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ABSTRACT 

Pulse  he igh t  s p e c t r a  obtained i n  t h e  f i e l d  us ing  a 
l a r g e  NaI(T1) c r y s t a l  can be analyzed by r e l a t i v e l y  un- 
s o p h i s t i c a t e d  methods t o  determine a c c u r a t e l y  t o t a l  
environmental  y-ray dose r a t e s ,  as w e l l  as t h e  i n d i v i d u a l  
dose r a t e  c o n t r i b u t i o n s  from fro, t h e  U 2 3 8  series, t h e  
Th232 series, and t h e  p r i n c i p a l  y-ray e m i t t i n g  f i s s i o n  
products .  The c a l i h r a t i o n  of a 5-in.  by 3 - in .  d e t e c t o r  
i s  descr ibed  i n  d e t a i l ,  and t h e  a p p l i c a b i l i t y  and l i m i t a -  
t i o n s  of t h e  s p e c t r a l  a n a l y s i s  methods a r e  examined. 
Severa l  problems a s s o c i a t e d  with f i e l d  measurements a r e  
d iscussed ,  i n  p a r t i c u l a r  t h e  e f f e c t s  of radon migra t ion  
from t h e  s o i l ,  s o i l  moisture,  and n a t u r a l  f a l l o u t .  
Evidence i s  presented  t o  demonstrate t h e  v a l i d i t y  and 
u t i l i t y  of dos ime t r i c  and r e l a t e d  information obtained 
from f i e l d  s p e c t r a  analyzed by t h e s e  methods. 
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I. INTRODUCTION 

Es t imates  of long-term exposure t o  environmental  r a d i -  
a t i o n  r e q u i r e  d e t a i l e d  information on t h e  p r o p e r t i e s  of t h e  
environmental  r a d i a t i o n  f i e l d  i n  a r e a s  of human h a b i t a t i o n  
and a c t i v i t y .  I n  t h e  p a s t ,  t h e  Health and S a f e t y  Laboratory 
(HASL) has  r e l i e d  on s e n s i t i v e  i o n i z a t i o n  chamber measure- 

men t s  f o r  determining t o t a l  dose r a t e s ' f r o m  t h e  more pene- 
t r a t i n g  components, p r i m a r i l y  y-rays from t e r r e s t r i a l  sources  
and t h e  h igh  energy secondar ies  produced i n  t h e  atmosphere 
by cosmic radiation'," The s i g n i f i c a n t  c o n t r i b u t i o n  i n  
recent y e a r s  from y-ray e m i t t i n g  f a l l o u t  t o  t h i s  t o t a l  dose 
r a t e  has  n e c e s s i t a t e d  t h e  development of techniques  f o r  
determining t h e  i n d i v i d u a l  dose r a t e  c o n t r i b u t i o n s  of t h e  
va r ious  important n a t u r a l  and f a l l o u t  y emitters.  Pulse  
h e i g h t  s p e c t r a  obtained by u s  a t  over 200 d i f f e r e n t  l o c a t i o n s  
i n  t h e  United S t a t e s ,  supplemented by p r e c i s e  measurements 
of t o t a l  t e r r e s t r i a l  y-ray and cosmic r ay  dose r a t e s  with 
h igh  p r e s s u r e  i o n i z a t i o n  chambers, have allowed important 
conclus ions  on t h e  s t r u c t u r e  of environmental  r a d i a t i o n  
f i e l d s  and t h e  in f luence  of f a l l o u t  t o  be madeL7. I n  t h i s  
report we describe t h e  techniques  developed t o  a l low 
reasonably p r e c i s e  and accu ra t e  e s t i m a t e s  of t h e  dose r a t e  
c o n t r i b u t i o n s  from the  y-rays of I@* and the daughters  of 
U238 and Th232 
Cs137, and Rh106 t o  be obta ined  from such f i e l d  s p e c t r a .  
W e  d i s c u s s  i n  d e t a i l  t h e  equipment, c a l i b r a t i o n  procedures ,  
and techniques  used t o  analyze t h e  s p e c t r a ,  p r e s e n t  ev i -  
dence t o  s u b s t a n t i a t e  t h e  v a l i d i t y  of t h e  dose r a t e  
e s t ima tes ,  and examine s e v e r a l  problems a s s o c i a t e d  with f i e l d  
measurements, i n  p a r t i c u l a r  t h e  e f f e c t s  of radon migra t ion  
from t h e  soil, s o i l  moisture ,  and n a t u r a l  f a l l o u t .  

a s  w e l l  as from t h e  y-rays of ~ r 9 5 ,  Nbg5 ,  

- 1 -  



11. INSTRUMENTATION 

Sp ec t r ome t er 

The d e t e c t o r  we u s e  i s  a 3" high by 5" diameter  NaI(T1) 
c r y s t a l  sh i e lded  only by a t h i n  aluminum con ta ine r .  A 
c r y s t a l  t h i s  l a r g e  i s  necessary t o  provide  prominent t o t a l  
absorp t ion  peaks.  The c r y s t a l  i s  coupled t o  a 5" photo- 
m u l t i p l i e r  tube .  The pho tomul t ip l i e r  h igh  vo l t age  i s  suppl ied  
by a 1100 v o l t  Nuclear Data b a t t e r y  pack. The d e t e c t o r  
assembly i s  shown i n  Figure 1. 

The c r y s t a l  assembly i s  mounted on a small  wooden t r i p o d  
1 meter above t h e  ground i n  t h e  c e n t e r  of t h e  a r e a  t o  be 
surveyed (usua l ly  a l a rge ,  f l a t ,  g ra s sy  a rea  a t  l e a s t  30 f e e t  
i n  d iameter )  with t h e  p l ane  su r face  f ac ing  downward through 
a ho le  i n  t h e  p l a t f o r m  of t h e  t r i p o d .  The pho tomul t ip l i e r  
tube  i s  connected t o  a multi-channel p u l s e  he igh t  ana lyzer  
by a 50 foo t  c o a x i a l  cab le .  The read-out system c o n s i s t s  
of both an IE3M t ypewr i t e r  and a Ta l ly  paper  t a p e  punch. 
The e n t i r e  system i s  mounted i n  t h e  HASL Corvan veh ic l e ,  
and power t o  ope ra t e  t h e  e l e c t r o n i c  equipment i s  suppl ied  
by t h e  c a r  b a t t e r y  through a 1 2  v o l t  DC t o  115 v o l t  AC 
conve r t e r .  The conve r t e r  is  a Car t e r  300 wat t  r o t a r y  i n v e r t e r  
and i s  s u f f i c i e n t  t o  power both t h e  ana lyzer  and typewr i t e r .  
The spectrometer  and a high p res su re  i o n i z a t i o n  chamber a r e  
shown set  up a t  a t y p i c a l  l o c a t i o n  i n  Figure 2.  

I on iza t ion  chambers 

Our s tandard  i n s t r u m e n t s  f o r  measuring t o t a l  dose r a t e s  
from p e n e t r a t i n g  r a d i a t i o n s  a r e  two 8 - l i t e r  i o n i z a t i o n  
chambers f i l l e d  t o  625 p s i  with pure  argon gas.  Compared 
with p r e v i o u s l y - u t i l i z e d  unpressur ized  2 0 - l i t e r  a i r  chambers2, 
t h e s e  chambers provide  much l a r g e r  i o n i z a t i o n  c u r r e n t s  p e r  
u n i t  dose r a t e  and g r e a t e r  r e l i a b i l i t y  under t h e  stress of 
f i e l d  surveys,  a t  t h e  s a c r i f i c e  of easy i n t e r p r e t a b i l i t y  of 
measurements i n  t e r m s  of a i r  dose r a t e s .  These l /&inch  
s t ee l -wa l l ed  p res su r i zed  chambers are completely po r t ab le ,  
with ba t t e ry -ope ra t ed  e l ec t rome te r s  mounted d i r e c t l y  above 
t h e  chambers themselves.  Carefu l  c a l i b r a t i o n s  of t h e s e  
chambers have been c a r r i e d  out  f o r  cosmic rays' and f o r  
y-rays of va r ious  ene rg ie s" .  

- 2 -  



Operation of spectrometer  

The ga in  of t h e  p u l s e  he igh t  analyzer  i s  ad jus t ed  t o  
provide  a spectrum ranging from 0 t o  about 3 . 5  MeV. Data 
i s  then  accumulated for  twenty minutes l i v e  t i m e .  This 
l eng th  of t i m e  has  been found t o  provide  s u f f i c i e n t l y  de- 
t a i l e d  s p e c t r a  f o r  our purposes.  Two t y p i c a l  s p e c t r a  are 
shown i n  F igure  3 .  The d a t a  can be read  out  on punched 
tape as w e l l  as by typewr i t e r  and t h i s  t a p e  i s  read  d i r e c t l y  
i n t o  an IBM 1620 computer f o r  p a r t  of t h e  a n a l y s i s .  

Two of our s p e c t r a l  a n a l y s i s  methods r e q u i r e  a determi- 
n a t i o n  of t h e  mean energy corresponding t o  each analyzer  
channel.  Pulse  he igh t  analyzer  systems a r e  of course  f a i r l y  
s e n s i t i v e  t o  environmental  cond i t ions  which f r e q u e n t l y  w i l l  
cause ga in  and z e r o  v a r i a t i o n s .  These cond i t ions  can be 
c a r e f u l l y  c o n t r o l l e d  i n  t h e  l abora to ry ,  b u t  i n  t h e  f i e l d  
gradual  changes i n  t h e  ga in  and ze ro  of t h e  analyzer  
system are unavoidable.  However, such changes have not  been  
severe  over t h e  course  of any p a r t i c u l a r  twenty minute d a t a  
accumulation per iod ,  and thus  t h e  ze ro  and energy c a l i b r a t i o n  
f o r  each spectrum could u s u a l l y  be obtained from t h e  spectrum 
i t s e l f .  The prominent 0 .75  MeV ( ~ r 9 5 - ~ b 9 5 )  and 1.46 MeV 
(fro) peaks p r e s e n t  i n  n e a r l y  a l l  t h e  s p e c t r a  allowed f a i r l y  

p r e c i s e  de te rmina t ions  of t h e s e  parameters .  When cons idered  
necessary,  a weak N a 2 2  source (0.51 MeV, 1 . 2 8  MeV) was 
analyzed bo th  b e f o r e  and a f t e r  t h e  a c t u a l  d a t a  run as a 
f u r t h e r  check on t h e  ga in  and z e r o  of t h e  system. 

A 

- 3 -  



111. SPECTROMETRIC DETERMINATION OF TOTAL 
TERRESTRIAL y-RAY DOSE RATE 

F i e l d  c a l i b r a t i o n  of spectrum "energy" 

W e  have found t h a t  t h e  t o t a l  "energy" ( t h e  sum over t h e  
corresponding channel range of t h e  counts  p e r  channel mult i -  
p l i e d  by t h e  mean y-ray energy corresponding t o  t h a t  channel)  
i n  t h e  spectrum from 0.15 MeV t o  3 . 4  MeV i s  a q u a n t i t y  c l o s e l y  
propor t iona l  t o  the  t o t a l  y-way dose r a t e  from t e r r e s t r i a l  
sources ,  as determined from t h e  i o n i z a t i o n  chamber terrestr ia l  
dose ra tes  f o r  a number of l o c a t i o n s  surveyed i n  Apr i l ,  1963 
(Figure 4 ) .  Although t h e s e  l o c a t i o n s  w e r e  a t  roughly t h e  
same a l t i t u d e ,  t h e  r a t i o  of t h e  f a l l o u t  dose ra te  t o  t h e  
t o t a l  dose r a t e  v a r i e d  cons iderably  f r o m  l o c a t i o n  t o  l o c a t i o n  
with no apparent e f f ec t .  The slope of the  l i n e  indicates a 
conversion fac tor  of 44.2 BeV/pr/hr. 

In  a d d i t i o n  t o  t h e  Apr i l ,  1963, survey data  (Figure 4 ) ,  
p l o t s  of spectrum "energy" versus  ion  chamber t e r r e s t r i a l  
dose r a t e  fo r  over 100 o t h e r  measurements i n  t h e  western,  
c e n t r a l ,  and no r theas t e rn  U. S. e x h i b i t e d  l i n e a r  c o r r e l a t i o n s  
q u i t e  as good as t h a t  of F igure  4,  and with t h e  same s l o p e  
(+5%). Since t h e s e  measurements encompassed a w i d e  range 
of a l t i t u d e s  ( i . e . ,  cosmic r a y  l e v e l s ) ,  f a l l o u t  l e v e l s ,  and 
n a t u r a l  y-ray l e v e l s ,  it i s  ev ident  t h a t  t h e  spectrometer 
can be used t o  o b t a i n  p r e c i s e  va lues  f o r  t o t a l  t e r r e s t r i a l  
y-ray dose ra tes  i n  most s i t u a t i o n s  l i k e l y  t o  be encountered 
i n  t h e  f i e l d .  

Laboratory c a l i b r a t i o n  of spectrum " e n e r e  

An at tempt  has  been made i n  t h e  l a b o r a t o r y  t o  ca l ibra te  
d i r e c t l y  t h e  s ectrum "energy" f o r  t o t a l  a i r  dose ra te  with 
a s tandard  R a  236 source'. 
"energy" ve r sus  Ra226 dose r a t e  i n  a i r  and demonstrates t h e  
l i n e a r i t y  of t h e  response from 4 t o  30 pr/hr.  
of t h i s  l i n e  i s  54.0 BeV/pr/hr. This experiment w a s  
c a r r i e d  out ,  however, with t h e  source p laced  along t h e  
symmetry a x i s  of t h e  c r y s t a l .  A s i m i l a r  experiment w a s  done 
with t h e  source p laced  a t  va r ious  angles  t o  t h e  symmetry 
a x i s  of t h e  c r  s t a l  t o  determine t h e  c r y s t a l  "energy" 
response t o  Ra y26  y-rays as a func t ion  of angle (Figure 6 ) .  

F igure  5 i s  a p l o t  of spectrum 

The s lope  
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I n  t h e  f i e l d  s i t u a t i o n ,  t h e  y-rays a r e  e n t e r i n g  t h e  c r y s t a l  
from a l l  angles ,  of course,  although p r i m a r i l y  from t h e  
ground ha l f - space .  A s  i s  w e l l  known, a c a l c u l a t i o n  of t h e  
v e c t o r  f l u x  of photons above an i n t e r f a c e  f o r  even a s i n g l e  
monoenergetic source d i s t r i b u t e d  uniformly i n  slab geometry 
i s  an extremely d i f f i c u l t  problem. The angular  d i s t r i b u t i o n  
expected from primary photons f o r  an i n f i n i t e  ha l f - space  
geometry can be e a s i l y  c a l c u l a t e d  (see Equation 5, p .  14). 
This d i s t r i b u t i o n  v a r i e s  only s l i g h t l y  with energy (Figure 7 ) ,  
and i n d i c a t e s  t h a t  most of t h e  primary photons enter t h e  
c r y s t a l  a t  f a i r l y  l a r g e  angles  with r e s p e c t  t o  i t s  a x i s .  
W e  would not  expect  t h e  s c a t t e r e d  angular  d i s t r i b u t i o n  t o  
be very  d i f f e r e n t  although t h e  peak of t h e  d i s t r i b u t i o n  
would probably be s h i f t e d  t o  an even l a r g e r  angle.  
F igures  6 and 7 i n d i c a t e  t h a t  t h e  angular  c o r r e c t i o n  f a c t o r  
of 0 . 8 2  which i s  r equ i r ed  t o  r e c o n c i l e  t h e  f i e l d  c a l i b r a t i o n  
f a c t o r  of 44 .2  with t h e  l a b o r a t o r y  c a l i b r a t i o n  f a c t o r  of 
54 .0  i s  q u i t e  reasonable .  

