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ABSTRACT 

The use of large NaI(T1) crystals and large G e ( L i )  diodes 
to make -- in situ measurements of y-rays from sources in the 
soil and air is described. Methods fo r  i n f e r r i n g  source con- 
centrations and contributions to the total exposure rate from 
individual emitters are discussed and tables of photon flux 
to source activity and flux to exposure rate conversion 
factors are presented. Descriptions are given of the Cali- 
bration of 4 in. by 4 in. N a I ( T 1 )  detectors, and 25 cm3 and 
60 cm3 Ge(Li) diodes. A number of applications of field 
spectrometry are discussed. 
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I. INTRODUCTION 

The Health and Sa fe ty  Laboratory (HASL) pioneered t h e  
development of in situ gamma-ray spec t romet r ic  techniques,  
f i rs t  u t i l i z i n g  l a r g e  NaI ( T l )  c r y s t a l s  ( '  " )  and l a t e r  
G e ( L i )  d iodes ' 3 ' ,  These s p e c t r a  a r e  used t o  provide i n f o r -  
mation on t h e  i d e n t i t y  of rad ionucl ides  i n  the s o i l  and a i r ,  
t h e i r  concent ra t ions  i n  the s o i l  and t h e i r  i nd iv idua l  
exposure r a t e  con t r ibu t ions  (4 9 6 )  

-- I n  s i t u  measurements of s o i l  a c t i v i t y  a r e  more s e n s i t i v e  
and provide more r e p r e s e n t a t i v e  d a t a  than d a t a  obtained by 
sample c o l l e c t i o n  and subsequent l abora to ry  ana lys i s .  An 
unshielded d e t e c t o r  placed about one meter above the ground 
detects gamma rays  from an area w i t h i n  about a 10  m e t e r  
r ad ius ,  r ep resen t ing  a l a r g e  volume of  s o i l  compared t o  t h e  
t y p i c a l  s o i l  sample, and comparable counting s t a t i s t i c s  can 
be obta ined  i n  only  a small  f r a c t i o n  of  t h e  t i m e  r equ i r ed  
for t h e  l abora to ry  ana lys i s .  For example, a f i e l d  spec t ra l  
a n a l y s i s  f o r  the  n a t u r a l  emitters,  I(, "'U and 232Th, can 
be c a r r i e d  o u t  i n  approximately 1 5  minutes w i t h  a 4 i n .  by 
4 i n .  NaI(T1) d e t e c t o r .  A comparable a n a l y s i s  i n  t h e  labor-  
a t o r y ,  excluding t r a n s p o r t a t i o n  and sample p repa ra t ion  t i m e ,  
would r e q u i r e  s e v e r a l  hours ,  Furthermore, a s i n g l e  s o i l  
sample from a s i t e  may not  be r e p r e s e n t a t i v e  of the mean s o i l  
a c t i v i t y ,  so a number of samples o r  composite samples a r e  
requi red .  A s i n g l e  f i e l d  a n a l y s i s  averages out  small- local 
inhomogeneties i n  the s a m p l e .  

4 0  

T h e  most important disadvantage of i n  s i t u  spectrometry 
is t h a t  t h e  accuracy of t h e  a n a l y s i s  depends on a s e p a r a t e  
knowledge of t h e  r a d i o a c t i v i t y  d i s t r i b u t i o n  wi th  s o i l  depth,  
and t o  a lesser e x t e n t  a knowledge of the s o i l  dens i ty ,  
moisture  conten t  and chemical composition. W e  w i l l  show, 
however, t h a t  exposure r a t e  e s t ima tes  a r e  much less s e n s i t i v e  
t o  v a r i a t i o n s  i n  rad ionucl ide  d i s t r i b u t i o n  and s o i l  cha rac t e r -  
i s t ics  than a r e  concent ra t ion  e s t ima tes  and tha t  very  accu ra t e  
e s t ima tes  of i n d i v i d u a l  nuc l ide  c o n t r i b u t i o n s  t o  t h e  t o t a l  
e x t e r n a l  exposure r a t e  can be made f r o m  t h e  f i e l d  spec t ra .  

- 1 -  



Our NaI (T1) analysis techniques have been discussed 
extensively in prior publications (1-6), and similar work has 
since been reported by other investigators ( a - e ) .  The specific 
application of our analysis to large lithium drifted ermanium 
diodes [Ge (Li) ] has only qualitatively been discussedq3 ) . In 
addition, since our last detailed report on spectrometric 
methods" I ,  improved calculations of gamma-ray flux and 
exposure rate in air as a function of soil concentration have 
been made, and new and more precise information on the gamma- 
ray emissions of  "'Ra and 232Th daughters has become available. 
These new data have allowed us to improve the flux to dose 
conversions used in our spectral analysis. 

