e r i s t a l t i c  ptlmp n e b u l i z e r  
system. The argon a r c  o f  6000°K min imizes 
chemical i n t e r f e r e n c e s  which have commonly 
plagued atomic a b s o r p t i o n  a n a l y s i s .  About 
70 elements can be measured w i t h  t h i s  tech-  
n ique.  Some elements, such as boron, can be 
analyzed more e a s i l y  w i t h  g r e a t e r  s e n s i t i -  
v i t y  w i t h  t h i s  system than  w i t h  atomic 
a b s o r p t i o n  o r  o t h e r  techniques.  

Ins t rument  Development f o r  t h e  Measurement 
o f  Organometal l  i c s  f rom Energy Produc t ion  
Which May Be Found i n  Environmental M a t e r i a l s  

J .  A. Campbell, W. C.  Weimer, and N. A. Wognian 

Mo lecu la r  c h a r a c t e r i z a t i o n  o r  s p e c i a t i o n  
s t u d i e s  a r e  now underway on o rganon ie ta l l i c  
substances which may r e s i d e  i n  t h e  env i ron-  
ment a f t e r  r e l e a s e  f rom energy p r o d u c t i o n  
sources. These t o x i c  compounds norma l l y  a r e  

found a t  p i c o -  t o  nanogram l e v e l s  i n  t h e  
environment. The d e t e c t i o n  and i d e n t i f i c a -  
t i o n  o f  such o r g a n o m e t a l l i c  compounds i n  t h e  
environment p r e s e n t  some c h a l l  enging a n a l y t i -  
c a l  problems i n  species c o l l e c t i o n ,  species 
s e p a r a t i o n  f r o m  n a t u r a l  mat r i ces ,  and q u a n t i -  
t a t i v e  i d e n t i f i c a t i o n .  

Entrapment on s o l i d  adsorbents such as 
i o d i n e  c r y s t a l s ,  a c t i v a t e d  carbon, o r  s i l i c o n  
rubbers  on Chromosorb and condensat ion i n  
c o l d  t r a p s  o r  baths a r e  t h e  p r imary  methods 
f o r  t h e  c o l l e c t i o n  o f  v o l a t i l e  o r g a n o m e t a l l i c  
compounds f r o m  a i r .  Gas chromatography and 
l i q u i d  chromatography, coupled w i t h  f l ame less  
o r  normal a tomic a b s o r p t i o n  spect rometry ,  
a r e  be ing  employed f o r  s e p a r a t i o n  and d e t e c t i o n  
o f  t h e  o r g a n o m e t a l l i c  compounds. 

An i n v e s t i g a t i o n  has a l s o  been i n i t i a t e d  
t o  determine whether mass spect rometry  and 
gas chromatography/mass spectrometry  can 
i d e n t i f y  qua1 i t a t i v e l y  t h e  organonieta l l  i c s  
which have been separated f rom envi ronmenta l  
m a t e r i a l s  by a  h i g h  p r e c i s i o n  l i q u i d  ch ro -  
matograph column. Mass spect rometry  has 
been used e x t e n s i v e l y  t o  i d e n t i f y  and s tudy  
i n d i v i d u a l  pu re  o rganometa l l i cs ;  however, 
thus f a r  t h e r e  have been o n l y  l i m i t e d  a p p l i -  
c a t i o n s  o f  GCIMS f o r  q u a l i t a t i v e  and q u a n t i -  
t a t i v e  analyses o f  o r g a n o m e t a l l i c  compounds 
i n  complex m i x t u r e s  norma l l y  found i n  env i ron-  
mental m a t e r i a l s .  



Elec t rochemica l  Trace A n a l y s i s  o f  Se, C r ,  
and h i  Species i n  Environmental Samples 

W. C. Weimer and J. C. K u t t  

H i g h l y  s e n s i t i v e  e lec t rochemica l  methods 
a r e  ex t reme ly  v a l u a b l e  i n  env i ronmenta l  
sample analyses s i n c e  t h e y  respond t o  i n d i v i d -  
u a l  chemical species.  Whi le  t h e  use fu lness  
o f  anodic  s t r i p p i n g  v o l  tammetry f o r  a n a l y s i s  
o f  low l e v e l s  o f  Cu+2, ~ b + 2 ,  ~ n + 2 ,  and ~d '2  
has been we1 1  demonstrated, t h e  techniques 
o f  ca thod ic  s t r i p p i n g  v o l  tarnmetry and d i f f e r -  
e n t i a l  p u l s e  polarography have been l e s s  
e x t e n s i v e l y  i n v e s t i g a t e d .  We have been 
examining these  methods f o r  t h e  a n a l y s i s  o f  
Se, C r ,  and Ni species i n  samples f rom 
env i  ronmental systems. 

Cathodic  s t r i p p i n g  v o l  tanimetry w i t h  a  
hanging mercury drop e l e c t r o d e  has been used 
f o r  t h e  a n a l y s i s  o f  ~ e + 4  i n  severa l  d i f f e r -  
e n t  env i ronmenta l  waters.  These i n c l u d e  t h e  
steam condensate f rom a  geothermal power 
p l a n t ,  t h e  seawater leacha te  o f  a i r  f i l t e r s  
c o l l e c t e d  near a  smel ter ,  and t h e  scrubber  
waters f rom an aerosol  sampl i n g  t r a i n  used 
around t h e  C o l s t r i p ,  Montana, c o a l - f i r e d  
steam p l a n t .  The d e t e c t i o n  l i m i t  f o r  ~ e + 4  
i n  these types o f  m a t r i c e s  i s  approx imate ly  
0.5 ppb f o r  a  15 ml sample. Th is  h i g h  
s e n s i t i v i t y ,  when combined w i t h  s e l e c t i v e  
o x i d i z i n g  and reduc ing  agents, wi  11 p r o v i d e  
t h e  c a p a b i l i t y  t o  analyze sub-ppb l e v e l s  o f  
~ e - 2 ,  SeO, Se+4, and Se+6 i n  env i ronmenta l  
samples. 