Analysis  and d i s c u s s i o n  

The apparent l i n e a r  r e l a t i o n s h i p  between t h e  spectrum 
"energy" (which i s  e s s e n t i a l l y  p r o p o r t i o n a l  t o  t h e  photo- 
m u l t i p l i e r  l i g h t  output  f o r  t h i s  energy r eg ion )  and t h e  
a c t u a l  a i r  dose r a t e ,  and t h e  cons i s t ency  of t h e  radium 
c a l i b r a t i o n  with t h e  f i e l d  c a l i b r a t i o n ,  a r e  reasonable  
based on t h e  fol lowing c o n s i d e r a t i o n s :  

1. 

2. 

The w e l l  known non-a i r l i ke  response of N a I  a t  t he  l o w e r  
e n e r g i e s  i s  much less seve re  i n  a d e t e c t o r  of t h e  s i z e  
used by u s  due t o  t h e  increased  r e l a t i v e  e f f i c i e n c y  f o r  
h igh  energy events .  This i s  i l l u s t r a t e d  by Figure  8 
which shows t h e  r a t i o  of l i g h t  ou tput  t o  a i r  dose r a t e  
a s  a func t ion  of i n c i d e n t  y-ray energy f o r  N a I  c r y s t a l s  
of t h i cknesses  1 cm and 1 0  c m .  

The low energy c u t o f f  (0.15 MeV) i nc ludes  t h e  energy 
range where most of t h e  a i r  dose i s  con t r ibu ted ,  b u t  
no t  t h e  reg ion  where t h e  NaI response d e v i a t e s  most 
s t r o n g l y  from t h a t  of a i r .  The dose r a t e  c o n t r i b u t i o n  
from t h e  cerium i s o t o p e s  ( T a b l e  I) i s  neglec ted .  This 
i s  g e n e r a l l y  on t h e  order  of a few t e n t h s  of a p / h r  
f o r  t y p i c a l  f a l l o u t  levels: '  and probably p a r t i a l l y  

? accounts f o r  t h e  small  i n t e r c e p t  of Figure 4 .  Most of 
t h e  n a t u r a l  dose r a t e  i s  c o n t r i b u t e d  by y-rays i n  t h e  
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3 .  

4. 

5 .  

6. 

energy reg ion  where t h e  NaI/air  r e l a t i v e  response i s  
f a i r l y  cons t an t .  For t y p i c a l  n a t u r a l  r a d i a t i o n  f i e l d s  
only about 25% of t h e  dose r a t e  i s  d e l i v e r e d  by photons 
of energy less than  0 . 3  MeV, while only about 5% i s  
d e l i v e r e d  by photons of energy above 2 . 5  MeV (Figure 9 
and r e fe rence  1 0 ) .  

The l a b o r a t o r y  radium i n t e g r a l  dose r a t e  d i s t r i b u t i o n  
i s  very  s i m i l a r  t o  t h a t  r e s u l t i n g  from n a t u r a l  sources  

2 2 6  i n  t h e  f i e l d  ( see  Figure 9 ) .  This i s  t r u e  s i n c e  Ra 
and i t s  daughters  account f o r  an apprec iab le  p ropor t ion  
(approximately 20%3)  of t h e  t e r r e s t r i a l  y-ray dose r a t e  
i n  a t y p i c a l  s i t u a t i o n ,  and t h e  thorium s e r i e s ,  another  
major c o n t r i b u t o r ,  has  about t h e  same average photon 
energy and a s i m i l a r  energy d i s t r i b u t i o n .  The increased  
number of lower energy s c a t t e r e d  photons i n  t h e  f i e l d  
i s  p a r t i a l l y  compensated f o r  by t h e  ha rde r  I 8 O  spectrum. 

The photon energy s p e c t r a  encountered i n  t h e  f i e l d  vary 
over a l i m i t e d  range. Even under t h e  ' b o r s t "  cond i t ions  
i n  t e r m s  of a radium c a l i b r a t i o n ,  t h a t  i s ,  h igh  f a l l o u t  
l e v e l s  with a g r e a t l y  increased  lower energy component, 
no sys temat ic  d e v i a t i o n s  a r e  observed i n  t h e  t o t a l  
"energy" dose r a t e s  when compared t o  t h e  dose r a t e s  
obtained from t h e  ion  chamber. (Such d e v i a t i o n s  a r e  
o f t e n  observed with survey i n s t r u m e n t s  u t i l i z i n g  count- 
r a t e  meters. ) 

The i n t e g r a l  d i s t r i b u t i o n s  of spectrum "energy" a c t u a l l y  
obtained f o r  a t y p i c a l  f i e l d  l o c a t i o n ,  a high f a l l o u t  
l o c a t i o n ,  a low f a l l o u t  l o c a t i o n  and t h e  l a b o r a t o r y  
radium source a r e  shown i n  Figure 10 .  These response 
s p e c t r a  i n d i c a t e  t h a t  i n  a l l  t h e s e  c a s e s  only about 30% 
of t h e  "energy" i s  between t h e  low energy c u t o f f  of t h e  
c r y s t a l  and 0 .4  MeV. Such response s p e c t r a  a r e  s o f t e r  
t han  t h e  a c t u a l  i n c i d e n t  y-ray s p e c t r a  due t o  t h e  
l o s s  of secondary photons from Compton s c a t t e r -  
i n g  events  i n  t h e  c r y s t a l .  Hence, t h e  f r a c t i o n  of t h e  
dose r a t e  con t r ibu ted  by y-rays i n  t h e  energy reg ion  
where t h e  r e l a t i v e  response curve of Figure 8 v a r i e s  
even moderately from u n i t y  i s  probably less than  30%. 

Although t h e  a d d i t i o n  of f a l l o u t  does s o f t e n  t h e  spectrum 
cons iderably ,  most of t h e  dose r a t e  from f a l l o u t  i s  
c o n t r i b u t e d  by primary y-rays, r a t h e r  than  y-rays which 
a r e  s c a t t e r e d  i n  t h e  grourd. This  i s  t r u e  because t h e  
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f a l l o u t  i s  u s u a l l y  d i s t r i b u t e d  closer t o  t h e  s u r f a c e  of 
t h e  ground, r e s u l t i n g  i n  a l a r g e r  r a t i o  of primary t o  
t o t a l  dose r a t e  t han  would be obta ined  from a uniformly 
d i s t r i b u t e d  source  of t h e  same energy. Since most of 
t h e  f a l l o u t  dose r a t e  i n  our measurements was con t r ibu ted  
by Zr95-Nb95 (0 .75  M e V ) ,  t h e  major y-ray c o n t r i b u t i o n  
w a s  s t i l l  'in t h e  reg ion  where t h e  NaI-air r e l a t i v e  
response i s  c l o s e  t o  u n i t y .  
r e l a t i v e  c o n t r i b u t i o n  of f a l l o u t  does, however, produce 
s p e c t r a  q u i t e  a b i t  s o f t e r  t han  t h a t  of t h e  l a b o r a t o r y  
radium source (Figure 10 ,  Curve D ) .  It i s  q u i t e  c l e a r ,  
t h e r e f o r e ,  t h a t  t h e  use  of a radium c a l i b r a t i o n  of t h e  
count  r a t e  r a t h e r  t han  t h e  t o t a l  spectrum "energy" from 
a N a I  d e t e c t o r  would then  r e s u l t  i n  a l a r g e  overes t imate  
i n  t h e  dose r a t e  due t o  t h e  p r o p o r t i o n a l l y  l a r g e r  
number of lower energy photons f o r  t h e  same dose r a t e .  

A large i n c r e a s e  i n  or h igh  

7 .  The h igh  energy c u t o f f  a t  3 . 4  MeV inc ludes  e s s e n t i a l l y  
a l l  even t s  due t o  t e r res t r ia l  y-ray i n t e r a c t i o n s  i n  
t h e  c r y s t a l  and r ende r s  n e g l i g i b l e  t h e  energy cont r ib-  
u t i o n  of cosmic r a d i a t i o n .  W e  es t imate  t h a t  t h e  sea 
l e v e l  cosmic r a y  c o n t r i b u t i o n  t o  t h e  spectrum "energy" 
i s  equ iva len t  t o  a y response of 0 . 2  pr /hr .  
estimate i s  based on a spectrum obta ined  a t  an a sbes tos  
mine near Copperopolis, C a l i f . ,  where t h e  unusua l ly  l o w  
n a t u r a l  r a d i o a c t i v i t y  of t h e  s e r p e n t i n e  bedrock i t s e l f  
r e s u l t e d  i n  a t e r r e s t r i a l  y-dose r a t e  of only about 
0 . 5  Lr/hr6.  This spectrum i s  shown i n  F igure  11. The 
dashed l i n e  i s  a log-log e x t r a p o l a t i o n  back f r o m  t h e  
h igh  energy p o r t i o n  of t h e  spectrum and t h e  i n t e g r a t e d  
a r e a  under t h e  dashed curve  i s  9 .5  BeV/20 MIN. The 
a l t i t u d e  of t h i s  l o c a t i o n  w a s  700 f e e t .  This n e a r l y  
n e g l i g i b l e  cosmic r a y  response f o r  t h e  encrgy reg ion  i n  
ques t i??  i s  c o n s i s t e n t  with t h e  r e s u l t s  of Gustafson 
et. a l .  

This 

-- 

C a l c u l a t i o n  of t o t a l  dose ra te  

The t o t a l  terrestr ia l  dose r a t e  a t  each survey l o c a t i o n  
w a s  t h u s  obta ined  from t h e  f i e l d  s p e c t r a  by summing t h e  
counts  p e r  channel  m u l t i p l i e d  by t h e  mean y-ray energy 
r ep resen ted  by t h a t  channel from 0.15 MeV t o  3 . 4  MeV, 
s u b t r a c t i n g  t h e  s m a l l  cosmic r a y  c o n t r i b u t i o n  and d i v i d i n g  
t h e  remainder by t h e  semi-empirically obtained conversion 
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f a c t o r  of 44.2  BeV/ur/hr. This r e s u l t  was then  compared 
with t h e  t e r r e s t r i a l  y-ray dose r a t e  p r e d i c t e d  by t h e  
ion iza t ion  chamber t o  ob ta in  a "bes t  va lue"  f o r  each 
loca t ion .  
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I V .  SPECTROMETRIC DETERMINATION O F  COMPONENT DOSE RATE 
CONTRIBUTIONS - PEAK METHOD 

Basic theo ry  

The t h r e e  major n a t u r a l l y  occurring c o n t r i b u t o r s  t o  t h e  
t o t a l  t e r r e s t r i a l  dose r a t e  a r e  flu and t h e  U 2 3 8  and T h 2 3 2  
series. I n  add i t ion  t o  t h e s e  n a t u r a l  emitters t h e r e  a r e  
s e v e r a l  prominent y-emit t ing r ad io i so topes  depos i ted  i n  t h e  
upper l a y e r s  of t h e  s o i l  by d e b r i s  from nuclear  weapons 
t e s t s  (see T a b l e  1) .  Each of t h e s e  e m i t t e r s  o r  series of 
emit ters  may be c h a r a c t e r i z e d  by a s i n g l e  t o t a l  absorp t ion  
peak i n  our f i e l d  s p e c t r a  i f  t h e  assumption of equ i l ib r ium 
among a l l  t h e  major gamma-emitting daughters  i n  a given 
series i s  v a l i d .  
by t h e  1 .76  MeV peak of B i 2 I 4 ,  and t h i s  peak a r e a  is  an 
i n d i c a t i o n  of t h e  U238 daughter  a c t i v i t y  i n  t h e  s o i l  and 
t h e r e f o r e  a l s o  t h e  r e s u l t a n t '  dose r a t e  c o n t r i b u t i o n  from t h e  
U238 series of y-ray emitters.  W e  have t h u s  chosen t h e  
fo l lowing  prominent photopeaks of our f i e l d  s p e c t r a  t o  
r e p r e s e n t  each of t h e  major c o n t r i b u t o r s  t o  t h e  t o t a l  
t e r r e s t r i a l  dose r a t e ;  2.62 MeV, Th232 series; 1 . 4 6  MeV, 
fl0; 1 . 7 6  MeV, U238 series; 0.75 MeV, ~ r 9 5 - ~ b 9 5 ;  0 .51  MeV, 

Thus t h e  U238 series may be r ep resen ted  

Ru106-Rh106, Ru103-Rh103, Ba140-La140. 

The dose r a t e  c o n t r i b u t i o n  from each of these c o n t r i b -  
u t o r s  may then  be es t imated  us ing  t h e  formula 

where NF i s  t h e  es t imated  number of counts  under t h e  
r e p r e s e n t a t i v e  t o t a l  absorp t ion  peak of t h e  f i e l d  s p e c t r a ,  
I i s  t h e  dose r a t e  i n  yr /hr ,  (No /@)  i s  t h e  number of counts  
ob ta ined  i n  t h e  peak p e r  u n i t  primary f l u x  i n c i d e n t  a long 
t h e  c r y s t a l  a x i s ,  ( N F / N ~ )  i s  t h e  r a t i o  of peak counts  i n  
t h e  f i e l d  spectrum t o  t h e  coun t s  which would be obtained 
i f  t h e  f l u x  were i n c i d e n t  along t h e  c r y s t a l  a x i s ,  and 
(@/I)  i s  t h e  primary f l u x  expected p e r  u n i t  dose r a t e .  
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Each of t h e  f a c t o r s  i n  t h i s  equat ion  can be determined f o r  
any c r y s t a l  by a combinatim of experiment and theo ry  f o r  
each of t h e  emitters under d i scuss ion ,  and t h e  product  ( N F / I )  
i s  then  d iv ided  i n t o  t h e  es t imated  peak a r e a  t o  o b t a i n  t h e  
dose r a t e  I. 