PI. EXPERIMENTAL EQUIPMENT; FIELD PROCEDURES 

Figure 1 is a block diagram of our field equipment 
arrangement. Each detector is placed on a tripod, facing 
downward toward the soil halfspace, at a distance of 1 meter 
above the ground (Figure 2). The site is usually chosen to 
be a flat relatively undisturbed area whose soil is typical 
of the surrounding environs. We have found that this 
measurement technique smooths out much of the effect of ground 
roughness. Extreme roughness will result in anomalies since 
the soil surface area close to the detector is increased, 
while the surface contribution f r o m  large distances is reduced, 

The NaI detectors are usually covered (in addition to 
t h e  manufacturers standard thin aluminum or stainless steel 
window) by a 1/4 in. bakelite shield to reduce the beta-ray 
contribution to the Compton continuum as well as to moderate 
thermal stresses. 

The NaI detectors (usually 4 in. by 4 in. cylindrical 
crystals attached to 3 in. matched photomultiplier tubes) 
are coupled through an emitter-follower preamplifier and a 
100 ft. coaxial cable to a multichannel analyzer in our field 
vehicle. The output of the Ge(Li) diode goes to an uncooled 
preamplifier directly attached to the cryostat, then through 
a specially designed low noise 100 f t .  cabbe carry$.ng the 

- 2 -  
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preampl i f i e r  power and t r a n s m i t t i n g  t h e  s i g n a l  t o  a h igh  
r e s o l u t i o n  ampl i f i e r  and 4000 channel analyzer  i n  t h e  veh ic l e .  
The 5 l i t e r  dewar a t tached  t o  t h e  diode-cryostat  r e q u i r e s  
f i l l i n g  every four  days and f o r  long t r i p s  an e x t r a  30 l i t e r  
dewar of l i q u i d  n i t rogen  i s  c a r r i e d  along. The e l e c t r o n i c  
equipment i s  shockmounted i n  a rack mounted i n  a s t a t i o n  
wagon (Figure 3 ) .  Power f o r  ope ra t ing  a l l  t h e  equipment f o r  
up t o  e i g h t  hours i s  suppl ied by three 95 ampere-hour s to rage  
b a t t e r i e s  coupled t o  a s o l i d - s t a t e  1 2  V DC-AC conver te r .  The 
primary output  device i s  a magnetic t ape  recorder ,  however, 
a p a r a l l e l  p r i n t e r  i s  a l s o  ava i l ab le .  The p a r t i c u l a r  analyzer 
w e  use was chosen f o r  i t s  low power requirements (-200 w a t t s ) ,  
i t s  compact s i z e ,  weight and acceptable  temperature s t a b i l i t y  
c h a r a c t e r i s t i c s .  

T h e  G e ( L i )  and N a I ( T 1 )  d e t e c t o r s ,  when not  i n  use,  a r e  
t r anspor t ed  i n  rugged Styrofoam cushioned boxes designed t o  
minimize both mechanical and thermal shock. Por tab le  lead  
s h i e l d i n g  also allows us t o  use the  d e t e c t o r s  f o r  counting 
samples i n  a f ixed  geometry i n  the f i e l d .  

NaI(T1) s p e c t r a  a r e  usua l ly  accumulated i n  from 10  - 20 
minutes while  G e ( L i )  s p e c t r a  usua l ly  r e q u i r e  from 30 t o  90 
minutes counting t i m e  depending on the s o i l  a c t i v i t y  and 
a c t i v e  volume of  t h e  diode. Although t h e  r e s o l u t i o n  ob ta inab le  
in t h e  f i e l d  i s  not  u s u a l l y  as good a s  t h a t  i n  the labora tory ,  
w e  r a r e l y  encounter s i g n i f i c a n t  d e t e r i o r a t i o n  i n  r e s o l u t i o n  
from ga in  o r  zero d r i f t  even during very  warm o r  co ld  days 
because of t h e  r e l a t i v e l y  short counting i n t e r v a l s .  W e  use 
no s p e c i a l  ga in  s t a b i l i z a t i o n  equipment. T h e  d e t e c t o r  
c h a r a c t e r i s t i c s  a r e  discussed more fully i n  Sec t ion  V of t h i s  
report. 