D i f f e r e n t i a l  pu lse  polarography of cr+6 
and Ni+L i s  a l s o  being eva lua ted  f o r  env i ron-  
mental sample analyses.  Our l i m i t e d  work 
thus  f a r  has demonstrated v e r y  good l i n e a r -  
i t y  and r e p r o d u c i b i l i t y  i n  t h e  25-100 ppb 
c o n c e n t r a t i o n  range. Present  l i m i t s  o f  
d e t e c t i o n  f o r  these meta l  species a r e  a p p r o x i -  
mate ly  7-9 ppb. 

A n a l y s i s  o f  Copper i n  Sea Water by Anodic 
S t r i p p i n g  Vol tammetry (ASV) 

E. A. C r e c e l i u s  and J. M. Gur t i sen*  

Anodic S t r i p p i n g  Vol tammetry (ASV) i s  an 
e l e c t r o a n a l y t i c a l  techn ique  t h a t  has been 
used i n  our  l a b o r a t o r y  and on sh ipboard t o  
measure copper i n  Northwest Coastal waters.  
Values f o r  t o t a l  copper and complexed copper 
a r e  being r o u t i n e l y  measured. 

The s e n s i t i v i t y  and r e l i a b i l i t y  o f  ASV i s  
dependent upon t h e  response f r o m  t h e  work ing  
e lec t rode- -a  Mercury F i l m  E l e c t r o d e  (MFE). 
The f i l m  i s  depos i ted  on a  g l a s s y  carbon 
sur face .  Copper f rom t h e  sur round ing  medium 
amalgamates w i t h  mercury a t  a  s p e c i f i c  
p o t e n t i a l  and i s  subsequent ly  r e l e a s e d  as 
t h e  p o t e n t i a l  i s  i nc reased  i n  t h e  p o s i t i v e  
d i r e c t i o n .  Specia l  p r e p a r a t i o n  o f  t h e  
g lassy  carbon s u r f a c e  has r e s u l t e d  i n  t h e  
d e p e n d a b i l i t y  o f  ASV as an a n a l y t i c a l  t o o l .  

D e t e r i o r a t i o n  o f  t h e  e l e c t r o d e  can be 
recogn ized  when severe b a s e l i n e  d e v i a t i o n s  
a r e  detccLzrl .  A  wet  l a p i d a r y  wheel combined 
w i t h  g ranu la ted  s i l i c a  as an a b r a s i v e  i s  
used t o  r e s u r f a c e  t h e  e l e c t r o d e .  A  d i s t i n c t  
carbon d e p o s i t  becomes apparent  on t h e  d i s k  
when b u f f e d  f o r  one minu te  a t  1800 RPM. A  
new mercury f i l m  i s  a p p l i e d  by reduc ing  Hg+2 
a t  t h e  e l e c t r o d e  s u r f a c e  f rom a  l m g / l  s o l u -  
t i o n  a t  -1 .0 v o l t s  f o r  45 sec. Measurement 
o f  copper c o n c e n t r a t i o n s  >40 n g / l  a r e  be ing  
made w i t h  t h i s  e l e c t r o d e .  

Copper concen t ra t ions  i n  sea wate r  were 
de te r~ i i i ned  a f t e r  t rea tment  t o  u l t r a v i o l e t  
l i g h t  (U.V. j ,  ozone and a c i d  o x i d a t i o n  i n  
o r d e r  t o  r e l e a s e  bound copper. ASV i s  
s e n s i t i v e  o n l y  t o  f r e e  i o n i c  o r  l a b i l e  forms 
o f  copper. Ac id  o x i d a t i o n s  o f  samples a t  
pH 2.2 re leased  t h e  bound copper. iqo s i g n i -  
f i c a n t  inc rease  i n  measurable copper was 
ob ta ined  by f u r t h e r  exposure o f  t h e  o x i d i z e d  
sample t o  e i t h e r  ozone o r  U.V. l i g h t .  
Independent ozone o r  U.V. l i g h t  t rea tments  
do r e l e a s e  some bound copper. 

The ASV w i l l  n o t  respond t o  added C U + ~  
i f  t h e r e  i s  a  complexing c a p a c i t y  i n  sea 
wate r .  I t w i l l  respond l i n e a r l y  when a l l  
complexing s i t e s  a r e  f i l l e d .  Na tu ra l  pH 
l e v e l s  a r e  ma in ta ined  w h i l e  t h e  added copper 
i s  a l lowed t o  age o r  complex. A n a l y s i s  i s  
underway t h a t  w i l l  determine t h e  e f f e c t  o f  
p l a t i n g  vo l tages  on compl exed copper d e t e r -  
m i n a t i o n s .  T y p i c a l  copper comp lexa t ion  
c a p a c i t i e s  f o r  P a c i f i c  dor thwest  mar ine 
wate rs  range f rom 5-90 pg C u l l .  

M o d i f i c a t i o n  o f  t h e  Arsen ic  S p e c i a t i o n  
Technique Using Hydr ide  Generat ion 

E. A. Crecel i u s  

Several m o d i f i c a t i o n s  o f  t h e  a r s e n i c  
s p e c i a t i o n  techn ique  t h a t  was developed 
severa l  years  ago by Braman and co-workers 

*Ecosystems Department 



have been made. M o d i f i c a t i o n s  i n c l u d e  
adding t h r e e  a d d i t i o n a l  t r a p s  t o  t h e  system. 
These a re :  a  wa te r  vapor t rap ,  a  second C02 
t rap ,  and a  H2S t r a p .  