Estimate of peak a r e a  

Due t o  t h e  i n i t i a l  complexity of t h e  primary y-ray 
spectrum p l u s  i t s  subsequent degrada t ion  by s c a t t e r i n g  
events  i n  t h e  source medium it i s  not  easy  t o  determine t h e  
t r u e  a r e a  of any given t o t a l  absorp t ion  peak i n  t h e  f i e l d  
s p e c t r a ,  i . e . ,  t h e  t o t a l  counts  under t h e  peak. This i s  
e s p e c i a l l y  t r u e  of a peak such a s  t h a t  a t  1 .76  MeV ( B i 2 1 4 ) ,  
which l i e s  on t h e  s ide of t h e  much l a r g e r  1 .46  MeV (@o) 
photopeak and is  normally b a r e l y  d i s t i n g u i s h a b l e  f r o m  t h e  
continuum. W e  t h u s  decided t o  u s e  a s  a f i r s t  e s t i m a t e  t h e  
a r e a  obta ined  by r e p r e s e n t i n g  t h e  continuum under t h e  peak 
by a s t r a i g h t  l i n e  on semi-log paper  as  shown i n  F igure  1 2 .  
The es t imated  a r e a  f o r  each peak i s  taken  t o  be t h e  counts  
i n  t h e  reg ions  shown i n  t h e  f i g u r e .  These a r e a s  a r e  
assumed t o  be p r o p o r t i o n a l  t o  t h e  t r u e  peak a r e a s .  (The 
choices  of t h e  p a r t i c u l a r  reg ions  shown i n  F igure  1 2  w e r e  
a r r i v e d  a t  p r i m a r i l y  by t r i a l  and e r r o r  p rocedures ) .  This 
method minimizes t h e  e f f e c t s  of ga in  v a r i a t i o n  i n  t h e  
d e t e c t o r  system dur ing  and between measurements and probably 
only s l i g h t l y  underes t imates  t h e  a c t u a l  peak a rea .  The 
method is  of course  not  very  p r e c i s e ,  bu t  a s  i s  shown l a t e r  
works very  w e l l .  One of t h e  primary reasons f o r  i t s  success  
i s  t h a t  t h e  continuum upon which t h e  photopeaks a r e  r e s t i n g  
changes shape r e l a t i v e l y  l i t t l e  from l o c a t i o n  t o  l o c a t i o n .  
This appears t o  be t r u e  over t h e  range of concen t r a t ions  
found f o r  t h e  major emitters.  I n  add i t ion ,  t h e  l a r g e  
number of counts  p e r  u n i t  dose r a t e  i n  t h e  1 .46  MeV peak 
minimizes t h e  impact of s l i g h t  continuum v a r i a t i o n s  on t h e  
K40 dose r a t e  e s t ima te .  
~ r 9 5 - ~ b 9 5  peak. The 2 . 6 2  T1208 peak i s  u s u a l l y  unaf fec ted  
by o t h e r  emitters and e r r o r s  he re  a r e  due more t o  poor 
s t a t i s t i c s  and d i f f i c u l t i e s  i n  determining t h e  continuum 
i n  a reproducib le  manner. 
one most a f f e c t e d  by changes i n  o t h e r  i so tope  a c t i v i t i e s  
and t h u s  t h e  U 2 3 8  c o n t r i b u t i o n  i s  t h e  l e a s t  a c c u r a t e l y  
determined by t h i s  method. 

This i s  a l s o  t r u e  f o r  t h e  0 .75  MeV 

The B i 2 I 4  peak a t  1 . 7 6  MeV i s  t h e  
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Since  our es t imated  peak a r e a  i s  only some p ropor t ion  
(hopefu l ly  c o n s t a n t )  of t h e  a c t u a l  a r e a  of t h e  peak, t h e  
l a b o r a t o r y  c a l i b r a t i o n s  necessary t o  ob ta in  t h e  f i r s t  f a c t o r  
i n  Equation (1) m u s t  at tempt t o  s imula te  t h e  f i e l d  s i t u a t i o n  
i n  order t o  r e l a t e  approximately the same proport ion of peak 
a r e a  t o  i n c i d e n t  f l u x .  This was accomplished by u t i l i z i n g  
t h e  l a b o r a t o r y  background spectrum whose continuum i s  q u i t e  
s i m i l a r  t o  t h a t  obtained i n  t y p i c a l  f i e l d  s i t u a t i o n s .  

Determination of (No/@) 

The f a c t o r  (No/+) i n  Equation (1) can be obtained i n  
t h e  l a b o r a t o r y  f o r  t h e  t o t a l  absorp t ion  peaks c h a r a c t e r i s t i c  
of each of t h e  major dose r a t e  c o n t r i b u t o r s  through t h e  u s e  
of s u i t a b l e  y-ray c a l i b r a t i o n  sources  of known output .  
Table I1 l i s t s  t h e  sources  used i n  determining t h e  response 
of our  c r y s t a l  as w e l l  a s  t h e i r  h a l f - l i v e s  and p r i n c i p a l  
y-ray ene rg ie s .  

For each of t h e  sources  l i s t e d  i n  T a b l e  I1 t h e  fol lowing 
experiment was c a r r i e d  out .  The source was p laced  along t h e  
symmetry a x i s  of t h e  r i g h t  c i r c u l a r  c y l i n d r i c a l  c r y s t a l  and 
t h e  d i s t a n c e  R from t h e  center of t h e  c r y s t a l  t o  t h e  source 
was v a r i e d  t o  ob ta in  d i f f e r e n t  va lues  of i n c i d e n t  f l u x  
(y '  s/cm2-sec). 
chosen t o  provide  a range of peak a r e a s  comparable t o  most 
of t h e  peak a r e a s  in the field'spectra for this particular 
energy reg ion .  I n  a l l  c a s e s  R was g r e a t e r  t han  2 meters so  
t h a t  t h e  y-rays w e r e  e s s e n t i a l l y  inc iden t  p a r a x i a l l y  upon 
t h e  c r y s t a l  f ace .  A l l  measurements were taken  without 
s u b t r a c t i n g  background t o  provide,  as  p rev ious ly  mentioned, 
a f i e l d - l i k e  continuum. I n  t h e  case  where a peak was a l ready  
p r e s e n t  i n  t h e  l a b o r a t o r y  spectrum, a s  with t h e  t h r e e  n a t u r a l  
e m i t t e r s ,  t h e  background l a b  peak set  a lower l i m i t  on t h e  
range of peak a reas .  The es t imated  peak a reas ,  obtained i n  
t h e  manner d iscussed  i n  t h e  prev ious  s e c t i o n ,  w e r e  then  
p l o t t e d  a g a i n s t  t h e  known f l u x e s  and t h e  s lope  of t h e  b e s t  
s t r a i g h t  l i n e  f i t  t o  these p o i n t s  was taken as(No/@). I n  
a l l  c a s e s  t h e s e  c a l i b r a t i o n  curves  turned  out t o  be q u i t e  
l i n e a r  and t h e  i n t e r c e p t s  w e r e  (as  expected)  approximately 
equal  t o  t h e  es t imated  peak counts  f o r  t h e  l a b o r a t o r y  back- 
ground peak (if any) .  F igures  1 3  and 14  a r e  t h e  c a l i b r a t i o n  
curves  f o r  t h e  d2 and Ra224 sources .  

The va lues  of R and source s t r e n g t h  w e r e  

@ 
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The va lues  of (No/@) obtained s e p a r a t e l y  f o r  t h e  0.51, 
0.66, and 0.75 MeV peaks i n  t h e  l a b o r a t o r y  c a l i b r a t i o n  a r e  
not  s t r i c t l y  comparable t o  t h e  f i e l d  s i t u a t i o n  where a l l  
t h r e e  peaks a r e  p r e s e n t  a t  t h e  same t i m e  and over lap .  
However, i n t e r f e r e n c e  experiments c a r r i e d  out us ing  va r ious  
combinations of Sr85, Cs137, and ~ r 9 5 -  N b g 5  demonstrated 
t h a t  t h e  method of e s t i m a t i n g  t h e  0.5 and 0.75 MeV peaks 
shown i n  Figure 1 2  g ives  e s s e n t i a l l y  t h e  same va lue  of 
(No/@) - 

The va lue  of (No/@) for t h e  1 . 7 6  MeV peak ( B i 2 I 4 )  was 
i n f e r r e d  from t h e  r e s u l t s  obtained with t h e  Sb124 (1 .69  MeV) 
source.  The peak a r e a  was es t imated  a s  shown i n  Figure 1 2 ,  
s i n c e  t h  s p a r t i c u l a r  approach provided d a t a  which showed 
t h e  b e s t  c o r r e l a t i o n  t o  Bi2l4 f l u x  both f o r  t h e  f i e l d  s p e c t r a  
(discussed under Energy Band Method) and f o r  t h e  l a b o r a t o r y  
c a l i b r a t i o n  s p e c t r a ,  even though t h i s  i s  obviously a f a i r l y  
l a r g e  underest imate .  I n  t y p i c a l  f i e l d  s p e c t r a  t h i s  es t imated  
a r e a  u s u a l l y  c o n t a i n s  on t h e  order  of 1000 counts  and i s  q u i t e  
s e n s i t i v e  t o  t h e  a n a l y s e r ' s  de te rmina t ion  of t h e  &O peak 
a r e a  and continuum l i n e .  These r e l a t i v e l y  small  peaks, a s  
w i l l  be  shown l a t e r ,  imply r e l a t i v e l y  small  dose r a t e  c o n t r i b -  
u t i o n s  from t h e  U238 series and thus ,  although t h e  percentage  
u n c e r t a i n t y  i n  (No/@) may be l a r g e ,  t h e  a c t u a l  e f f e c t  i n  
t e r m s  of dose r a t e  t u r n s  out  t o  be q u i t e  small .  

I n  o rde r  t o  determine t h e  p ropor t ion  of t h e  a c t u a l  
t o t a l  absorp t ion  peak included i n  our e s t i m a t e  of peak area ,  
a rough t o t a l  absorp t ion  peak e f f i c i e n c y  curve was obtained 
f o r  our 5 "  x 3 "  c r y s t a l  by us ing  t h e  d a t a  determined from 
t h e  monoenergetic p o i n t  source experiments with background 
sub t r ac t ed .  The absorp t ion  peaks were f i t t e d  t o  a gauss ian  
and t h e  r e s u l t i n g  i n t r i n s i c  peak e f f i c i e n c y  (peak c o u n t s / t o t a l  
number of i n c i d e n t s  y ' s ) .  compared with an e f f i c i e n c y  curve 
f o r  a 3 "  x 3 "  c r y s t a l  (Figure 1 5 ) .  

The va lues  obtained f o r  (No/@) a r e  given i n  Table I11 
along with t h e  corresponding t o t a l  peak counts  p e r  u n i t  
f l u x  based on Figure 1 5 .  I n  most ca ses  our peak e s t i m a t e s  
appear t o  be about 80% of t h e  a c t u a l  peak a rea .  
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Determination of ( N p / N n )  

The response of t h e  c r y s t a l  v a r i e s  with t h e  d i r e c t i o n  
of t h e  incoming f l u x  due t o  such f a c t o r s  as vary ing  
absorp t ion  l eng ths ,  l i g h t  c o l l e c t i o n  p r o p e r t i e s ,  and s o l i d  
angles  subtended. 
s e v e r a l  ene rg ie s  by vary ing  t h e  angle  between c a l i b r a t i o n  
source and c r y s t a l  ax is  a t  150 i n t e r v a l s  from 0 t o  90° 
keeping t h e  source a t  a f i xed  d i s t a n c e .  The es t imated  
peak counts  w e r e  then  p l o t t e d  ve r sus  angle  of incidence.  
In  a l l  cases it w a s  found t h a t  t h e  r e s u l t a n t  curve could 
be approximated t o  wi th in  a few pe rcen t  by t h e  equat ion  

This angular  response was determined f o r  

assuming i n f i n i t e  s lab geometry where S i s  t h e  emission r a t e  

c o e f f i c i e n t  i n  c m - 1 ,  h and t h  are t h e  h e i g h t  of t h e  d e t e c t o r  
above t h e  ground i n  u n i t s  of c m  and y-ray mean f r e e  p a t h s ,  

I 
I 

f o r  photons i n  y's/cm3-sec, p t  i s  t h e  t o t a l  absorp t ion  

e 

The q u a n t i t y  ( N F / N ~ )  i s  t h e  r a t i o  of peak counts  
a c t u a l l y  obtained i n  t h e  f i e l d  t o  t h e  number which would 
have been obtained i f  t h e  c r y s t a l  had no angular  response,  
i . e . ,  i f  cosae=l. Thus, 

TI- 

[' % cosa0 de 
J O  (Z) = 4 

where the  i n c i d e n t  primary f l u x  i s  

x = vt ( s o i l )  [r-h sec 8 1  + vt ( a i r )  [h sec e 1 
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r e spec t ive ly ,  and 

The f l u x  as a func t ion  of v e r t i c a l  angle  i s  given by 

Equation (3 )  t h u s  becomes 

The i n t e g r a l  may be eva lua ted  by expanding cos(ag) i n  a 
Maclaurin series i n  t e r m s  of cosg, i . e .  : 

(7 1 ----- C O S ~ ~  + (a-a3) s ina-  2 3 !  

The i n t e g r a l  can then  be eva lua ted  e a s i l y  s i n c e  
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The r e s u l t  f o r  th'O i s  s u f f i c i e n t  s i n c e  f o r  1 meter of a i r  
t h  i s  on t h e  o rde r  of Thus we  ob ta in  

I 

(9) 
2 (>3 = c o s y  + % s i n y  - a 31 c o s y  + (a-a3) 41 s i n y  ---- 

The exper imenta l ly  determined va lues  of a and t h e  c a l c u l a t e d  
va lues  f o r  ( N ~ / N ~ )  f o r  s e v e r a l  y-ray ene rg ie s  a r e  given i n  
T a b l e  111. 

These equat ions  a r e  f o r  uniform source d i s t r i b u t i o n s .  
S imi l a r  c a l c u l a t i o n s  can a l s o  be c a r r i e d  out  f o r  p l ane  o r  
exponent ia l  source d i s t r i b u t i o n s ,  although t h e  a lgeb ra  
becomes q u i t e  complicated.  This was done f o r  t h e  case  of 
t h e  0 . 5  and 0 .75  MeV y-rays and t h e s e  va lues  of (NF/N,) w e r e  
found t o  vary  very  l i t t l e  from t h e  uniform source d i s t r i b u t i o n  
r e s u l t s  (Table 111). 

Determination of (Q/I )  

The f i r s t  two f a c t o r s  i n  Equation (1) depend on t h e  
p a r t i c u l a r  d e t e c t o r  and thus  must  be determined by experiment.  
The r a t i o  of i nc iden t  primary y-ray f l u x  t o  t o t a l  dose r a t e  
(*/I) f o r  a given e m i t t e r  o r  series of emitters i s  independ- 
e n t  of t h e  p a r t i c u l a r  d e t e c t o r  and depends mainly on t h e  
following parameters : source  d i s t r i b u t i o n ,  primary y-ray 
energy, decay schemes of emitters and degree of equ i l ib r ium 
among y-emi t t ing  m e m b e r s  of t h e  U 138 and l 9 - 1 ~ ~ ~  series. A l l  
c a l c u l a t i o n s  a r e  based on an " i n f i n i t e  ha l f - space"  geometry 
and t h e r e f o r e  a l l  r e s u l t s  a r e  s t r i c t l y  app l i cab le  only t o  
s p e c t r a  obta ined  <a t  l o c a t i o n s  approximating t h i s  s i t u a t i o n .  
S ince  t h e  c r y s t a l  "sees" a f a i r l y  l a r g e  a r e a  t h e  survey 
s i t e  may vary  q u i t e  s u b s t a n t i a l l y  from t h e  i d e a l  geometry 
without a f f e c t i n g  t h e  r e s u l t s  s i g n i f i c a n t l y .  The d i f f e r i n g  
source d i s t r i b u t i o n s  f o r  n a t u r a l  and f a l l o u t  emitters l ead  
u s  t o  cons ide r  each case  sepa ra t e ly .  

a.  Natural  E m i t t e r s  

The t h r e e  major n a t u r a l  emitters a r e  assumed t o  be  
@ d i s t r i b u t e d  uniformly i n  t h e  s o i l  and t h e  va r ious  members 
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of t h e  U238 series and Th232 series a r e  assumed t o  be i n  
equi l ibr ium.  The 1 . 7 6  MeV, 2 . 6 2  MeV, and 1 . 4 6  MeV primary 
y-f luxes a t  1 meter above t h e  ground p e r  1 ppm U238, 1 ppm 
Th232 and 1% potassium s o i l  concentration, r e s p e c t i v e l y ,  are 
c a l c u l a t e d  us ing  Equation ( 4 ) .  