Our s tandard  p r a c t i c e  a t  each measurement s i t e  i s  t o  first 
monitor the e n t i r e  a r ea  wi th  hand-held, NaI s c i n t i l l a t i o n  
meters t o  a s su re  t h a t  t h e  r a d i o a c t i v i t y  l e v e l  i s  r e l a t i v e l y  
uniform. A high p res su re  i o n i z a t i o n  chamber' l o  i s  used t o  
measure t h e  t o t a l  exposure r a t e  a t  t h e  s i te .  
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111. THE ANALYSIS O F  -I_. I N  SITU.SPECTRA 

The t o t a l  absorpt ion peaks i n  a spectrum a r e  a measure 
of t h e  gamma-ray f l u x  of a p a r t i c u l a r  energy inc iden t  on t h e  
de t ec to r .  B y  c a l i b r a t i n g  t h e  d e t e c t o r  i n  the l abora to ry  w i t h  
s tandard po in t  sources w e  have determined t h e  de t ec to r  
response i n  t e r m s  of t o t a l  absorpt ion peak counts f o r  a given 
f l u x  a s  a func t ion  of gamma-ray energy and angle of incidence.  
T h e  a r ea  of a t o t a l  absorpt ion peak i n  a f i e l d  spectrum i s  
t h u s  a measure of t h e  a c t u a l  f l u x  inc iden t  on t h e  de t ec to r  i n  
the  f i e l d  s i t u a t i o n .  W e  have a l s o  ca l cu la t ed  the  expected 
f l u x  a t  t h e  d e t e c t o r  pe r  u n i t  a c t i v i t y  of each nuc l ide  i n  t h e  
s o i l  for var ious  source depth d i s t r i b u t i o n s  and s o i l  p r o p e r t i e s  
and obtained t h e o r e t i c a l  f l u x  t o  concentrat ion r a t i o s .  
extended t h e  method t o  exposure r a t e  es t imates  by c a l c u l a t i n g  
t h e  t o t a l  exposure .rate expected a t  var ious  he igh t s  above the 
ground per u n i t  a c t i v i t y  of a p a r t i c u l a r  n u c l i d e  i n  t h e  s o i l ,  
ob ta in ing  t h e o r e t i c a l  f l u x  t o  exposure r a t e  r a t i o s .  
p ly ing  t h e  absorpt ion peak area  response of  t h e  d e t e c t o r  per  
u n i t  i nc iden t  f l u x  by t h e  ca l cu la t ed  f l u x  t o  exposure r a t e  
and f l u x  t o  a c t i v i t y  r a t i o s  we  ob ta in  c a l i b r a t i o n  f a c t o r s  i n  
t e r m s  of t o t a l  absorpt ion peak counts per  pR/hr o r  per  pCi/gm 
f o r  each nuc l ide  of i n t e re s t .  

W e  

M u l t i -  

W e  can desc r ibe  t h e  a n a l y s i s  symbolically i n  t h e  following 
rnaqner. L e t  

( ~ ~ / c p )  = an estimate of t h e  counts per  minute obtained under 
a p a r t i c u l a r  spectrum t o t a l  absorpt ion peak due t o  
a u n i t  f l u x  of gamma rays  of energy E i nc iden t  on 
the  d e t e c t o r  p a r a l l e l  to the  a x i s  of symmetry of  
t h e  d e t e c t o r ,  

! N ~ / N ~ )  = the  angular co r rec t ion  f a c t o r  appl ied t o  (No/cp) t o  
account f o r  t h e  f a c t  t h a t  gamma rays  i n  t h e  f i e l d  
s i t u a t i o n  a r e  not  i nc iden t  p a r a l l e l  t o  t h e  d e t e c t o r  
a x i s  of symmetry. 
response over t h e  s o l i d  angle from which gamma rays  
e n t e r  t h e  d e t e c t o r  i n  t h e  f i e l d ,  then Nf/No = 1.0 .  
I f  no t ,  t h e  measured angular response of t h e  d e t e c t o r  

I f  t h e  d e t e c t o r  has a uniform 
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must be i n t e g r a t e d  over t h e  a c t u a l  d i s t r i b u t i o n .  
This  l a t t e r  q u a n t i t y  is  a func t ion  of  energy, source 
d i s t r i b u t i o n ,  s o i l  dens i ty ,  and s o i l  composition. 