A  ma jo r  problem has been wate r  vapor 
f r e e z i n g  o u t  i n  t h e  a r s i n e  t rap ,  thus  
causing changes i n  t h e  gas f l o w  r a t e  through 
t h e  system. By adding a  wa te r  vapor t r a p  
between t h e  sample r e a c t i o n  chamber and t h e  
a r s i n e  t rap ,  t h i s  problem was e l i m i n a t e d .  
The water  vapor t r a p  i s  c o n s t r u c t e d  o f  8  mm 
g l a s s  t u b i n g  as a  U-tube w i t h  10 cm l o n g  
arms, and i n  opera t ion ,  i t  i s  ininiersed i n  an 
i c e w a t e r / s a l  t bath. 

Samples t h a t  c o n t a i n  r e l a t i v e l y  h i g h  
c o n c e n t r a t i o n s  o f  C02 o r  HzS, such as wine 
and geothermal waters, may r e q u i r e  s p e c i a l  
hand l ing  t o  a v o i d  i n t e r f e r e n c e s  f rom these 
gases. Two approaches have been used. 
E i t h e r  t h e  sample i s  a c i d i f i e d  and degassed 
i n  t h e  r e a c t i o n  chamber f o r  5  min a t  500 ml/min 
t o  remove t h e  H2S and C02, o r  a  H2S t r a p  
and an a d d i t i o n a l  C02 t r a p  a r e  added t o  t h e  
system. The l e a d  a c e t a t e  t r a p  ( 8  mm x  8  cm 
l o n g  g lass  tube  packed w i t h  l e a d  a c e t a t e )  i s  
connected between t h e  wate r  vapor t r a p  and 
t h e  a r s i n e  t r a p .  The a d d i t i o n a l  C02 t r a p  
(8 mm x  8  cm g l a s s  tube  packed w i t h  NaOH 
beads) i s  connected between t h e  wate r  vapor 
and t h e  H2S t r a p .  

Exper imenta l l y ,  i t  was d iscovered  t h a t  
a f t e r  t h e  water,  CO? all,' H2S t r a p s  were 
d r i e d  and repacked, more c o n s i s t e n t  r e s u l t s  
were ob ta ined  i f  t h e  system was " s e n s i t i z e d " .  
T h i s  was accomplished by p rocess ing  a  h i g h  
c o n c e n t r a t i o n  o f  s tandard (50 pg As+3 
and 100 ug DMAA) th rough  t h e  normal procedure 
f o r   AS+^ b u t  n o t  us ing  t h e  d e t e c t o r .  A f t e r  
t h i s  was complete, t h e  r e a c t i o n  chamber was 
c a r e f u l  l y  cleaned, and severa l  reagen t  
b lanks  were r u n  b e f o r e  t h e  systeni was s tan-  
dard ized.  T h i s  " s e n s i t i z i n g "  procedure 
a p p a r e n t l y  s a t u r a t e s  a r s i n e  a b s o r p t i o n  s i t e s  
i n  t h e  system and decreases t h e  number o f  
analyses r e q u i r e d  t o  o b t a i n  r e p r o d u c i b l e  
c a l i b r a t i o n  curves. 

XRF Peak A n a l y s i s  Flethod 

K. K. N i e l s o n  

A  novel  method f o r  d i r e c t  a n a l y s i s  o f  
o v e r l a p p i n g  X-ray peaks has been developed 
f rom a  unique p r o p e r t y  o f  o u r  d i r e c t  peak 
a n a l y s i s  method. The over lapp ing  peak 
a n a l y s i s  takes advantage o f  t h e  c a n c e l l a t i o n  
o f  equal p o s i t i v e  and nega t i ve  e r r o r  lobes 
which r e s u l t  f rom t h e  i n t e r f e r i n g  peak i n  

t h e  c a r e f u l l y  chosen ad jacen t  a n a l y s i s  
window. The method has been a p p l i e d  t o  
uranium d e t e r m i n a t i o n  i n  ores and s o i l s  
c o n t a i n i n g  h i g h  concen t ra t ions  o f  t h e  
i n t e r f e r i n g  elements Rb and Mo. The U La 
peak was used, and was separated f rom Rb Ko, 
by 0.78 x  FWHM. D e t e c t i o n  l i m i t s  o f  7.8 ppm 
U were ob ta ined  i n  t h e  presence o f  o v e r  100 
ppm Rb. 

XRF A n a l y s i s  o f  S ized Coal F l y  Ash 

K. K. N ie lson,  J. A. Campbell, J. C. Lau l ,  
and R. D. Smith 

A  m a t r i x  c o r r e c t i o n  method recen t1  y  deve l -  
oped a t  B a t t e l l e ,  P a c i f i c  Northwest Labora- 
t o r i e s ,  f o r  XRF a n a l y s i s  o f  env i ronmenta l  
saniples was eva lua ted  i n  t h e  a n a l y s i s  o f  
29 elements i n  n i n e  c a r e f u l l y  s i z e d  f r a c t i o n s  
o f  coa l  f l y  ash. Comparisons o f  t h e  r e s u l t s  
were made w i t h  r e p l i c a t e  analyses by neu t ron  
a c t i v a t i o n  and atomic absorp t ion .  

The in te rcompar ison  p e r m i t t e d  t h e  f i r s t  
meaningfu l  t e s t  o f  t h e  c o r r e c t i o n s  f o r  p a r t i -  
c l e  s i z e  e f f e c t s  i n  samples o f  u n i f o r m  
known p a r t i c l e  s i z e .  P a r t i c l e  s i z e  f r a c t i o n s  
had mass median d iameters o f  0.5, 2, 4, 5, 
9, 13, 16, 25 and 50 microns, and r e q u i r e d  
c o r r e c t i o n s  o f  over  50% i n  c o n c e n t r a t i o n s  o f  
1  i g h t  elements such as S i  and S  f o r  p a r t i c l e  
s i z e  e f f e c t s .  The r e s u l t s  showed e x c e l l e n t  
agreement between t h e  v a r i o u s  a n a l y t i c a l  
methods d e s p i t e  comp le te ly  independent 
c a l i b r a t i o n  methods. The p a r t i c l e  s i z e  
c o r r e c t i o n s  were a l s o  demonstrated t o  be 
adequate, w i t h  no s i g n i f i c a n t  p a r t i c l e  s i z e -  
r e 1  a t e d  e r r o r  be ing  observed. 