The dose r a t e s  a t  1 meter above t h e  ground due t o  t h e s e  
concen t r a t ions  of U238, Th232, and potassium can be c a l c u l a t e d  
from theory  us ing  publ i shed  decay schemes and approximate 
r e p r e s e n t a t i o n s  f o r  t h e  appropr i a t e  build-up f a c t o r s  t o  
account f o r  t h e  e f f e c t s  of scattered photons.  Such ca lcu-  
l a t i o n s  have a l r eady  been c a r r i e d  out  f o r  uniform concen- 
t r a t i o n s  of t h e s e  t h r e e  emitters and t h e i r  daughters  i n  
equ i l ib r ium by Hultqvis t15 and O'Brien e t  all'. The best  
va lues  f o r  I and (@/I) based on t h e s e  c a l c u l a t i o n s  are given 
i n  T a b l e  I V .  

It should be emphasized t h a t  t h e  emitter concen t r a t ions  
f o r  which t h e  doses  i n  t h e  t h i r d  l i n e  of Table I V  a r e  
c a l c u l a t e d  r e f e r  t o  e a r t h  m a t e r i a l  i n  s i t u .  Thus an i n c r e a s e  
i n  s o i l  water w i l l  r e s u l t  i n  a lower dose r a t e  f o r  t h e  s a m e  
e m i t t e r  concen t r a t ion  (y's/cm3).  The q u a n t i t y  (+/I)  , s i n c e  
Q d S / 2 ~ t )  (Equation 4 )  and I N ( E ~ / ~ ~ ) ~ ~ ,  where Eo i s  t h e  
t o t a l  energy emitted/cm3-sec and p i s  t h e  s o i l  dens i ty ,  
v a r i e s  roughly as p/pt, and t h i s  q u a n t i t y  i s  r e l a t i v e l y  
independent of m a t e r i a l  over t h e  range of y-emergies i n  
ques t ion17.  Thus t h e  v a l i d i t y  of t h e  dose ra tes  i n f e r r e d  
from Equation (1) should not  be a f f e c t e d  cons iderably  by 
s o i l  w a t e r  con ten t  although n a t u r a l  e m i t t e r  s o i l  concen- 
t r a t i o n s  i n f e r r e d  from t h e s e  dose r a t e s  may be somewhat i n  
error.  W e  have surveyed some s i t e s  where t h e  s o i l  w a t e r  
con ten t  w a s  i n  excess  of 30% by weight r e s u l t i n g  i n  a 
s u b s t a n t i a l l y  diminished dose r a t e  c o n t r i b u t i o n  a t  t h a t  
p a r t i c u l a r  t i m e .  General ly  t h e  w a t e r  , conten t  i n  t h e  t o p  
l a y e r s  of t h e  s o i l  i s  on t h e  order  of 10% by weight.  

b. F a l l o u t  E m i t t e r s  

The f a l l o u t  emitters are assumed t o  be d i s t r i b u t e d  i n  
t h e  s o i l  according t o  t h e  r e l a t i o n  

Q 
s = so e-az y's/cm3-sec (10) 
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where So i s  t h e  emitter concen t r a t ion  a t  the  s u r f a c e  and z 
i s  t h e  depth beneath t h e  s u r f a c e  i n  c m .  Based on a v a i l a b l e  
s o i l  d a t a  such a d i s t r i b u t i o n ,  w i t h  a=1/3 crn-l, appears t o  
reasonably d e s c r i b e  a t y p i c a l  s i t u a t i o n 1 = ' .  The f l u x  and 
t o t a l  dose ra te  f r o m  a source d i s t r i b u t e d  exponen t i a l ly  i n  
t h i s  manner can be c a l c u l a t e d  f r o m  theory  us ing  t h e  formalism 
of O'Brien et ala' (see Appendix 1 ) .  The r e s u l t s  f o r  
th=o are 

where p i s  the  d e n s i t y  of a i r ,  6=a/pt, We i s  the energy 
absorp t ion  coe f f i c i en t  i n  a i r  f o r  the primary r a d i a t i o n  i n  
c m - 1 ,  Eo i s  t h e  energy of t h e  y-ray i n  MeV, and A, and Co 
are as given i n  Appendix 1. The r a t i o s  of primary f l u x  t o  
t o t a l  dose r a t e  (cons ider ing  a l l  t h e  y-rays emi t ted  by the  
isotope or i s o t o p e s  under cons ide ra t ion )  may then  be 
c a l c u l a t e d  for  each of t h e  major f a l l o u t  c o n t r i b u t o r s  assuming 
va r ious  va lues  of a and us ing  t h e  appropr i a t e  decay schemes. 
These calculations were carried out for three cases:  (1) a=o 
( i n f i n i t e  h a l f  s p a c e ) ,  ( 2 )  a+co (plane source ) ,  ( 3 )  a=1/3 c m - l .  
The r e s u l t s  are given i n  Table V. N o t e  t h a t  (@/I) is  q u i t e  
s e n s i t i v e  t o  depth  d i s t r i b u t i o n  and changes s i g n i f i c a n t l y  
f o r  only a s l i g h t  p e n e t r a t i o n  i n t o  t h e  s o i l .  Since t h e  
ac tua l  depth  d i s t r i b u t i o n  of f a l l o u t  emitters i n  s o i l  
depends s t r o n g l y  on t h e  t i m e  s i n c e  depos i t i on  ( a s  w e l l  as 
other  f a c t o r s ) ,  t h e  dose r a t e  c a l i b r a t i o n  f a c t o r s  for  f a l l -  
out w i l l  be cons iderably  more u n c e r t a i n  than  those  f o r  t h e  
n a t u r a l  emit ters .  The va lues  of (@/I)  for  a=1/3 c m - l  are 
used r o u t i n e l y  f o r  our  measurements. Of course,  any 
s i g n i f i c a n t  amount of f resh f a l l o u t  would probably be be t t e r  
desc r ibed  by a p l ane  source d i s t r i b u t i o n .  
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Calcu la t ion  of dose r a t e s  

The es t imated  a r e a s  of t h e  0.75 MeV, 1 . 4 6  MeV, 1 . 7 6  MeV, 
and 2 . 6 2  MeV peaks,  obtained as  d iscussed  p rev ious ly ,  a r e  
d iv ided  by t h e  appropr i a t e  c a l i b r a t i o n  f a c t o r s  ( N F / I )  from 
T a b l e s  I V  and V t o  ob ta in  e s t i m a t e s  of t h e  dose r a t e  
c o n t r i b u t i o n s  from t h e  e m i t t e r s  r epresented  by t h e s e  peaks.  

Severa l  r ad ionuc l ides  c o n t r i b u t e  t o  t h e  0 . 5  MeV peak 
(Table V ) .  
f l u x  depends on t h e  decay scheme of t h e  nuc l ide  o r  series 
of nuc l ides  under cons ide ra t ion ,  t h e  dose r a t e  c a l i b r a t i o n  
of t h e  0.5 MeV peak a r e a  depends on t h e  r e l a t i v e  popula t ion  
of t h e s e  nuc l ides ,  which i n  t u r n  i s  a func t ion  of t h e  mean 
age of t h e  f a l l o u t  (Appendix 2 ) .  Since Rh106 dominates t h e  
0 . 5  MeV a c t i v i t y  f o r  thermonuclear weapon f a l l o u t  more than 
s e v e r a l  months o ld  and has an in t e rmed ia t e  va lue  f o r  i t s  
peak c a l i b r a t i o n  f a c t o r ,  i t s  peak c a l i b r a t i o n  and t h e  
exponent ia l  source d i s t r i b u t i o n  t h u s  probably provides  a 
reasonable  e s t i m a t e  f o r  t h e  dose r a t e  c o n t r i b u t i o n  of t h e  
0 .5  MeV emitters i n  most c i rcumstances.  

Since t h e  t o t a l  dose r a t e  p e r  u n i t  0 .5  MeV 

The dose r a t e  c o n t r i b u t i o n  of C S I ? ~  (0 .66  MeV) would 
be p a r t i a l l y  included with t h a t  of ~ r 9 5 - m ~ ~  when t h e  l a t t e r  
i s  p r e s e n t  i n  s i g n i f i c a n t  q u a n t i t i e s ,  s i n c e  t h e  two peaks 
over lap  i n  our s p e c t r a .  The 0 . 6 6  MeV peak i s  then  g e n e r a l l y  
completely hidden by t h e  l a r g e r  0 . 7 5  MeV peak. Other f a l l o u t  
emitters u s u a l l y  g ive  only a very small  p ropor t ion  of t h e  
t o t a l  dose r a t e .  

L imi t a t ions  of peak method 

Although t h e  peak a r e a  method i s  r e l a t i v e l y  crude and 
unsoph i s t i ca t ed  it w i l l  be shown t o  provide  reasonably 
accu ra t e  dose r a t e  e s t ima tes .  The method has  two d i s t i n c t  
l i m i t a t i o n s .  F i r s t ,  t h e  p r e c i s i o n  of t h e  r e s u l t s  ob ta inab le  
i s  lessened  by t h e  f a c t  t h a t  pe r sona l  judgement i s  involved 
i n  s e t t i n g  t h e  cont inua  t o  determine t h e  peak a reas .  
t h e  d a t a  a n a l y s i s  m u s t  f o r  t h e  most p a r t  be done by hand and 
t h u s  t h e  d a t a  from long survey t r i p s  r e q u i r e  many man-hours 
of a n a l y s i s .  The peak method can, however, p rovide  t h e  

Second, 
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basis  f o r  an improved method of e s t i m a t i n g  n a t u r a l  component 
dose  ra tes  u t i l i z i n g  a well-known "energy band" technique ,  
described i n  t h e  next  s e c t i o n .  
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V. SPECTROMETRIC DETERMINATION OF COMPONENT DOSE RATE 
CONTRIBUTIONS - "ENERGY BAND" METHOD 

Basic theory  

The d isadvantages  of t h e  peak method can be e l imina ted  
by r e s o r t i n g  t o  a w e l l  known "band" method of analyzing 
s p e c t r a  (see, f o r  example, r e f s .  23, 24) .  I n  t h i s  method 
t h e  t o t a l  "energy" (or  coun t s )  i n  t h e  spectrum between 
energy va lues  t h a t  b racke t  s i g n i f i c a n t  peaks i s  r e l a t e d  t o  
t h e  dose r a t e  c o n t r i b u t i o n s  from t h e  r a d i a t i o n  t h a t  c o n t r i b u t e s  
t o  t h e s e  peaks by means of simultaneous l i n e a r  equat ions .  
The c o e f f i c i e n t s  i n  these equat ions  a r e  u s u a l l y  determined by 
means of c a l i b r a t i o n  sources  us ing  t h e  same geometry a s  i n  
t h e  a c t u a l  d a t a  a n a l y s i s .  I n  t h e  case  of s p e c t r a  obta ined  
i n  t h e  f i e l d  with ha l f - space  geometry it i s  not  reasonably 
p o s s i b l e  t o  o b t a i n  such c a l i b r a t i o n  s p e c t r a  and t h u s  t h e  
c o e f f i c i e n t s  must  be i n f e r r e d  by o t h e r  means. 

Three such equa t ions  f o r  determining t h e  dose r a t e s  
from &O and t h e  U238 and Th232 series have been de r ived  
u t i l i z i n g  t h e  dose r a t e  r e s u l t s . f r o m  t h e  peak method and 
t h e  r e s u l t s  of a number of l a b o r a t o r y  experiments.  The 
development of t h e s e  equat ions  al lows t h e  computation of 
dose r a t e s  from t h e  n a t u r a l  emitters by an I B M  1620 d a t a  
p rocess ing  system. The dose r a t e s  c a l c u l a t e d  from t h e s e  
equat ions  agree c l o s e l y  with those  obtained by t h e  peak 
method, and a r e  g e n e r a l l y  more p r e c i s e .  

Energy bands 

Three bands w e r e  chosen t o  b racke t  t h e  t h r e e  t o t a l  
absorp t ion  peaks a l r eady  c a l i b r a t e d ,  i. e. : from 1 . 3 2  t o  
1 .60  MeV t o  inc lude  t h e  1 .46  MeV peak, from 1.62 t o  
1 .90  MeV t o  inc lude  t h e  1 .76  MeV B i 2 I 4  peak, and from 
2.48 t o  2.75 MeV t o  inc lude  t h e  2.62 MeV T1208 peak. 
energy c a l i b r a t i o n  f o r  each spectrum was determined a s  
p rev ious ly  s t a t e d  i n  Sec t ion  11. 

The 
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The response i n  each band i s  measured i n  t e r m s  of 
"energy" ( a s  p rev ious ly  def ined  on page 3 )  f o r  purposes of 
convenience i n  d a t a  a n a l y s i s .  The fol lowing equat ions  are 
then  assumed t o  be v a l i d :  

E 1 = ~ 1 U + k l K + t l T + I 1  

E2 = u 2  U +  k 2  K +  t2  T +  I2 

3 Ej = t3 T +  I 

where El, E2,  and E3 a r e  "energyt'/20-rninute count ing  pe r iod  
i n  bands 1 , 2  and 3, r e s p e c t i v e l y ;  U, K, and T a r e  t h e  dose 
ra tes  from t h e  U 2 3 8  ser ies ,  +o and t h e  Th232 series,  
r e s p e c t i v e l y ;  and t h e  s e t s  of cons t an t s  u i ,  ki, and t i  
d e s c r i b e  t h e  d i s t r i b u t i o n  of spectrum "energy" p e r  u n i t  
dose r a t e  among t h e s e  t h r e e  p a r t i c u l a r  energy bands. N o  
p rov i s ion  i s  made i n  t h e  above equat ions  f o r  f a l l o u t ,  s i n c e  
i t s  c o n t r i b u t i o n  t o  t h e s e  bands i s  u s u a l l y  n e g l i g i b l e .  The 
only  important f a l l o u t  rad ionucl ides  which e m i t  gamma rays  
above 1 MeV i n  any q u a n t i t y  a r e  E3a140-La140 and Sb124 (see 
T a b l e  1). 
make an important c o n t r i b u t i o n ,  while t h e  1 . 7  MeV Sb124 
y-rays d e t e c t e d  i n  s p e c t r a  obtained du r ing  t h e  F a l l  of 1962 
and Spr ing  of 1963 never con t r ibu ted  enough counts  t o  
s i g n i f i c a n t l y  a f f e c t  t h e  v a l i d i t y  of E q u a t i o n s  (13), (14), 
and ( 1 5 ) .  