( c p )  = t o t a l  f l u x  a t  t h e  detector per  u n i t  s o i l  concentra- 
t i o n  [ (pCi/g) o r  ( m C i / k m 2 )  ] of a p a r t i c u l a r  nuc l ide  
a s  a func t ion  of energy, source d i s t r i b u t i o n ,  and 
s o i l  p r o p e r t i e s .  

( I )  = exposure r a t e  i n  pR/hr.at one meter above t h e  ground 
f r o m  a l l  gamma rays  o r i g i n a t i n g  from a p a r t i c u l a r  
nuc l ide  and the secondaries  produced i n  t h e  soil 
and a i r .  

(cp/I) = t h e  r a t i o  of t h e  f l u x  a t  the  d e t e c t o r  due t o  gamma 
rays  of energy E emi t ted  as a r e s u l t  of the decay 
of a p a r t i c u l a r  nuc l ide  and any daughters to t h e  
corresponding exposure r a t e  for t h a t  nuc l ide  and 
its daughters i n  equi l ibr ium, i f  s p e c i f i e d .  

Then, t h e  absorp t ion  peak counting r a t e  i s  r e l a t e d  t o  t h e  
exposure r a t e  i n  a i r  above the ground o r  t o  rad ionucl ide  con- 
c e n t r a t i o n  i n  t h e  ground by 

( N f / I )  = (Nf /N , )  (N,/cp) (cp/I) = peak a rea  counts p e r  pR/hr, 

!T\? /A) = !E /N3) !bT0/rq)) ( y / A )  = peak area ccluslts per rniv1ite f f 
pe r  pCi/g o r  mCi/km2. 

This  a n a l y s i s  i s  equa l ly  app l i cab le  t o  N a I  (Tl) and G e  (Li) 
d e t e c t o r s ,  though t h e  es t imat ion  of absorp t ion  peak a r e a s  f o r  
the two types of d e t e c t o r s  a r e  q u i t e  d i f f e r e n t .  The very 
g r e a t  r e s o l u t i o n  of G e ( L i )  d e t e c t o r s  allows one t o  measure 
absorp t ion  peak a reas  due t o  a given gamma-ray t r a n s i t i o n  
w i t h  very  l i t t l e  i n t e r f e r e n c e  from neighboring peaks. 
t h e  a r e a s  o f  s e v e r a l  peaks r e s u l t i n g  from t h e  same nuc l ide  
may be measured. The e f f i c i e n c y  of G e ( L i )  d iodes i s  s t i l l  
much lower than  NaI(T1) and thus  longer counting t i m e s  a r e  
requi red  t o  o b t a i n  comparable s t a t i s t i c a l  p rec i s ion .  
poorer r e s o l u t i o n  of t h e  NaI(T1) d a t a  o f t e n  makes d i f f i c u l t  
the e s t ima t ion  of absorpt ion peak a rea  due t o  interference 
from nearby peaks. 

Often,  

The 
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Though our  c a l i b r a t i o n  d a t a  on No/cp and Nf/No a r e  s t r i c t l y  
v a l i d  only  f o r  our p a r t i c u l a r  de t ec to r s ,  except f o r  nominal 
d i f f e r e n c e s  i n  volume, our N a I ( T 1 )  d a t a  should be app l i cab le  
t o  o t h e r  4 in .  by 4 i n .  d e t e c t o r s  and our  G e ( L i )  d a t a  should 
be i n s t r u c t i v e  i n  i l l u s t r a t i n g  t h e  d i f f e r e n c e s  i n  N a I  and 
Gq ( L i )  s e n s i t i v i t y .  

The c a l c u l a t i o n s  of cp ,  cp/A, cp/I, and I given i n  t h e  next 
s ec t ion ,  however, a r e  gene ra l ly  use fu l  f o r  any detector c a l i -  
b r a t i o n .  

IV. CALCULATIONS O F  FLUX AND EXPOSURE RATE 

Gamma-Ray Flux from Monoenerqetic Sources i n  the S o i l  

I The t o t a l  f l u x  of gamma rays  of energy E a t  he igh t  h c m  
above a f l a t  air-ground i n t e r f a c e  due t o  an emitter d i s t r i b u t e d  
i n  t h e  s o i l  exponent ia l ly  w i t h  depth i s  given by 

where 

Y = t h e  d i s t a n c e  from each element of d i f f e r e n t i a l  
volume. to  the  d e t e c t o r  p o s i t i o n ,  