PIXE A n a l y s i s  o f  F l y  Ash 

K. K. N ie lson,  N. A. Wogman, J. A. Campbell, 
and N. F. Mangelson* 

An exper iment  was i n i t i a t e d  t o  measure 
c o n c e n t r a t i o n  g r a d i e n t s  as a  f u n c t i o n  o f  
dep th  i n  coal  f l y a s h  p a r t i c l e s  u s i n g  p ro ton-  
induced X-ray emiss ion (PIXE). By v a r y i n g  
t h e  energy o f  t h e  e x c i t i n g  protons,  v a r y i n g  
depths o f  p e n e t r a t i o n  were achieved i n  t h e  
p e l  1  e t i z e d  f l  yash samples. P ro ton  energ ies  
r a n g i n g  f rom 0.4 t o  2 MeV were used, and 
i n d i c a t e d  p o s s i b l e  weak c o n c e n t r a t i o n  
g r a d i e n t s  f o r  severa l  v o l a t i l e  elements i n  
l a r g e  p a r t i c l e s .  The minimum depth range 
covered by t h i s  method i s  on t h e  o r d e r  o f  
severa l  microns,  much g r e a t e r  than  t r a d i -  
t i o n a l  " s u r f a c e "  a n a l y t i c a l  methods such as 
ESCA. 

*Brigham Young U n i v e r s i t y  



U r i n e  A n a l y s i s  by XRF 

K. K. N i e l s o n  and W. D. F e l i x  

A  method has been developed f o r  preconcen- 
t r a t i o n  o f  u r i n e  samples f o r  mu1 t i e l e m e n t  
a n a l y s i s  by XRF. The procedure c o n s i s t s  o f  
an evapora t ion  step, a  d ry ing /decompos i t i on  
s tep,  and a  p e l l e t i z i n g  s tep  which avoids 
t h e  p o t e n t i a l  con tamina t ion  and chemical 
recovery  problems t y p i c a l  o f  ion-exchange 
and p r e c i p i t a t i o n  methods. 

Q u a n t i t a t i v e  a n a l y s i s  o f  t h e  r e s u l t i n g  
p e l l e t s  g i v e s  d e t e c t i o n  l i m i t s  i n  t h e  10 ppb 
c o n c e n t r a t i o n  range f o r  many i m p o r t a n t  
t r a n s i t i o n  meta ls  as i n d i c a t e d  i n  F i g u r e  5.1. 
The two d e t e c t i o n  l i m i t  l i n e s  r e s u l t e d  f rom 
ex t reme ly  d i f f e r e n t  degrees o f  decomposi t ion 
b e f o r e  p e l l e t i z i n g .  The p o t e n t i a l  r a p i d i t y ,  
low c o s t  and wide scope o f  t h i s  mul ie lement  
a n a l y t i c a l  approach make i t  e x c e l l e n t  f o r  

screening,  d i a g n o s t i c  and b a s i c  research  on 
a  s c a l e  p r e v i o u s l y  imposs ib le .  

H a i r  A n a l y s i s  by XRF 

K. K. N i e l s o n  and W. D. F e l i x  

P r e l i m i n a r y  t e s t s  o f  a  r a p i d  new method 
f o r  XRF a n a l y s i s  o f  h a i r  samples have proved 
h i g h l y  success fu l .  The method w i l l  p e r m i t  
d i r e c t  q u a n t i t a t i v e  a n a l y s i s  o f  an unweighed 
mass o f  h a i r ,  thus  e l i m i n a t i n g  t h e  c u r r e n t  
most c o s t l y  a n a l y t i c a l  s tep,  sample prepara-  
t i o n .  The mass o f  h a i r  a c t u a l l y  i n  t h e  
X-ray beam and i t s  s e l  f - a b s o r p t i o n  c o e f f i -  
c i e n t s  and o t h e r  parameters a r e  a l l  es t imated  
from t h e  coherent  and incoheren t  b a c k s c a t t e r  
peaks f rom t h e  e x c i t i n g  r a d i a t i o n .  A t  l e a s t  
14 elements a r e  d e t e c t a b l e  i n  a  s i n g l e  
a n a l y s i s  o f  "normal" h a i r ,  i n c l u d i n g  s u l f u r ,  
which was analyzed w i t h  excel  1  e n t  accuracy 
r e l a t i v e  t o  r e p o r t e d  mean values o f  4.1%. 

FIGURE 5.1. "Normal" Urine Element Ranges and X-Ray Fluorescence 
Detection Limits 



Environmental Pollutant Characterization by Direct-Inlet 
Mass Spectrometry (DIMS) 

The u t i l i t y  o f  d i r e c t - i n l e t  mass spect rometry  f o r  t h e  d e t e c t i o n ,  c h a r a c t e r i z a t i o n  and moni- 

t o r i n g  o f  i m p o r t a n t  p a r t i c u l a t e  a i r b o r n e  p o l l u t a n t s  which a r i s e  as by-products  o f  energy 

p r o d u c t i o n  a c t i v i t i e s  i s  be ing e x p e r i m e n t a l l y  determined. The f i r s t  phase o f  t h i s  new program 

was t h e  des ign  and assembly o f  a  d i r e c t - i n l e t  mass spect rometer  system. T h i s  was completed i n  

FY-1977. Performance t e s t s  o f  t h e  new i n s t r u m e n t  a r e  i n  p rogress .  

C h a r a c t e r i z i n g  Environmental P o l l u t a n t s  p o s s i b l  i t y  o f  i d e n t i f y i n g  t h e  p a r t i c l e  
by DIMS compos i t i on  as w e l l .  