Ba140-La140 has  only occas iona l ly  appeared t o  

Since t h e  h i g h e s t  energy y-ray p r e s e n t  i n  any q u a n t i t y  
from e i t h e r  K40 o r  t h e  U238 series i s  t h e  2 . 2  MeV Biz14 
y-ray, t h e  c o n t r i b u t i o n  t o  t h e  E3 band can be considered t o  
be e n t i r e l y  from 2 . 6 2  MeV T1208 y-rays.  The 1 . 4 6  MeV eo 
y-rays do c o n t r i b u t e  t o  t h e  E2 band, however, due t o  t h e i r  
p resence  i n  f a i r l y  l a r g e  q u a n t i t y  and t h e  r e l a t i v e l y  poor 
r e s o l u t i o n  of t h e  c r y s t a l .  

The cosmic r a y  c o n t r i b u t i o n s  represented  by 11, 1 2 ,  I 3  
can be considered c o n s t a n t s ,  s i n c e  t h e  Copperopolis spectrum 
d i scussed  on page 7 
s m a l l  so t h a t  t h e i r  v a r i a t i o n s  with a l t i t u d e  can be 
cons idered  n e g l i g i b l e .  

i n d i c a t e s  t h a t  t hey  a r e  s u f f i c i e n t l y  
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D o s e  ra te  equat ions  
I 

Equations (13) ,  (14) ,  and (15) may be solved s imulta-  
neously for  U, K, and T: 

U = a E 1  + b E 2  + cE3 + d 

K = e E 1  + fE2 + gE3 + h 

T = JE3 + 1 

Each cons t an t  i n  these equat ions  i s  some combination of the  
c o n s t a n t s  i n  Equations (13) ,  (141, and ( 1 5 ) .  For in s t ance  
t h e  cons t an t  a = k l / [ k l  u2 - k2 u i ] .  These equat ions ,  once 
t h e  c o n s t a n t s  a-1 are determined, a l l o w  immediate c a l c u l a t i o n s  
of t h e  dose rates U, K, and T f o r  each spectrum. W e  s h a l l  
cons ide r  each equat ion  s e p a r a t e l y  . 
a. Thorium Equation 

The c o n s t a n t s  i n  the equat ion  f o r  t h e  thorium series 
dose ra te  may be determined u s i n g  r e s u l t s  from t h e  peak 
method. The c o e f f i c i e n t  t 3  i n  Equation 1 5  is  analogous t o  
t h e  q u a n t i t y  ( N F / I )  o f  Equation (l), page 9, and can  be 
determined i n  t h e  same manner us ing  t h e  l abora to ry  
c a l i b r a t i o n  spectra a l r eady  obtained and computing (E3/#) 
i n s t e a d  of (No/#). The s a m e  va lues  for  ( N F / N ~ )  and (#/I) 
are used and the product  then  g ives  (E3/I) .  I n  t h i s  case 
however T = (E3 - I3)/(E3/I) s i n c e  t h e  f i e l d  spectra c o n t a i n  
t h e  cons t an t  cosmic r a y  c o n t r i b u t i o n  which i s  sub t r ac t ed  o u t  
i n  the  l abora to ry  ca l ib ra t ion .  I 3  w a s  es t imated  t o  be a t  
most 0 . 6  BeV based on t h e  Copperopolis spectrum. This va lue  
w a s  adopted f o r  u s e  i n  Equation (15) and the f i n a l  r e s u l t  
w a s  t h a t  Equation (18) w a s  determined t o  be 

T = . 4 1  E3 - .25 pr /hr  ( l e a )  
T h e  Th232 dose ra tes  c a l c u l a t e d  from t h i s  equat ion are 
e s s e n t i a l l y  i d e n t i c a l  t o  t h o s e  obtained from t h e  peak method 
except t h a t  i nd iv idua l  de te rmina t ions  are more precise. 
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e3 

b. Potassium Equation 

The de termina t ion  of t 3  w a s  p o s s i b l e  s i n c e  we  w e r e  
d e a l i n g  only with primary 2 . 6 2  MeV T1208 y-rays.  
s i n c e  t h e r e  are no  y-rays of energy g r e a t e r  t han  1 .46  MeV 
from f i o  i n  t h e  s o i l ,  kl 
t h e  c a l i b r a t i o n  d a t a  obtained with fi2 s tandard .  (Since t h e  
fi2 peak i s  a t  1 . 5 1  MeV r a t h e r  than  1 .46  MeV t h e  E2 band was 
s h i f t e d  over s l i g h t l y  f o r  t h i s  c a l c u l a t i o n  t o  p l a c e  i t s  
c e n t e r  on t h e  photopeak.)  The va lues  of k l  and k2 obta ined  
w e r e  9 .8  BeV/yr/hr and 0.80 BeV/pr/hr, r e s p e c t i v e l y .  The 
c o n s t a n t s  i n  Equation ( 1 7 )  depend, however, on t h e  u i  and 
ti a l s o ,  and t h e s e  c o e f f i c i e n t s  cannot be determined i n  t h e  
l a b o r a t o r y  s i n c e  they  a r e  no longer  dependent only on 
primary y-rays bu t  r a t h e r  a r e  q u i t e  s e n s i t i v e  t o  t h e  
s c a t t e r i n g  p r o p e r t i e s  of the ground and a i r .  

S imi l a r ly ,  

and k 2  may a l s o  be g o t t e n  us ing  

I n  order  t o  determine Equation ( 1 7 )  fu l ly ,  a m u l t i p l e  
r e g r e s s i o n  a n a l y s i s  was c a r r i e d  out  f o r  approximately 70 
f i e l d  s p e c t r a  us ing  t h e  va lues  of K determined from t h e  
peak method. F i t t i n g  t h e s e  sets of (E1, E2, E3, K) t o  
Equation (17 )  r e s u l t e d  i n  t h e  de te rmina t ion  of a se t  of 
c o n s t a n t s  ( e , f , g , h )  along with a va lue  f o r  t h e  c o r r e l a t i o n  
c o e f f i c i e n t .  In  t h e  case  of Equation (17 )  t h i s  c o r r e l a t i o n  
c o e f f i c i e n t  was very  high (0.98) lending  confidence t o  our 
assumption t h a t  our peak e s t ima tes  w e r e  indeed p r o p o r t i o n a l  
t o  dose r a t e .  I n  a d d i t i o n ,  t h e  c o e f f i c i e n t  e which i s  
equal  t o  

- . 1  - -  . u 2  

kl u 2  - k 2  u1 
e :: 

was determined from t h i s  a n a l y s i s  t o  be .10 yr/hr/BeV which 
compares very  favorably  with t h e  va lue  of k l  obtained above, 
t h u s  a l s o  s u b s t a n t i a t i n g  our  peak a r e a  c a l i b r a t i o n  f a c t o r .  
The f i n a l  form of Equatlon ( 1 7 )  is :  

, 
K = .10 E 1  - . 07  E 2  - . 0 5  E3 - . 0 7  yr /hr  (17 a)  

A 
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The corresponding peak and band va lues  of K are again i n  
e x c e l l e n t  agreement on t h e  average (as would be expected 
from t h e  method of determining Equation (17a)) with t h e  
energy band va lues  again provid ing  s l i g h t l y  be t te r  p r e c i s i o n .  

c.  Uranium Equation 

A regression ana lys i s  was a l so  appl ied  t o  Equation (16), 
again us ing  about 70 s p e c t r a .  The c o r r e l a t i o n  obtained h e r e  
was poorer  than  t h a t  f o r  Equation ( 1 7 ) ,  due probably t o  t h e  
poor p r e c i s i o n  of t h e  U238 peak area estimates and t h e  s m a l l  
range of U238 dose r a t e s  obtained i n  t h e  f i e l d .  Even poorer 
c o r r e l a t i o n s  r e s u l t e d  when o t h e r  methods of e s t ima t ing  t h e  
1 . 7 6  MeV peak a rea  w e r e  t r i e d .  The f i n a l  equat ion adopted 
f o r  U238 dose r a t e  i s  

U = - .02 E 1  + . 29  E2 - . 2 7  E3 + . 15  pr /hr  (16a) 

The c o e f f i c i e n t  of E 2  i n  Equation (16a) cannot be d i r e c t l y  
compared t o  a c a l c u l a t e d  va lue  such as w a s  done i n  t h e  case 
of Equation ( 1 7 a )  f o r  K40. The reason f o r  t h i s  i s  t h a t  i n  
t h e  f i e l d  s i t u a t i o n  t h e  E2 band c o n t a i n s  a s i g n i f i c a n t  
c o n t r i b u t i o n  from s c a t t e r e d  photons from h ighe r  energy 
y-rays of t h e  uranium series. Experiments c a r r i e d  o u t  
u s ing  a Razz6 source showed t h a t  t h e  i n c r e a s e  i n  E2 p e r  
u n i t  i n c i d e n t  primary 1 .76  MeV f l u x  w a s  on t h e  o rde r  of 25% 
when about 1 . 5  mean f r e e  p a t h s  of sand w e r e  p laced  between 
t h e  source and d e t e c t o r .  This r e s u l t  i s  c o n s i s t e n t  with 
t h e  va lues  f o r  t h e  c o e f f i c i e n t s  of Equation (16a) obta ined  
from t h e  r eg res s ion  a n a l y s i s  and t h e  va lue  of u2 obtained 
with t h e  Ra226 source ( i n  a manner s i m i l a r  t o  t h e  d e t e r -  
minat ions of k l  and t 3 )  and i n d i c a t e s  t h a t  Equation (16a) 
i s  reasonable .  

S imi l a r  experiments with Th232 sources  demonstrate t h e  
d e f i n i t e  e f f e c t  on t h e  c o e f f i c i e n t s  of Equations (13) ,  (14), 
and (15) of a l a r g e  d i s t r i b u t e d  s c a t t e r i n g  medium such a s  
t h e  ground and p rec lude  t h e  use  of s m a l l  l abo ra to ry  ca l i -  
b r a t i o n  sources  t o  even reasonably approximate t h e s e  
c o e f f i c i e n t s  . 
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A p p l i c a b i l i t y  of dose r a t e  equat ions  

The t h r e e  equat ions  (16a), (17a) ,  and (18a) have been 
used by us  t o  analyze seve ra l  hundred s p e c t r a  f o r  fro, 
U238 and Th232 dose r a t e s ,  and t h e  o v e r a l l  cons i s t ency  of 
t h e  r e s u l t s  along w i t h  the  independent v e r i f i c a t i o n s  d i scussed  
i n  the  next  s e c t i o n  l end  support  t o  t h e i r  v a l i d i t y  a s  w e l l  
a s  t o  t h e  v a l i d i t y  of t h e  peak method and i t s  under ly ing  
c a l i b r a t i o n s  and c a l c u l a t i o n s .  Although t h e s e  equat ions  r e f e r  
only t o  our p a r t i c u l a r  d e t e c t o r ,  t he  methods used t o  ob ta in  
them can s i m i l a r l y  be appl ied  t o  any l a r g e  c r y s t a l .  
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V I .  V A L I D I T Y  O F  DOSE RATE DETERMINATIONS 

Consistency of d a t a  

The y and cosmic r a d i a t i o n  l e v e l s  a t  t h e  more than 200 
l o c a t i o n s  surveyed i n  1962 and 1963 encompassed a wide range 
of va lues ,  no t  only f o r  t h e  t o t a l  dose r a t e  bu t  a l s o  f o r  
each of t h e  i n d i v i d u a l  n a t u r a l  and f a l l o u t  c o n t r i b u t o r s .  
A t  m o s t  of t h e s e  s i tes  t h e  sum of t h e  component dose r a t e s  
obtained by t h e  methods descr ibed  h e r e i n  agreed t o  b e t t e r  
than  20 .5  pr /hr  with t h e  t o t a l  dose r a t e  determined by our 
high p r e s s u r e  i o n i z a t i o n  chambers and t d t a l  spectrum "energy" 
method. Table 6 p r e s e n t s  t h e  r e s u l t s  from a r e p r e s e n t a t i v e  
sample of l o c a t i o n s  t o  i l l u s t r a t e  t h i s  p o i n t .  

The f a l l o u t  dose r a t e  i n  t h e  t a b l e  i s  c a l c u l a t e d  by two 
methods. I n  t h e  f i r s t  method t h e  ~ r 9 5 - ~ b 9 5  and Rulo6-Rh1O6 
dose r a t e s  computed from t h e  peak a reas  a r e  added t o  ob ta in  
t h e  q u a n t i t y  c a l l e d  " F . O .  (1) ' I .  The second method i s  t o  
s u b s t r a c t  t h e  t o t a l  n a t u r a l  dose r a t e  from t h e  b e s t  va lue  
of t h e  t o t a l  t e r r e s t r i a l  dose r a t e  t h u s  ob ta in ing  t h e  
value"F.0.  (21' .  I n  genera l ,  t h e s e  two methods w e r e  found 
t o  agree very c l o s e l y ,  s u b s t a n t i a t i n g  t h e  premise t h a t  
2r95- f ig5  ( + C S ~ ~ ~ )  and Rh106 d i d , c o n t r i b u t e  most of t h e  
f a l l o u t  dose dur ing  t h e s e  measurement p e r i o d s  and t h a t  our 
f a l l o u t  c a l i b r a t i o n s  a r e  reasonably accura te .  For t h e  
c a s e s  where agreement was not  obtained,  F . O .  (1) was 
u s u a l l y  h igher  and t h e  discrepancy could u s u a l l y  be explained 
by t h e  presence  of s i g n i f i c a n t  q u a n t i t i e s  of f r e s h  f a l l o u t .  
A s  p rev ious ly  d iscussed  t h e  f a l l o u t  c a l i b r a t i o n  f a c t o r s  
a r e  q u i t e  s e n s i t i v e  t o  depth d i s t r i b u t i o n ,  and f r e s h  f a l l o u t ,  
which would be b e t t e r  descr ibed  by a p l ane  source d i s -  
t r i b u t i o n ,  would r e s u l t  i n  an overes t imate  (Table V )  u s ing  
our exponent ia l  source d i s t r i b u t i o n  approximation. 

Standard l o c a t i o n  measurements 

Beginning i n  May, 1963, we attempted t o  monitor t h e  
changes i n  f a l l o u t  y l e v e l s  i n  t h e  New York C i t y  a r e a  by 

h 
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repea ted  measurements a t  several  l oca t ions .  Three f l a t  
g r a s s y  areas i n  Westchester County, N. Y . ,  w e r e  chosen, 
s epa ra t ed  by about 5 m i l e s  from one another .  The spectro- 
m e t e r  i n d i c a t e d  t h a t  t h e  average n a t u r a l  y dose ra tes  a t  
t h e  t h r e e  l o c a t i o n s  w e r e  a l l  approximately 7/pr/hr. The 
n a t u r a l  l e v e l s  v a r i e d  with t i m e  showing f l u c t u a t i o n s  as 
much as 2 20%, probably due t o  changes i n  s o i l  m o i s t u r e ,  
radon-222 migra t ion  and n a t u r a l  f a l l o u t .  Such f l u c t u a t i o n s  

. Our best e s t i m a t e s  i n  n a t u r a l  dose r a t e  a r e  not  unusual 
of t h e  f a l l o u t  y l e v e l s  a t  t h e s e  s i tes  a r e  shown i n  F igure  16. 
These d a t a  i n d i c a t e  t h a t  t h e  f a l l o u t  y l e v e l s  i n  t h e  New York 
a r e a  remained roughly cons t an t  a t  about 5 p,r/hr from a t  l eas t  
May t o  September 1963 and then  decreased roughly exponen t i a l ly  
with an apparent " h a l f - l i f e "  s l i g h t l y  longer  than  t h a t  of 
Zr95-Nb95. This i s  c o n s i s t e n t  with t h e  evidence provided by 
t h e  f i e l d  s p e c t r a  t h a t  ~ r 9 5 - ~ b 9 5  had been c o n t r i b u t i n g  60-80% 
of t h e  f a l l o u t  dose r a t e s  dur ing  1962 and 1963, t h e  ba lance  
be ing  a t t r i b u t e d  p r i m a r i l y  t o  Rh106 and C s 1 3 7 .  The r e s u l t s  
of t h e s e  s t anda rd  l o c a t i o n  measurements offer  s t r o n g  
support  f o r  t h e  v a l i d i t y  and use fu lness  of our  method of 
a n a l y s i s  as w e l l  a s  i n d i c a t i n g  t h e  degree of p r e c i s i o n  
ob ta inab le .  

a6, & 

Intercomparison with f i e l d  measurements by o t h e r s  

Adams e t  aLa7  has developed a p o r t a b l e  s c i n t i l l a t i o n  
d e t e c t i o n  system for  i n  s i t u  de te rmina t ions  of Th 232 s o i l  
concen t r a t ions .  F igures  17  and 18 a r e  based on d a t a  
obta ined  by h i m  a t  a number of  our  survey l o c a t i o n s .  
F igure  1 7  i s  a p l o t  of our  2.62 peak counts  ve r sus  h i s  
de te rmina t ion  of Th232 s o i l  concen t r a t ion .  The s o l i d  l i n e  
corresponds t o  o u r  independent peak c a l i b r a t i o n  f a c t o r  
(see Table I V ) ,  and t h e  e x c e l l e n t  f i t  demonstrates  t h e  

v a l i d i t y  of t h e  assumptions involved i n  our peak method. 
F igure  18 i s  a p l o t  of h i s  s o i l  concen t r a t ions  ve r sus  our 
"energy" band Th232 dose r a t e s .  
t o  t h e  t h e o r e t i c a l  dose rate/p.p.m. conversion l i s t e d  i n  
Table I V .  The agreement again i s  e x c e l l e n t  and t h e  decrease  

The s o l i d  l i n e  corresponds 

i n  sca t te r  of i nd iv idua l  p o i n t s  i n d i c a t e s  t h e  improvement 
i n  p r e c i s i o n  over t h e  peak method. 
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Intercomparison with l a b o r a t o r y  s o i l  sample ana lyses  

I n  add i t ion  t o  t h e  f i e l d  intercomparisons of t h e  preceding  
paragraph, s o i l  samples have been taken a t  a number of our  
survey l o c a t i o n s  and analyzed by groups a t  R i c e  Univers i ty ,  
Argonne Nat ional  Laboratory,  and Lawrence Radiat ion Labora- 
t o r y  f o r  Th232 and U238 s o i l  c o n t e n t s  u t i l i z i n g  va r ious  
1 abor a t o r y  spec t romet r ic  techniquesa8jqJ2 . The b e s t  va lues  
f o r  Th232J potassium and ~ 2 3 8  s o i l  concen t r a t ions  f o r  each 
s i t e  a r e  p l o t t e d  aga ins t  our "energy" band dose r a t e  e s t ima tes  
i n  F igures  19, 20 and 21.  The s o l i d  l i n e  i n  each c a s e  
corresponds t o  t h e  t h e o r e t i c a l  conversion f a c t o r  of Table I V .  
The r e s u l t s  of t h e s e  ana lyses  a r e  f o r  d ry  s o i l  r a t h e r  than  
i n  s i t u  m a t e r i a l  and t h u s  would i n  some cases  be expected 
t o  be s l i g h t l y  h ighe r  t han  s o i l  concen t r a t ions  i n f e r r e d  from 
our dose r a t e s  u s ing  our t h e o r e t i c a l  conversion f a c t o r s .  
S ince  our dose r a t e  e s t ima tes  a r e  based on very  l a r g e  sample 
a reas ,  t h e  one t o  t h r e e  1 kg s o i l  samples obtained a t  each 
s i t e  a r e  not  n e c e s s a r i l y  r e p r e s e n t a t i v e  of t h e  a r e a  seen  
by t h e  spectrometer .  Thus t h e  i n d i v i d u a l  p o i n t s  of 
F igures  19, 2 0  and 2 1  e x h i b i t  q u i t e  a b i t  of s c a t t e r .  I n  
gene ra l ,  however, t h e  potassium and Th232 s o i l  concen t r a t ions  
(F igures  1 9  and 20) a r e  e n t i r e l y  c o n s i s t e n t  with our dose 
r a t e  e s t i m a t e s  and lend a d d i t i o n a l  s t r o n g  support  t o  t h e  
v a l i d i t y  of t h e  and Th232 dose r a t e  p r e d i c t i o n s  
obta ined  by t h e  peak and "energy" band methods. 

-- 

Discussion of t h e  U238 series intercomparison 

I n  Figure 2 1  a l l  t h e  p o i n t s  f a l l  above t h e  l i n e  repre-  
s e n t i n g  t h e  t h e o r e t i c a l  U 2 3 8  dose r a t e  p e r  p.p.m.,  i . e .  , 
a l l  of t h e  f i e l d  s p e c t r a  dose r a t e s  a r e  low compared t o  
t h e  va lues  p r e d i c t e d  by t h e  measured s o i l  concen t r a t ions .  
This r e s u l t  i s  r e l a t e d  t o  t h e  f a c t  t h a t  i n  t h e  f i e l d  
s i t u a t i o n  p a r t  of t h e  gaseous Ra226 daughter  R n 2 2 2  escapes 
from t h e  s o i l  p a r t i c l e s  i n t o  t h e  s o i l  a i r .  The U238 
concen t r a t ion  d a t a  of Figure 2 1  a r e  based on s o i l  samples 
i n  which Ra226-Rn222 equ i l ib r ium had u s u a l l y  been r e s t o r e d  
be fo re  a n a l y s i s .  (Actual ly ,  t h e s e  s o i l  sample r e s u l t s  r e a l l y  
i n d i c a t e  Ra226 concen t r a t ion  r a t h e r  than  U238 concen t r a t ion ,  
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s i n c e  a l l  de te rmina t ions  w e r e  by some form of y spectroscopy 
and U238 i s  q u i t e  l i k e l y  not  t o  be i n  equ i l ib r ium with R a 2 2 6  
due t o  i t s  g r e a t e r  tendency t o  leach  from t h e  upper s o i l  
l a y e r s  dur ing  t h e  soi l - forming and weathering p r o c e s s e s . )  
Since t h e  p r i n c i p a l  emitters of y-rays i n  t h e  U238 series 
are daughters  of Rn222, t h e  dose r a t e  a t  1 m e t e r  above t h e  
ground w i l l  be reduced according t o  t h e  f r a c t i o n  of radon 
emanated from t h e  s o i l  p a r t i c l e s  i n t o  t h e  s o i l  a i r  and 
subsequently l o s t  to the atmosphere, The d i s t r i b u t i o n  of 
free radon i n  t h e  s o i l  a i r  can be roughly desc r ibed  by one- 
dimensional d i f f u s i o n  theoryaq. This theory  p r e d i c t s  ( s teady  
s t a t e  s o l u t i o n )  an exponent ia l  d i s t r i b u t i o n  of radon with 
depth  with a r e l a x a t i o n  l eng th  depending on t h e  h a l f  l i f e  
and d i f f u s i o n  cons t an t  of t h e  gas .  
Rn220 i s  a l so  a gas  b u t  i t s  extremely s h o r t  h a l f  l i f e  of 
52 seconds reduces t h e  e f f e c t  of i t s  movement i n  t h e  s o i l  
t o  n e g l i g i b l e  p r o p o r t i o n s ) .  Assuming a t y p i c a l  d i f f u s i o n  
cons t an t  of 2 x 10-2 cm2/sec2q  and us ing  t h e  formalism of 
Appendix 1 we have c a l c u l a t e d  t h e  t h e  dose ra te  from such 
a d i s t r i b u t i o n  r e l a t i v e  t o  t h e  dose r a t e  t o  be expected i f  
t h i s  radon w e r e  d i s t r i b u t e d  uniformly i n  t h e  s o i l .  This 
c a l c u l a t i o n  i n d i c a t e s  a reduct ion  i n  dose r a t e  of more than  
90%. Since o t h e r  f a c t o r s 2 4  tend  t o  reduce t h e  radon con ten t  
of t h e  very  t o p  l a y e r s  of s o i l  ewen f u r t h e &  we  can under 
normal c o n d i t i o n s  neg lec t  t h e  e f f e c t  on t h e  a i r  dose r a t e  
of radon which has  emanated from t h e  s o i l ,  and cons ide r  
t h e  e n t i r e  c o n t r i b u t i o n  of t h e  U23* series t o  be from 
daughters  of t he  radon w h i c h  remain trapped i n  t h e  s o i l  
par t ic les .  (Under normal cond i t ions  t h e  radon daughters  
p r e s e n t  i n  t h e  atmosphere c o n t r i b u t e  only  a few t e n t h s  of 
pr /hr  t o  t h e  dose r a t e .  This may not  be t h e  case ,  however, 
under c o n d i t i o n s  of temperature  inve r s ion  when ground l e v e l  
a i r  radon concen t r a t ions  a r e  known t o  b u i l d  up t o  very  high 
l e v e l s .  ) 

(The Th232 daughter  

One would n o t  expect  t h e  emanating power of t h e  s o i l  
t o  vary  s i g n i f i c a n t l y  wi th  depth i n  t h e  upper few inches 
of s o i l  under m o s t  cond i t ions ,  and t h u s  t h i s  t rapped  radon 
w i l l  s t i l l  be approximately represented  by a uniformly 
d i s t r i b u t e d  source and t h e  peak c a l i b r a t i o n  f a c t o r  i n  
Table I V  w i l l  s t i l l  be appropr i a t e  although t h e  conversion 

A 
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from dose r a t e  t o  U238 p.p.m. i s  no longer  v a l i d .  
migrat ion has  been shown t o  be q u i t e  dependent on meteor- 
o l o g i c a l  c o n d i t i o n s 2 4 ,  however, and t h u s  one would expect 
s i zab le  v a r i a t i o n s  i n  U238 dose r a t e  with t i m e a 5 j a s . .  Such 
v a r i a t i o n s  have been apparent a t  our s tandard  l o c a t i o n s  i n  
Westchester County. A l s o  t h e  a f f e c t  of " n a t u r a l  f a l l o u t " ,  
i . e . ,  t h e  d e p o s i t i o n  of a i rbo rne  radon daughters  on t h e  
s u r f a c e  of t h e  ground p r i m a r i l y  by r a i n f a l l ,  would cause 
a d d i t i o n a l  v a r i a t i o n s  with t i m e  i n  t h e  U238 series dose r a t e .  
This would temporar i ly  produce a non-uniform source d i s t r i b -  
u t i o n  t h a t  would a f f e c t  our i n f e r r e d  dose r a t e  v a l u e s a e .  
Figure 2 1  i n d i c a t e s  t h a t  t h e  r educ t ion  i n  dose r a t e  due t o  
radon migrat ion ranges roughly from 10% t o  50%. This r e s u l t  
i s  c o n s i s t e n t  with publ i shed  va lues  f o r  t y p i c a l  s o i l  radon 
emanation c o e f f i c i e n t s  30'31. (me emanation c o e f f i c i e n t  i s  
def ined  as  t h e  r a t i o  of radon which escapes i n t o  t h e  s o i l  
a i r  t o  t h e  t o t a l  radon produced, assuming Ra226-Rn222 
equi l ibr ium.  ) 

Radon 

Our dose r a t e  e s t i m a t e s  t h u s  correspond t o  t h e  
equ iva len t  Razz6 s o i l  concen t r a t ion  of t h e  t rapped  radon. 
The equ iva len t  Ra226 s o i l  con ten t  of t h e  emanated radon can 
a l s o  be measured and t h e  sum of t h e s e  two va lues  should then  
correspond t o  t h e  equ i l ib r ium U238-Ra226 s o i l  con ten t  pre-  
d i c t e d  by t h e  s o i l  sample ana lyses .  One such measurement 
was c a r r i e d  out  by P e a r ~ o n ~ ~  (Univ. o f  I l l i n o i s )  a t  one of 
our survey l o c a t i o n s  where s o i l  samples had been obtained.  
The agreement obtained was e x c e l l e n t  and suggested t h a t  
f u r t h e r  measurements of t h i s  t ype  would be d e s i r a b l e .  

1 

The u n c e r t a i n t y  i n  our U238 dose r a t e  e s t i m a t e s  is, of 
course,  f a i r l y  cons ide rab le  due t o  t h e  f a c t o r s  d i scussed  
above ( a s  w e l l  a s  t h e  d i f f i c u l t i e s  involved i n  t h e  c a l i b r a t i o n ) ;  
however, t h e  d i s c u s s i o n  under Consistency of d a t a  sugges ts  
t h a t  t h i s  unce r t a in ty  i s  probably less than  220%. Unfortu- 
n a t e l y ,  t h e  small  r a t i o  of U238 dose r a t e  t o  t o t a l  n a t u r a l  
dose r a t e  (-20%) and a l s o  t h e  l i m i t e d  range of U238 dose 
r a t e s  found a t  t h e  l o c a t i o n s  surveyed t h u s  f a r  p reven t s  a 
be t te r  e s t i m a t e  of t h e  gene ra l  v a l i d i t y  of our U 2 3 8  series 
c a l i b r a t i o n s .  
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Tota l  t e r r e s t r i a l  y and cosmic ray  dose r a t e s  

As prev ious ly  d iscussed  t h e  high p r e s s u r e  i o n i z a t i o n  
chamber measurements of t o t a l  t e r r e s t r i a l  dose r a t e ,  based 
on c a r e f u l  s t u d i e s  of t h e  chamber's response t o  both  y-rays 
and cosmic r ays ,  agree c l o s e l y  with t h e  t o t a l  dose r a t e  
obtained from t h e  spectrometer  over a wide range of 
a l t i t u d e s .  I n  a d d i t i o n  t h e s e  i o n i z a t i o n  chambers compare 
favorably  with those  of o t h e r  i n v e s t i g a t o r s  as  w e l l  a s  with 
our own 2 0 - l i t e r  a i r  i o n i z a t i o n  chambers. 