C. R .  Lagergren 

D i r e c t - I n l e t  Mass Spectrometry  (DIMS) i s  a  
new a n a l y t i c a l  techn ique  which o f f e r s  poten- 
t i a l  advantages i n  t h e  d e t e c t i o n ,  charac- 
t e r i z a t i o n  and m o n i t o r i n g  o f  a i r b o r n e  e n v i -  
ronmental p a r t i c u l a t e  p o l l u t a n t s .  I t com- 
b ines  t h e  i n h e r e n t l y  h i g h  s e n s i t i v i t y  o f  
s u r f a c e  i o n i z a t i o n  mass spectrometry  w i t h  an 
a i r  sampling systeni which then makes p o s s i -  
b l e  t h e  measurement (on a  r e a l - t i m e  b a s i s )  
o f  p o l l u t a n t  n i a t e r i a l  as i t  e x i s t s  i n  t h e  
a i r .  No sample c o l l e c t i o n  o r  p rocess ing  
procedures a r e  r e q u i r e d .  I n  t h i s  technique,  
a i r  t h a t  con ta ins  p a r t i c l e s  i s  i n t r o d u c e d  as 
a  j e t  d i r e c t l y  i n t o  t h e  i o n  source o f  a  
s u r f a c e  i o n i z a t i o n  mass spectrometer .  
P a r t i c l e s  s t r i k i n g  t h e  h o t  f i l a m e n t  form 
b u r s t s  o f  i o n s  which a r e  then niass analyzed 
and measured. B u r s t  r a t e s  a r e  r e l a t e d  t o  
p a r t i c l e  c o n c e n t r a t i o n  i n  sampled a i r  w h i l e  
t h e  t o t a l  charge per  b u r s t  i s  a  measure o f  
p a r t i c l e  s i z e .  

The s e n s i t i v i t y  o f  t h e  DIMS techn ique  has 
been d e m o n s t r a t e d ( l ~ 2 )  t o  be s u f f i c i e n t l y  
h i g h  t o  d e t e c t  i n d i v i d u a l  p a r t i c l e s  c o n t a i n -  
i n g  L i ,  Sr, U, C r ,  and Pb as smal l  as a  few 
hundredths o f  a  micrometer  i n  d iameter .  The 
s e n s i t i v i t y  i s  fundamenta l l y  l i m i t e d  by t h e  
i o n i z a t i o n  e f f i c i e n c y  a t t a i n a b l e  f o r  t h e  
m a t e r i a l  i nvo lved .  

I n  a d d i t i o n  t o  i t s  h i g h  s e n s i t i v i t y ,  i f  a  
c h a r a c t e r i s t i c  spectrum can be produced f rom 
a  g i v e n  m a t e r i a l ,  t h e  techn ique  o f f e r s  t h e  

The purpose o f  t h i s  program i s  t o  d e t e r -  
mine e x p e r i m e n t a l l y  t h e  u t i l i t y  o f  t h e  DIMS 
techn ique  f o r  t h e  d e t e c t i o n ,  c h a r a c t e r i z a -  
t i o n  and m o n i t o r i n g  o f  i m p o r t a n t  p a r t i c u l a t e  
a i r b o r n e  p o l l u t a n t s  which a r i s e  as by- 
p roduc ts  o f  energy genera t ing  a c t i v i t i e s .  
To do t h i s ,  i t  i s  necessary t o  determine t h e  
n a t u r e  o f  t h e  i o n i z a t i o n  produced f rom 
s p e c i f i c  p o l l u t a n t  m a t e r i a l s  by s u r f a c e  
i o n i z a t i o n .  The i o n i z a t i o n  e f f i c i e n c y ,  
c r a c k i n g  p a t t e r n s  ( i o n  spectrum), and t i m e  
h i s t o r y  o f  s i g n a l s  produced a r e  f u n c t i o n s  o f  
t h e  n a t u r e  and temperature o f  t h e  f i l a m e n t  
s u r f a c e , a s  w e l l  as t h e  mo lecu la r  and p h y s i c a l  
fo rm o f  t h e  n i a t e r i a l  i t s e l f .  These q u a n t i -  
t i e s  and r e l a t i o n s h i p s  a r e  unknown and need 
t o  be developed f o r  successfu l  a p p l i c a t i o n  
o f  t h e  technique.  

The f i r s t  phase o f  t h i s  program, and t h e  
main o b j e c t i v e  f o r  FY-1977, was t h e  des ign  
and assembly o f  a  DIMS system s u i t a b l e  f o r  
pe r fo rming  t h e  needed exper iments.  F i g u r e  
5.2 i s  a  schematic r e p r e s e n t a t i o n  o f  t h e  
system cons t ruc ted .  The a i r  i n l e t  system i s  
e s s e n t i a l l y  t h e  same as t h a t  developed f o r  
t h e  DIMS p l u t o n i u m  m o n i t o r  (3 )  and p r o v i d e s  
an adequate beam o f  p a r t i c l e s  d i r e c t e d  on to  
a  s u r f a c e  i o n i z a t i o n  f i l a m e n t .  A quadrupole 
mass f i l t e r  was s e l e c t e d  as a  mass ana lyzer  
f o r  t h e  i o n s  produced because o f  i t s  a b i l i t y  
t o  be r a p i d l y  sw i tched  so t h a t  s e l e c t a b l e  
p o r t i o n s  o f  t h e  mass spectrum may be observed 
i n  a  n e a r l y  s imul taneous f a s h i o n .  It i s  
p o s i t i o n e d  w i t h  i t s  a x i s  i n t e r s e c t i n g  and 
p e r p e n d i c u l a r  t o  t h a t  o f  t h e  p a r t i c l e  beam. 



A vacuum b a r r i e r  w i t h  a  1/16 i n .  d iameter  
h o l e  i s  i n t e r p o s e d  between t h e  s u r f a c e  I N L ~  

i o n i z a t i o n  f i l a m e n t  and t h e  quadrupole i n  
o r d e r  t h a t  t h e  pressure i n  which t h e  quadru- 

1 
p o l e  operates can be h e l d  as low as p o s s i b l e  
i n  o r d e r  t o  m in im ize  i n t e r f e r i l l g  background FORE PUMP + 
spec t ra .  The i o n i z e r  o f  t h e  quadrupole was 
m o d i f i e d  so as t o  p r o v i d e  e f f i c i e n t  ent rance -+ FORE PUMP 

o f  i o n s  f rom t h e  s u r f a c e  i o n i z a t i o n  f i l a m e n t  
and a t  t h e  same t i m e  p e r m i t  i o n i z a t i o n  by 
e l e c t r o n  impact  o f  t h e  n e u t r a l  products  
formed as w e l l .  Performance t e s t s  o f  t h e  
assembled system a r e  i n  progress.  

TURBOMOLECULAR ION PUMP 
PUMP 

FIGURE 5.2. Schematic Representation of a Direct- 
Inlet Spectrometer 



Trace Constituent Analysis by Laser Excitation 

A  h i g h  r e s o l u t i o n  p u l s e d  dye  l a s e r  has been i n t e r f a c e d  t o  a  m i n i c o m p u t e r  f o r  i n t e r a c t i v e  

c o n t r o l  and d a t a  a q u i s i t i o n .  T h i s  sys tem has been used t o  s t u d y  and d e v e l o p  a n a l y t i c a l  methods 

f o r  b o t h  gas phase p o l y n u c l e a r  a r o m a t i c  hyd roca rbons  (PNA 's )  and n o b l e  gases. D e t e c t i o n  

l i m i t s  o f  l o w  p a r t s  p e r  t r i l l i o n  have been demons t ra ted  f o r  PNA1s.  Two p h o t o n  e x c i t a t i o n  

s p e c t r a  o f  xenon have shown some i s o t o p i c  h y p e r f i n e  s t r u c t u r e .  

L a s e r  E x c i t a t i o n  A p p l i c a t i o n  t o  T r a c e  
C o n s t i t u e n t  A n a l y s i s  

B. A .  Bushaw and T. J .  W h i t a k e r  

PNA D e t e c t i o n  

One o f  t h e  most  d i f f i c u l t  a n a l y t i c a l  
p rob lems c u r r e n t l y  f a c i n g  e n v i r o n m e n t a l  
s t u d i e s  i s  t h e  a n a l y s i s  o f  complex m i x t u r e s  
o f  " l a r g e "  m o l e c u l e s  a t  t r a c e  l e v e l s .  The 
deve lopment  o f  r e a l  t i m e  o r  nea r  r e a l  t i m e  
methods o f  a n a l y s i s  i s  d e s i r a b l e  i n  v i ew  o f  
t h e  t i m e  i n v o l v e d  i n  a n a l y s i s  by  c u r r e n t l y  
accep ted  methods i n v o l v i n g  v a r i o u s  c h r o -  
m a t o g r a p h i c  t e c h n i q u e s .  Lase r  e x c i t a t i o n  
t e c h n i q u e s  o f f e r  t h e  capab i  1  i t y  o f  r e a l  t i m e  
a n a l y s i s  w i t h  h i g h  s e n s i t i v i t i e s .  However, 
i n  r e a l  t i m e  a n a l y s i s ,  t h e r e  i s  no o p p o r t u n i -  
t y  f o r  sample p r e p a r a t i o n .  Thus, c a r e f u l  
c o n s i d e r a t i o n  must  be g i v e n  t o  t h e  i n t e r -  
a c t i o n  o f  t h e  s u b j e c t  m o l e c u l e s  w i t h  a  
v a r y i n g  c a r r i e r  m a t r i x  i f  a  r e l i a b l e  and 
r e p r o d u c i b l e  method i s  t o  be deve loped .  We 
have s t u d i e d  t h e  e f f e c t  o f  sample c o n d i t i o n s  
on t h e  l a s e r  i n d u c e d  f l u o r e s c e n c e  a n a l y s i s  
o f  gas phase p o l y n u c l e a r  a r o m a t i c  hyd ro -  
carbons (PNA's)  and f o u n d  t h a t  e m i s s i o n  
i n t e n s i t i e s  may v a r y  g r e a t l y  w i t h  c a r r i e r  
gas and t e m p e r a t u r e .  

Us ing  py rene  as a  r e p r e s e n t a t i v e  PNA, we 
have i n v e s t i g a t e d  t h e  e f f e c t  o f  a t m o s p h e r i c  
c o n s t i t u e n t s  and sarrlple t e m p e r a t u r e  on 
r e l a t i v e  f l u o r e s c e n c e  quantum y i e l d .  Bo th  a  
f r e q u e n c y  doub led  n i t r o g e n  l a s e r  pumped dye 
l a s e r  and t h e  f o u r t h  harmonic  o f  a  Nd:YAG 
l a s e r  (266 rim) were  used as e x c i t i n g  sou rces .  
P l o t t i n g  t h e  v a l u e s  o f  vapo r  p r e s s u r e  as a  
f u n c t i o n  o f  1/T (a  C l a u s i u s - C l a p e r y o n  p l o t )  

gave a  l i n e a r  dependence i n d i c a t i n g  f l u o r e s -  
cence t o  be e x p o n e n t i a l l y  dependent  upon 
t e m p e r a t u r e  i n  t h e  f o l l o w i n g  way: 

We have d e t e r m i n e d  t h e  v a l u e  o f  a f o r  p y r e n e  
vapor  o v e r  t h e  t e m p e r a t u r e  range  o f  300-400°K 
t o  be 884 i 109.  T h i s ,  a l o n g  w i t h  t h e  v a l u e  
o f  A, w h i c h  has been d e t e r m i n e d  f o r  o u r  
system, a l l o w s  t h e  d e t e r m i n a t i o n  o f  t h e  
c o n c e n t r a t i o n  o f  t h e  PNA i n  t h e  sample.  