Er ror  e s t i m a t e s  

Based on t h e  preceding d i scuss ions  we conse rva t ive ly  
e s t i m a t e  s tandard  d e v i a t i o n s  f o r  an i n d i v i d u a l  de te rmina t ion  
of 210% f o r  Th 2 3 2  and fro, ~ 2 0 %  f o r  U 238 and 2 0 . 5  pr/hr  f o r  
t o t a l  f a l l o u t  f o r  our i n d i v i d u a l  component dose r a t e  va lues ,  
while  27% and i 0 . 5  kr /hr  would be reasonable  u n c e r t a i n t i e s  
t o  a s s ign  t o  t h e  t o t a l  n a t u r a l  and t o t a l  t e r r e s t r i a l  y dose 
r a t e  va lues ,  r e s p e c t i v e l y .  These e r r o r  e s t i m a t e s  a r e  of 
course  only informed guesses  and inc lude  both t h e  expected 
sys t ema t i c  u n c e r t a i n t i e s  i n  t h e  va r ious  c a l i b r a t i o n  f a c t o r s  
and experimental  and s t a t i s t i c a l  u n c e r t a i n t i e s  of i n d i v i d u a l  
de te rmina t ions .  Among t h e  experimental  u n c e r t a i n t i e s  i s  
any e r r o r  i n  t h e  gain and ze ro  c a l i b r a t i o n  f o r  each s p e c t r a .  
O t h e r  f a c t o r s  w h i c h  e n t e r  i n t o  t h e  p r e c i s i o n  and accuracy 
of i n d i v i d u a l  de te rmina t ions  would be f a l l o u t  c o n t r i b u t i o n s  
t o  t h e  t h r e e  "energy" bands (p r imar i ly  from t h e  s h o r t - l i v e d  
Ba140-La140)J l a r g e  inhomogeneities i n  source d i s t r i b u t i o n ,  
poor geometry ( l a r g e  d e v i a t i o n  from " i n f i n i t e  h a l f  s p a c e " ) ,  
and t h e  o t h e r  problems a l ready  d iscussed  i n  connect ion with 
t h e  U 2 3 8  and f a l l o u t  dose r a t e  e s t i m a t e s .  Most of t h e s e  
f a c t o r s  a r e  unconnected with t h e  p a r t i c u l a r  method of 
spectrum a n a l y s i s  used b u t  r a t h e r  a r e  r e l a t e d  t o  t h e  impos- 
s i b i l i t y  of ob ta in ing  c o n t r o l l e d  l abor  a t  o ry - l ike  experiment a1 
c o n d i t i o n s  i n  t h e  f i e l d .  Thus more r e f i n e d  and s o p h i s t i c a t e d  
methods of spectrum a n a l y s i s ,  while p o s s i b l y  producing 
g r e a t e r  p r e c i s i o n ,  would probably not  r e s u l t  i n  any 
s i g n i f i c a n t  improvement i n  o v e r a l l  accuracy. 
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V I I .  CONCLUSIONS 

I n  t h i s  r e p o r t  we demonstrate t h e  f e a s i b i l i t y  and 
u t i l i t y  of applying unsoph i s t i ca t ed  methods of spectrum 
a n a l y s i s  t o  y-ray spec t romet r i c  measurements obtained 
d i r e c t l y  i n  t h e  f i e l d  with a l a r g e  NaI(T1) c r y s t a l  assembly. 
These f i e l d  measurements can be obtained q u i t e  e a s i l y  with- 
out  any s p e c i a l  modi f ica t ions  of s tandard  p u l s e  h e i g h t  
ana lyzers  and d e t e c t o r s  a v a i l a b l e  i n  most nuc lear  
l a b o r a t o r i e s .  The a p p l i c a t i o n  of t h e s e  methods r e q u i r e s  
only access  t o  c a l i b r a t e d  r a d i o a c t i v e  sources  and 
some r e l a t i v e l y  s t r a igh t - fo rward  l a b o r a t o r y  experiments t o  
determine t h e  response of t h e  p a r t i c u l a r  d e t e c t o r .  The 
j u s t i f i c a t i o n  of t he  va r ious  approximations and assumptions 
involved i n  i n f e r r i n g  dose r a t e s  from t h e  s p e c t r a  i s  based 
p r i m a r i l y  on t h e  o v e r a l l  cons i s t ency  of t h e  component and 
t o t a l  dose r a t e  r e s u l t s ,  t h e  p a t t e r n  of t h e  s tandard  l o c a t i o n  
f a l l o u t  v a r i a t i o n s ,  and t h e  co r robora t ing  independent f i e l d  
thorium concen t r a t ion  measurements and l a b o r a t o r y  s o i l  
sample ana lyses .  A l s o ,  t h e  n a t u r a l  dose r a t e  e s t i m a t e s  a r e  
reproducib le  wi th in  t h e  l i m i t s  of v a r i a t i o n  expected due t o  
t h e  many f a c t o r s  which cause  t h e  n a t u r a l  r a d i a t i o n  f i e l d  
t o  vary  with t i m e  ( see  Table 6 ) .  The p r e c i s i o n  of t h e  
r e s u l t s  i s  s u f f i c i e n t l y  good t o  r e f l e c t  and al low rough 
e s t i m a t e s  of such v a r i a t i o n s .  For in s t ance ,  t h e  Apr i l ,  
1964 Pelham, N. Y., measurement given i n  Table 6 was 
obta ined  when t h e  s o i l  was q u i t e  waterlogged due t o  s e v e r a l  
days of r a i n f a l l  and both t h e  Th232 and K40 dose r a t e s  were 
no t i ceab ly  reduced. 
probably countered by t h e  bui ld-up of radon which can occur 
when t h e  s o i l  pores  a r e  f i l l e d  with moisture .  

The U238 dose r a t e  r educ t ion  was 

The l e v e l s  of accuracy and p r e c i s i o n  which can be 
obtained us ing  t h e s e  simple methods a r e  q u i t e  s u f f i c i e n t  
f o r  our p a r t i c u l a r  i n t e r e s t s  i n  t h e  f i e l d  of environmental  
r a d i a t i o n .  Dose r a t e  e s t i m a t e s  c o r r e c t  to within LlO% a r e  
both  necessary and s u f f i c i e n t  f o r  determining i n t e g r a t e d  
popula t ion  dose and t h e  in f luence  of f a l l o u t  on popula t ion  
exposure, f o r  s tudying  d i f f e r e n c e s  i n  t o t a l  and component 
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dose r a t e s  from l o c a t i o n  t o  l o c a t i o n ,  and f o r  o b t a i n i n g  
information on t h e  r e l a t ive  c o n t r i b u t i o n s  of t h e  va r ious  
components t o  t h e  t o t a l  y r a d i a t i o n  f i e l d .  Higher pre-  
c i s i o n  would of course  be d e s i r a b l e  f o r  some r e l a t e d  s t u d i e s  
such a s  t h e  d e t a i l e d  v a r i a t i o n  with t i m e  of t o t a l  and 
component dose r a t e s  a t  a p a r t i c u l a r  l o c a t i o n .  

The d a t a  accumulated i n  t h e  p a s t  s e v e r a l  yea r s ,  i n  
a d d i t i o n  t o  provid ing  u s  with va luab le  information on 
environmental  y r a d i a t i o n  a t  a l a r g e  number of s i tes  
s c a t t e r e d  throughout t h e  United S t a t e s 3 ,  has  been used t o  
provide  r e a l i s t i c  e s t i m a t e s  ( t ak ing  s o i l  moisture  and radon 
emanation i n t o  account) of t y p i c a l  potassium, Th232, and 
Ra226 c o n t e n t s  of s u r f i c i a l  s o i l 4 .  Such d a t a  can a l s o  be 
u s e f u l  i n  roughly i n f e r r i n g  t h e  mean age of depos i ted  f i s s i o n  
products  (Appendix 11). 

The f i e l d  measurements technique d iscussed  i n  t h i s  r e p o r t  
combines some of t h e  advantages of both s o i l  sampling and 
a e r i a l  surveys i n  t h a t  it provides  cons ide rab le  information 
f o r  a r e l a t i v e l y  l a r g e  sample volume. The source volume i s  
l a r g e  enough t o  g r e a t l y  reduce p o t e n t i a l  d i f f i c u l t i e s  
a s s o c i a t e d  with smal l - sca le  i r r e g u l a r i t i e s  and anomalies i n  
r a d i o i s o t o p e  d i s t r i b u t i o n ,  while s t i l l  provid ing  s u f f i c i e n t l y  
d e t a i l e d  s p e c t r a  for important dos ime t r i c  i n f e r e n c e s  t o  be 
made. This cons ide ra t ion  i s  p a r t i c u l a r l y  important where 
measurements r e p r e s e n t a t i v e  of a much l a r g e r  area are 
r equ i r ed .  

- 33 - 



ACKNOWLEDGEMENTS 

The U23*, K, and Th232 s o i l  concen t r a t ion  a1 es 
suppl ied  by J. A. S.  Adams, R i c e  Univ.: P.  Gustafson, 
Argonne Nat ional  L a b . :  A. Smith and H. Wollenberg, 
Lawrence Radiat ion L a b . :  and L. Alexander, U. S D e p t .  of 
Agr i cu l tu re  w e r e  extremely va luab le  f o r  demonstrating t h e  
v a l i d i t y  and u t i l i t y  of our  dose r a t e  estimates.  

The au thors  are indebted t o  N. Hallden, HASL, f o r  
preparing and accura te ly  determining t h e  a c t i v i t y  of 
t h e  y-ray sources used f o r  o u r  va r ious  ca l ibra t ions .  

W e  are a l so  indebted t o  J. E. McLaughlin, Di rec tor ,  
Radiat ion Physics Divis ion,  f o r  h i s  encouragement and 
cont inued support ,  and who along with R.  Sanna, K. O ' B r i e n  
and S. Samson a s s i s t e d  i n  ob ta in ing  the  m a s s  of f i e l d  d a t a  
necessary  t o  e v a l u a t e  our  techniques  and equipment, as w e l l  
as t o  S. Rothenberg f o r  p repa r ing  t h e  i l l u s t r a t i o n s  f o r  
p u b l i c a t i o n ,  and C.  Metz and I. Hammerman, summer t r a i n e e s ,  
f o r  t h e i r  a i d  wi th  s o m e  of t h e  computations.  

- 34 - 



APPENDIX I 
DOSE RATE FROM AN EXPONENTIALLY DISTRIBUTED SOURCE 

If we assume a source d i s t r i b u t i o n  S ( z )  = So e-az, t hen  
t h e  dose r a t e  a t  a he igh t  h above t h e  ground w i l l  be given 
by2 a 

s ing  d @  de d t  1 
where I i s  t h e  dose r a t e  i n  MeV/gm/sec, Eo is  t h e  energy of 
t h e  primary gamma r a y s  emi t ted ,  we and p t h e  energy 
absorp t ion  c o e f f i c i e n t  and d e n s i t y  of a i r ,  r e s p e c t i v e l y ,  
w t  t h e  t o t a l  a t t e n u a t i o n  c o e f f i c i e n t  of s o i l ,  t = p t r  = number 
of mean f r e e  p a t h s  ( t h  = p t  ( a i r )  x h )  and b ( t )  i s  t h e  dose 
ra te  bui ldup  fucc t ion .  

W e  s h a l l  u s e  t h e  r e p r e s e n t a t i o n  of b ( t )  given i n  
r .eference 22, i. e.j 

b ( t )  = (1 + a t ) B ,  where a = 1 = 5 ( s o i l )  
Y C l t  

Following t h e  r e fe rence  we  expand b ( t )  i n  a binomial series 
c u t t i n g  o f f  a t  n t e r m s  where n i s  t h e  l a r g e s t  i n t e g e r  less 
t han  @ + 2. 
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n- i  2 B i  
i! b ( t )  = 1' (A3 1 

. '2 
1=0 

I n t e g r a t i n g  Equation ( A l )  over  e and @ we o b t a i n  ( l e t t i n g  
a = a /v t )  

Sepa ra t ing  out  t h e  i=o  terms we  can r e w r i t e  ( A 4 )  as 

n-1 (a+l )  t e 1 

a 
dt-eath JL 

h 
- e  

o t  

The f i r s t  and t h i r d  i n t e g r a l s  may be eva lua ted  immediately. 
S e r i e s  s o l u t i o n s  t o  t h e  second and f o u r t h  i n t e g r a l s  are 
assumed. The c o e f f i c i e n t s  i n  t h e s e  series may t h e n  be 
expressed i n  t e r m s  of t h e  binomial  c o e f f i c i e n t s  i n  the  
expansion of b ( t ) .  The s o l u t i o n  t o  Equation (A5) i s  t h e n  
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where 
n-1 

B i  
A m =  1 i- 

i = m t l  

Bi 1 
n-1 

i = r n + l  
c m =  1 --i--r- 

( ~ + l ) l  i 

For t H o  it can be shown us ing  t h e  series r e p r e s e n t a t i o n  
Of E1(X)33 t h a t  E1 
and we a r r i v e  a t  Equation ( 1 2 )  i n  t h e  t e x t .  Equation (11) 
i s  obta ined  by l e t t i n g  b ( t )  = 1, i. e., A,=Co=l. 

( t h )  - eath E1 {(O+l) th]  I n  ( O + l )  
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APPENDIX I1 
FALLOUT AGE DETERMINATION 

The f a c t  t h a t  t h e  two prominent f a l l o u t  peaks i n  t h e  
y-ray energy s p e c t r a  r e s u l t  from rad io i so topes  of quite 
d i f f e r e n t  h a l f - l i v e s  (see Table I)  means t h a t  t h e  r a t i o  
between t h e  a reas  of t h e  observed peaks i s  a s t r o n g  func t ion  
of t h e  age of f i s s i o n  products .  
MeV w i l l  i nc rease  with t i m e  as  t h e  N b g 5  accumulates u n t i l  
about s i x  months a f t e r  formation and then  decay with t h e  65 day 
h a l f - l i f e  of t h e  longer - l ived  ~ r 9 5 .  
f i r s t  i s  q u i t e  l a r g e  compared with t h e  0.75 MeV peak 
because of t he  presence of t he  s h o r t - l i v e d  Ba140-La140 and 
Ru - Rhl . A s  t h e s e  decay away, t h e  dominant c o n t r i b u t o r  
t o  t h i s  peak becomes Ru106-Rh106, and t h u s  t h e  r a t i o  of t h e  
0.75 MeV t o  t h e  0 . 5  MeV peak i n c r e a s e s  a t  f i r s t  and then  
dec reases  as  t h e  Ru '06-Rh106 begins  t o  dominate t h e  spectrum. 
This phenomenon i s  shown i n  Figure 2 2 ,  where t h e  r a t i o  
between t h e  measured peak a reas  i n  t h e  f i e l d  s p e c t r a  i s  
p l o t t e d  aga ins t  t h e  age of t h e  f a l l o u t .  The d a t a  on f i s s i o n  
y i e l d s  f o r  megaton weapons provided by Hallden -- e t  a134 was 
used. I f  t h e  y i e l d s  f o r  thermal  f i s s i o n  a r e  used i n s t e a d  
t h e  r a t i o s  become cons iderably  h ighe r ,  peaking a t  va lues  
near  20.  
concen t r a t ion  on t h e  mode of f i s s i o n ,  which l i m i t s  t h e  
accuracy of t h e  p r e s e n t  method. The fol lowing assumptions 
w e r e  incorpora ted  i n  t h e  a n a l y s i s :  (1) t h e  r e l a t i v e  y i e l d s  
given i n  Reference (34)  a l s o  apply t o  t h e  ground depos i t i on ,  
i . e . ,  no f r a c t i o n a t i o n  i n  t r a n s i t ;  ( 2 )  t h e  depth d i s t r i b u t i o n  
i n  t h e  ground of t h e  va r ious  r ad io i so topes  i s  exponent ia l  
as descr ibed  i n  t h e  t e x t .  It can e a s i l y  be seen t h a t ,  except 
f o r  t h e  pe r iod  between seven months and one year ,  t h e  r a t i o  
of t h e  peak areas is a r e l a t i v e l y  s e n s i t i v e  func t ion  of t h e  
mean age of t h e  f a l l o u t .  Such a method would be p a r t i c u l a r l y  
u s e f u l  as  a means of au ick ly  a s c e r t a i n i n g  t h e  approximate 
age of newly depos i ted  f a l l o u t  s i n c e ,  i f  no o t h e r  f a l l o u t  
i s  p r e s e n t  i n i t i a l l y ,  an e s t ima te  of t h e  average age can be 
immediately determined from t h e  r a t i o  of t h e  peak a r e a s .  