Quench ing  s t u d i e s  have i n d i c a t e d  t h a t  02  
i s  t h e  o n l y  m a j o r  a t m o s p h e r i c  c o n s t i t u e n t  
w h i c h  a p p r e c i a b l y  a t t e n u a t e s  f l u o r e s c e n c e  
i n t e n s i t y  i n  p y r e n e  vapo r .  F i g u r e  5.3 shows 
t h e  S te rn -Vo lmer  p l o t s  o f  p y r e n e  vapo r  
e m i s s i o n  i n t e n s i t y  as a  f u n c t i o n  o f  t h e  l o g  
o f  t h e  p a r t i a l  p r e s s u r e  o f  b o t h  02 and N2 i n  
t h e  sample.  From t h e  s l o p e ,  t h e  quench ing  
r a t e  c o n s t a n t  f o r  

Pyrene*  + O2 + Pyrene t 02* 

i s  d e t e r m i n e d  t o  be:  k l  = 4 . 0  + 0 .1  x  1010 
l i t e r  mole-1 sec-1 . 

S i n c e  02 p roduces  such  s t r o n g  quench ing ,  
i t  wou ld  be d e s i r a b l e  t o  p r e t r e a t  samples by  
c o l d  t r a p p i n g  t h e  PNA1s and t h e n  r e l e a s i n g  
them i n  a  n o b l e  gas c a r r i e r  t o  p r o v i d e  a  
maximum s e n s i t i v i t y .  I n  expe r i l nen ts  w i t h  no 
02 i n  t h e  sample,  we have shown t h a t  d e t e c -  
t i o n  l i m i t s  i n  t h e  l o w  p a r t s  p e r  t r i l l i o n  
range  a r e  e a s i l y  a t t a i n a b l e .  Even w i t h  02 
p r e s e n t ,  as  wou ld  be t h e  case f o r  r e a l  t i m e  
a t m o s p h e r i c  a n a l y s i s ,  d e t e c t i o n  1  i n i i t s  o f  
a b o u t  10  ppb a r e  s t i l l  p o s s i b l e .  



PRESSURE (torr) 

FIGURE 5.3. Stern-Volmer Plots Showing Quenching 
Effects of Buffer Gases on Pyrene Vapor Fluorescence 
Intensity: 0 2 ,  A N2 

Two Photon E x c i t a t i o n  o f  Xenon 

Dur ing t h e  l a s t  year ,  t h e  e f f o r t s  f o r  
developnient o f  an i s o t o p i c a l l y  s e l e c t i v e  
method o f  a n a l y s i s  f o r  nob le  gases have 
cont inued.  The p r e v i o u s l y  observed * -  I S o  
two-photon e x c i t a t i o n  o f  xenon has been 
examined w i t h  h i g h e r  r e s o l u t i o n  ( F i g u r e  5 .4 ) .  
Some s t r u c t u r e ,  which i s  a t t r i b u t e d  t o  i s o -  
t o p i c  h y p e r f i n e  s p l i t t i n g ,  has now been 
observed. T h i s  s t r u c t u r e  i n d i c a t e s  t h a t  t h e  
h y p e r f i n e  s p l i t t i n g  cons tan ts  a r e  on t h e  
o r d e r  o f  severa l  g i g a h e r t z ,  i n  agreement 
w i t h  e a r l i e r  t h e o r e t i c a l  c a l c u l a t i o n s .  
Be fo re  development i n t o  an a n a l y t i c a l  p ro -  
cedure, f u r t h e r  work us ing  h i g h e r  r e s o l u t i o n  
Doppler  c a n c e l l i n g  techniques t o  r e s o l v e  t h e  
i s o t o p i c  peaks must be c a r r i e d  o u t .  A  system 
which p laces  t h e  sample i n s i d e  a  h i g h  r e s o l u -  
t i o n  con foca l  i n t e r f e r o m e t e r  t o  p r o v i d e  
s tand ing  wave e x c i t a t i o n  i s  c u r r e n t l y  under 
development. 

Laser  Con t ro l  and Data A c q u i s i t i o n  

Computer a c q u i s i t i o n ,  i n t e r f a c e  t o  t h e  
l a s e r  system, and s o f t w a r e  development were 
i m p o r t a n t  p r o j e c t s  f o r  t h i s  y e a r .  de now 
have a  min icomputer  i n t e r a c t i v e l y  coup1 ed t o  
t h e  l a s e r  systeni through a  v e r s a t i l e  system 
o f  a n a l o g - t o - d i g i t a l  , d i g i t a l  - to-analog,  and 
s p e c i a l  purpose i n t e r f a c e s .  Programs which 
a l i g n  t h e  many t u n i n g  elements o f  t h e  l a s e r  
have a l lowed t h e  spectrum i n  F i g u r e  5.4 t o  
be taken a t  a  r e s o l u t i o n  which was p r e -  
v i o u s l y  i m p o s s i b l e  by manual t u n i n g  o f  t h e  
1  aser  system. These programs a1 so p e r m i t  
con t inuous  h i g h  r e s o l u t i o n  scanning over  a  
range l i m i t e d  o n l y  by t h e  o u t p u t  o f  t h e  dye 
used i n  t h e  dye l a s e r .  The computer a l s o  i s  
used f o r  r a p i d  d a t a  a c q u i s i t i o n ,  s to rage ,  
and a n a l y s i s .  
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LASER D n U N  ING (G Hz) 

FIGURE 5.4. Two Photon Fluorescence Excitation Spectra 
of Xenon ID, State Showing Partially Resolved Structure 



Applications of Holography 

Holography w i t h  s h o r t  l a s e r  pu lses  i s  be ing  s t u d i e d  t o  determine i t s  a p p l i c a b i l i t y  t o  e n v i r o n -  

mental problems. I t has been e s t a b l i s h e d  t h a t  i f  a  s imp le  p o r t a b l e  holo-camera were a v a i l a b l e  

i t  would f i n d  use i n  the  f i e l d  and l a b o r a t o r y  f o r  c h a r a c t e r i z i n g  t h e  p h y s i c a l  p r o p e r t i e s  and 

behav io r  o f  aerosols ,  p a r t i c u l a t e s  and underwater organisms. To t h i s  end we have designed and 

b u i l t  such a  camera. 

A p p l i c a t i o n s  o f  Holography t o  Environmental 
S tud ies  

B. P. H i ldebrand  

Holography, inven ted  i n  1948, i s  a  photo-  
g raph ic  technique capable o f  r e c o r d i n g  a  
scene i n  t h r e e  dimensions. T h i s  record ,  t h e  
hologram, can be used t o  r e c o n s t r u c t  t h e  
scene f o r  l a t e r  s tudy.  The r e c o n s t r u c t i o n  
i s  so p e r f e c t  t h a t  i t  can be used t o  make 
p r e c i s e  measurements by means o f  i n t e r -  
ferometry ,  f o r  example. The i n v e n t i o n  o f  
t h e  l a s e r  i n  t h e  1960's  r e s u l t e d  i n  a  r a p i d  
expansion i n  research  o f  ho lography and the  
search f o r  a p p l i c a t i o n s .  The pu lsed  l a s e r ,  
i n  p a r t i c u l a r ,  impar ted a  momentum i n  t h e  
d i r e c t i o n  o f  p a r t i c l e  holography s i n c e  
t r a n s i e n t  events c o u l d  be recorded and 
s t u d i e d  i n  t h e  l a b o r a t o r y .  

Observat ions 

Commercial pu lsed ruby  l a s e r s  a r e  ve ry  
expensive and cumbersome, u s u a l l y  weighing 
hundreds o f  pounds and r e q u i r i n g  a  source o f  
power. Th is  i s  p robab ly  t h e  major  reason 
t h a t  holography has n o t  reached i t s  f u l l  
p o t e n t i a l  i n  any b u t  t h e  most s p e c i a l i z e d  
appl  i c a t i o n s .  Dur ing t h i s  year  we succeeded 
i n  b u i l d i n g  a  small  bat tery-powered r u b y  
l a s e r  s t a r t i n g  w i t h  a  Metz 402 pho tographer ' s  
f l a s h  u n i t .  We a l s o  adapted a  35 mm Pentax 
camera body t o  h o l d  Kodak SO-173 f i l m  on 
which Gabor holograms a r e  recorded.  The 
photograph on F i g u r e  5.5 shows t h e  f l a s h  
u n i t  w i t h  i t s  b a t t e r y  pack, and t h e  Pentax 
camera. 

The l a s e r  c a v i t y  was made froni 20 mm 
I .D., 50 mm long, q u a r t z  t u b i n g  s i l v e r e d  on 

t h e  o u t s i d e  and capped w i t h  f l a t  m i r r o r s .  A  
commercial 2 mm x  50 mm r u b y  rod ,  r e f l e c t i o n  
coated on b o t h  ends, was mounted a long s i d e  
t h e  f lash lamps  near  t h e  c e n t e r  o f  t h e  tube .  
F i g u r e  5.6 shows t h e  components and F i g u r e  
5.7 t h e  completed c a v i t y .  The f l a s h  lamp i s  
t r i g g e r e d  by t h e  camera us ing  a l l  t h e  e x i s t i n g  
c i r c u i t r y  i n  t h e  camera and f l a s h  u n i t .  The 
conipl e t e d  camera ( i n  breadboard fo rm)  i s  
shown i n  F i g u r e  5.8. The aeroso l  o r  t a r g e t  
t o  be recorded  i s  i n t r o d u c e d  between t h e  
camera and l a s e r .  The l a s e r  beam i s ,  o f  
course, expanded t o  f i l l  t h e  a p e r t u r e  o f  t h e  
camera. ?iote a1 so t h e  narrow band f i  1  t e r  i n  
p lace  o f  a  l e n s  i n  t h e  camera. T h i s  f i l t e r  
b locks  o u t  a l l  t h e  ambient l i g h t  so t h a t  t h e  
camera can be used i n  f u l l  s u n l i g h t .  

Measurements i n d i c a t e  t h a t  f u l l  o u t p u t  o f  
t h e  l a s e r  i s  12-15 m i l l i - J o u l e s ,  enough t o  
overexpose t h e  f i l m .  We have, t h e r e f o r e ,  
m o d i f i e d  t h e  f l a s h  u n i t  t o  shor ten  t h e  
l e n g t h  o f  t h e  p u l s e  t o  p r o v i d e  optimum 
exposure. T h i s  was done by u t i l i z i n g  an 
e x i s t i n g  c i r c u i t  i n  t h e  u n i t .  F i g u r e  5.9 i s  
an example of t h e  image o f  two water  d r o p l e t s  
(about  100 i n  a  c l o u d  o f  spray, taken 
wi  t h  t h i s  camera. 

Concl us ions  

We have succeeded i n  b u i l d i n g  a  l i g h t  
p o r t a b l e  r u b y  l a s e r  a t  v e r y  low c o s t .  T h i s  
l a s e r  i s  adequate f o r  o b t a i n i n g  holograms o f  
s low moving aeroso l  c louds  and p a r t i c l e s  (1  
mm/sec). For f a s t e r  mot ion,  we w i l l  need t o  
b u i l d  a  Q - s w i t c h  t o  s h o r t e n  t h e  p u l s e  f rom 
i t s  c u r r e n t  1-2 msec. T h i s  w i l l  be done 
w i t h  t h e  same goal o f  simp1 i c i t y  and 
p o r t a b i  1  i t y  . 



FIGURE 5.5. Flash Unit with Battery Pack and Pentax 
Camera for Use in Ruby Laser System 



FIGURE 5.6. The Components for the Ruby Laser 
Cavity 



FIGURE 5.7. The Completed Ruby Laser Cavity 



FIGURE 5.8. The Completed Camera System for 
Ruby Laser Holography Use 



FIGURE 5.9. A Ruby Laser Image of Two Water 
Droplets (about 100 prn) in a Cloud of Spray 
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