The ~ r 9 5 - ~ b 9 5  peak a t  0 .75  

The 0 . 5  MeV peak a t  

This r e s u l t s  from t h e  dependence of t h e  Rhlo6 
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I f  cons ide rab le  f a l l o u t  i s  a l ready  p r e s e n t ,  t h e  mean age 
of f a l l o u t  depos i ted  be tween  readings  can be r e a d i l y  
determined by simple s u b t r a c t i v e  techniques and c o r r e c t i o n s  
f o r  decay. 

The f i e l d  s p e c t r a  obtained dur ing  l a t e  1962 and 1963 
n e a r l y  a l l  show peak r a t i o s  between 4 and 7 ,  with most 
f a l l i n g  between 5 and 6.5.  This impl ies  t h a t  we a r e  
d e a l i n g  mostly with thermonuclear d e b r i s  with mean ages 
f o r  t h e  depos i t ed  y emitters of from 6 t o  1 3  months. The 
only l o c a t i o n s  where t h e  observed peak r a t i o s  had va lues  
of less than  4 w e r e  t hose  on t h e  Olympic pen insu la  surveyed 
i n  October 1962, which w e r e  a l s o  t h e  only ones which 
e x h i b i t e d  l a r g e  La 140 peaks.  Both of t h e s e  i n d i c a t o r s  
imply r e l a t i v e l y  recent f a l l o u t  product ion and depos i t i on ,  
t h e  f a l l o u t  peak r a t i o s  corresponding t o  a mean age of 
4 months. 
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TABLE I 

IMPORTANT FALLOUT y EMITTERS 

Is o t  ope Half -Lif e y Energy ( MeV) 

~ r 9 5  65.0 d. 0.724 0.5 
0.757 0.5 

Nb95 35.4 d. 0.768 1 . 0 0  

Ru103 39.7 d. 0.498 0 .9  
0.610 0.06 

Rh106 30 s . * *  0.513 0.205 
0.624 0.105 

Sb124 60. L d .  0.603 0.98 
0. 645 0.072 
0.722 0.105 
1. 69 0.48 
2 .09  0.063 

cs137 30 y r .  0.662 0.94 

Ba14' 1 2 . 8  d. 0.030 0.16 
0.537 0.25 

40.2 h r .  0.325 0.2 
0.488 0 .4  
0.815 0.2 
0.923 0.10 
1 .60  1 .00  

140 L a  

~ e 1 4 1  32.5 d. 0.145 0.70 

~ e 1 4 4  284.5 d. 0.134 0.105 

* y  l i n e s  with y/d (0.05 are omit ted;  d a t a  from 
NAS-NRC Nuc lea r  Data T a b l e s  ( t o  d a t e ) .  

**Effect ive h a l f - l i f e  is t h a t  f o r  Ru106, or 
approximately 1 yea r .  
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TABLE I 1  

CALI BRATION SOURCES 

y Enerqies Half -1 i f  e Source 

Stront ium-85 
C e s  ium- 137  
Zirconium- 
Niobium- 9 5 
Sc and ium-4 6 
Sod ium- 2 2 
Potassium-42 
Ant imony- 124 
Radium-224 

0.51 
0 . 6 6  

0 . 7 5  (average) 
0 .89 ,  1 . 1 2  
0.51*, 1 . 2 8  
1 . 5 2  
0 .60 ,  1 . 6 9  
0 .58 ,  2 .62  etc .  

65d 
3 OY 

65d 
84d 

2 . 6 ~  
12.5h 
60.9d 

3.65d 

*From annihi lat ion of @+. 
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I 

1p 
N 

I 

TABLE I11 

CALIBRATION OF N a I  ( T l )  DETECTOR 

Actual Peak 
U - Energy ( N o /  + 1 ( Unit Flux 

.51 

.66 

.75 

.89 
1.12 
1.28 
1.52 
1. 69 
2.62 

81000 
69000 
62000 
51000 
42000 
38000 
34000 
19000 
17000 

85000 
7 6000 
69000 
61000 
50000 
45000 
40000 
36000 
26000 

0.60 
0.59 
Q. 53 

- 

- 
0.46 
0.39 

0.80 (0.78*, 0.76**) 

0.83 (0.80*, 0.77**) 
- 
- 

0.87 
0.91 

*exponent ia l  source d i s t r i b u t i o n  
**plane source d i s t r i b u t i o n  



TABLE I V  

I 
P 
w 

I 

DOSE RATE CALIBRATION OF DETECTOR - NATURAL EMITTERS 

Isotope . 
Gamma Energy 
D o s e  Rate Contribution (pr/hr) 
(NO/#) .  
(NF/No 1 
(#/I)  ’ 

’ Peak’ Counts 
(NF/l) (p,r/hr) 

K 

K4 
1 . 4 6  
1.71/% 
34500 
0 .84  
0 . 1 9 2  
5550 

- U 

214 

- 
B i  
1 . 7 6  
0.76/p.p.m. 
18500 
0 . 8 8  
0 .044  
700 

Th 

T1208 
2.62 
0.36/p.p.m. . 

16800 
0 . 9 1  
0 .049  
750 

- 



TABLE V 

DOSE RATE CALIBRATION OF DETECTOR - FALLOUT 

Iso tope  

Gamma Energy 

(NF/No 
h a l f  space 
exponent ia l*  
p l a n e  

I 

a a (@/I) 
ha1 f space 

I exponent ia l*  
p l a n e  

half  space 
exponent ia l*  
p l a n e  

0.49 

81000 

0.80 
0.78 
0.76 

0.06 
0.10 
0.14 

3900 
63 00 
8600 

0.50 

81000 

0.80 
0.78 
0.76 

0.34 
0.55 
0.77 

22000 
35000 
47500 

0.52 

81000 

0.80 
0.78 
0.76 

0.18 
0. 29 
0.40 

11500 
18500 
24500 

c5137 

0 .66  

69000 

0.82 
0.79 
0.77 

0.29 
0.45 
0.60 

16400 
24500 
32000 

~r95-*95 

0.75 (avg.) 

62000 

0.83 
0.80 
0.77 

0.26 
0 .41  
0.54 

13500 
21000 
28000 

*Assuming S = So e -0.332 



6 
TABLE V I  

REPRESENTATIVE SURVEY RESULTS 

Town D a t e  D o s e  R a t e s  (wr/hr) 

T o t a l  y N a t u r a l  y Fa l lou t  y C o s m i c  R a y  
Ion. C h .  Spect. - K fi F . O .  (1) F . O .  (2) 

M e m p h i s ,  Tenn. ( 4/63) 11.8 11.2 1.8 1.7 2.7 5.0 5.3 3.5 

L a k e  C h a s . ,  La.  ( 4/63) 8.4 8.6 0.7 0.9 1.9 5.2 5.0 3.4 

13.6 13.4 8.5 2.2 1.9 
12.8 12.7 7.7 2.5 1.5 

1.8 
1.2 

0.9 
1.0 

4.0 
4.0 

B o n n y d o o n ,  C a l i f .  
I 
P 
VI 

I D e n v e r ,  C o l o .  16.3 15.4 4.0 2.5 8.7 0.6 0.6 6.3 

- 5.3 1.0 1.3 0.4 2.8 2. 6 3.6 C l a l l a m  B a y ,  Wash. 

3.5 
3.5 
3.5 
3.5 

Pelham, New York 12.4 12.4 2.9 1.0 3.3 
12.0 12.2 2.5 1.2 3.4 
9.2 9.3 2.3 1.2 3.4 
7.8 7.9 2.1 1.3 2.6 

4.9 
4.8 
2.3 
1.5 

5.1 
5.1 
2.4 
1.8 



Figure 1. Detector  assembly and b a t t e r y  pack. 
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Figure  2 . &  The HASL p r e s s u r i z e d  i o n i z a t i o n  chamber and 
spectrometer set up f o r  a typical  measurement. S a r a t o g a  
S p r i n g s ,  N. Y . ,  1963. 
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CHANUEL ffUM0€R 
Figure  3.  Two t y p i c a l  f i e l d  s p e c t r a  obtained du r ing  l a t e  
1962.  The cosmic, n a t u r a l  y, and f a l l o u t  y l e v e l s  a r e  a l l  
somewhat h ighe r  a t  l o c a t i o n  A. 

- 48 - 



6 

5 

4 

3 

2 

I 

t g  - 
X 

o/' 
/ 

B 
O 

/ 
/ 

; - 
I 

I 
/ 

# 

I. 
/ 

/ - 
/ /I 

/ 
/ 

/ - 
/ 

/ 
/ 

/ 
I 

1 
4 8 I 2  16 20 

DOSE RATE ( pr/ hr 
Figure 4. 

i n t e r c e p t  i s  probably r e a l  and r e s u l t s  from a Ce144 c o n t r i b u t i o n  
below t h e  low energy cutoof  of 0 .15  MeV. 

Spectrum "energy" a t  a number of l o c a t i o n s  surveyed i n  @ April ,  1963 v s ,  i o n i z a t i o n  chamber t e r r e s t r i a l  dose r a t e .  The small  
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Figure 5. 
produced by R a 2 2 6  source  i n  l abora to ry .  

Spectrum "energy" as a func t ion  of a i r  dose r a t e  
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Figure 6. Angular response of detector  t o  R a 2 2 6  source. 
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u Figure 7 .  
space incident  on de tec to r  a t  angles of 025" t o  t h e  c r y s t a l  ax is .  

(Curve A) i s  f o r  3 . 0  MeV photons and(curve B) is  f o r  0 . 5  MeV photons. 

Fract ion of t o t a l  primary y-ray f l u x  from t h e  ground ha l f -  
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F i g u r e  8. R a t i o  of  N a I ( T 1 )  l i g h t  o u t p u t  t o  a i r  d o s e  r a t e  (no rma l i zed  
t o u n i t y  a t  1 MeV) as a f u n c t i o n  of i n c i d e n t  y- ray  ene rgy  f o r  NaI(T1)  
c r y s t a l s  o f  t h i c k n e s s  1 c m .  ( cu rve  A )  and 10  c m .  ( c u r v e  B ) .  Curves 
are based on graphs and e q u a t i o n s  g i v e n  i n  r e f e r e n c e  1 2 .  
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Figure 9. In t eg ra l  y-ray dose r a t e  d i s t r i b u t i o n  r e s u l t i n g  from the  
ground half-space (curve A )  and from a Ra226 point  source (curve B ) .  
Curve A is  based on t h e  ca lcu la t ions  of Gates and Eisenhower as 
discussed i n  reference 10,  assuming a typ ica l  s i t u a t i o n  i n  which ~ 4 0  
and the  Th232 s e r i e s  each cont r ibu te  40% of t o t a l  dose r a t e  and the  
U238 s e r i e s  t h e  remaining 20%3. 
reference 11. 

Curve B i s  based on da ta  given i n  
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* 1  I 

Figure 10 .  
spec t ra  (curves B,C,D) and a spectrum from a Ra226 point  source i n  
t h e  laboratory (curve A ) .  E i s  the  incident  y-ray energy. Spectrum 
B was obtained a t  a locat ion where f a l l o u t  c o n t r i b u t e d  l e s s  than 20% 
of t h e  t o t a l  y dose r a t e ; - w h i l e  curves C and D correspond t o  loca t ions  
where f a l l o u t  contr ibuted 34% and 65% of the  t o t a l  y dose r a t e ,  
respec t ive ly  . 

In t eg ra l  ' d i s t r i b u t i o n s  of spectrum "energy" fo r  3 f i e l d  
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Figure 11. Field spectrum obtained over f resh ly  exposed serpentine 
a t  asbestos mine  near Copperopolis, Cal i fornia .  This spectrum was 
accumulated i n  approximately one hour of l i v e  time as opposed t o  the  
twenty m i n u t e  l i v e  t i m e s  for t he  spec t ra  of Figure 3 .  

- 56 - 



I 
40 80 120 160 200 240 

C H A N N E L  N U M B E R  

Figure  1 2 .  Absorption peak a r e a  e s t i m a t e s .  
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F i g u r e  13 .  
c o u n t s  per u n i t  i n c i d e n t  p r i m a r y  f l u x  (No/@). The labora tory  
background  $o p e a k  w a s  e s t i m a t e d  t o  be 9500 

D e t e r m i n a t i o n  of estimated & 2  t o t a l  a b s o r p t i o n  p e a k  

500 c o u n t s .  
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Figure  14. Determination of es t imated  T1208 ( 2 . 6 2  MeV) t o t a l  
absorp t ion  peak counts  p e r  u n i t  i nc iden t  primary f l u x  (No/@). 
The l a b o r a t o r y  background peak was es t imated  t o  be 1450 - + 150 
counts .  
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Figure  15.  I n t r i n s i c  peak e f f i c i e n c y  ( r a t i o  of counts  i n  t o t a l  
absorp t ion  peak t o  number of i nc iden t  y- rays) .  A - HASL 5" x 3"  
N a I ( T 1 )  c r y s t a l :  B - 3 "  x 3"  NaI(T1) c r y s t a l  (from Lazar -- e t  a l .  
as reproduced i n  r e fe rence  1 4 ) .  
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Figure 17.. 2.62 MeV absorption peak counts vs.  R i c e  Univ. i n  s i t u  

independent HASL c a l i b r a t i o n .  
s o i l  content  determinations.  The s o l i d  l i n e  corresponds t o  t h e  
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Fi ure 19. Th232 s o i l  content determined by s o i l  sample analysis  vs .  HASL 
Th332 s e r i e s  dose r a t e  es t imate .  
t h e o r e t i c a l  conversion from p.p.m. Th232 t o  pr/hr. 

The so l id  l i n e  corresponds t o  t h e  
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Figure  2 0 .  
HASL K?' dose r a t e  es t imate .  
conversion from percent  potassium t o  v r /h r .  

Potassium s o i l  c o n t e n t  determined by s o i l  sample a n a l y s i s  v s .  
The s o l i d  l i n e  corresponds t o  t h e  t h e o r e t i c a l  
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series dose r a t e  e s t ima te .  The s o l i d  l i n e  corresponds t o  t h e  t h e o r e t i c a l  
cc;.nversion from p.p.m. U238 t o  pr /hr  assuming s e c u l a r  e q u i l i b r i u m  f o r  t h e  
e n t i r e  series and no loss of a c t i v i t y  due t o  radon migrat ion.  

U238 s o i l  con ten t  determined by s o i l  sample a n a l y s i s  vs .  HASL U238 
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