U) = COS e ,  
Z = t h e  depth beneath t h e  su r face  i n  cm, 

So = t h e  s u r f a c e  a c t i v i t y ,  photons/sec-cm3, 

ct = t h e  r e c i p r o c a l  of  t h e  r e l a x a t i o n  length  of  t h e  
assumed exponent ia l ly-d is t r ibu ted  source a c t i v i t y  
wi th  depth,  c m - l ,  
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p = s o i l  bu lk  dens i ty ,  g /cm3 ,  and 

= t h e  a i r  and soil t o t a l  gamma-ray a t t e n u a t i o n  c o e f f i c i e n t s ,  
cm-I pa, V S  

The dependence of cp on t h e  photon angle  of incidence wi th  
r e spec t  t o  t h e  perpendicular  t o  t h e  e a r t h - a i r  i n t e r f a c e ,  8 ,  
i s  obta ined  by i n t e g r a t i o n  over r,  hence 

where 

So/p  i s  the su r face  a c t i v i t y  pe r  u n i t  mass of s o i l  and t h e  
a c t i v i t y  a t  depth pz  q/cm2 i s  given by 
S/p = S o / p  exp(-a/p e p z ) ,  and 

p /p  i s  t h e  mass a t t enua t ion  c o e f f i c i e n t  f o r  s o i l  and t i s  
t h e  he igh t  of the de tec to r  above the i n t e r f a c e  i n  
u n i t s  of mean free paths of a i r ,  i . e .  

s 

Since 

i s  t h e  t o t a l  a c t i v i t y  i n  an i n f i n i t e l y  deep column of s o i l  
sf u n i t  c ros s - sec t iona l  a rea ,  then  equat ion ( 2 )  can be 
r e w r i t t e n  

Equations (1-3) g ive  t h e  f l u x  i n  a i r  a t  any he igh t  t f o r  
a source d i s t r i b u t e d  exponent ia l ly  i n  t h e  s o i l  a s  long as w e  

- 7 -  



a r e  dea l ing  w i t h  i n f i n i t e  half-space geometry, i . e ,  a s  long 
a s  v a r i a t i o n s  occur o n l y  i n  t h e  z d i r e c t i o n .  Any depth 
d i s t r i b u t i o n  can be represented  by a superpos i t ion  of p lane  
sources  bu r i ed  a t  var ious  depths  and equat ions (1-3) merely 
r ep resen t  p a r t i c u l a r  superpos i t ions .  For most real  s i t u a t i o n s  
the a c t u a l  d i s t r i b u t i o n  o f  a c t i v i t y  can be represented  by 
equat ions ( 2 )  and ( 3 ) .  Natural  emitters are usua l ly  d i s t r i -  
b u t e d  reasonably uniformly i n  t h e  soil; f o r  t h i s  case  a / p  = 0 
and equation ( 2 )  becomes 

and t h e  t o t a l  f l ux ,  

Equation (5 )  gene ra l ly  cannot be evaluated d i r e c t l y  b u t  can 
be solved numerical ly  w i t h  t h e  a i d  of a l a r g e  computer. 

For a p lane  source on the soil sur face ,  r e p r e s e n t a t i v e  
of fresh weapons f a l l o u t ,  a/p -, 03 and from equation ( 3 )  w e  
o b t a i n  

and the t o t a l  f l ux ,  

where E, ( t) i s  t h e  exponent ia l  i n t e g r a l ,  sometimes a l s o  
w r i t t e n  - E i  (-t). 
i n  many mathematical handbooks. 

The va lues  of E, ( t) have been t abu la t ed  

F a l l o u t  deposi ted on t h e  ground tends t o  approach a 
d i s t r i b u t i o n  which can be reasonably approximated by an 
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. T h e  va lue  of ( 1 1 )  exponent ia l  d i s t r i b u t i o n  a f t e r  some t i m e  
u/p best desc r ib ing  the d i s t r i b u t i o n  w i l l  depend on t h e  type 
of soil, s o i l  d e n s i t y  and moisture  content .  Values of a/p 
ranging from 0 .05  t o  0 . 5  have been found t o  desc r ibe  
r e a l i s t i c  f a l l o u t  d i s t r i b u t i o n s  adequately,  the more aged 
f a l l o u t ,  of course,  being represented by t h e  smaller  
va lues  ( 1 1 )  

Calcula ted  Fluxes 

Using equat ions ( 2 )  and (3)  w e  have c a l c u l a t e d  t h e  un- 
s c a t t e r e d  photon f l u x  a t  one m e t e r  above t h e  i n t e r f a c e  f o r  
va lves  of a / p  ranging from 0 t o  00. These r e s u l t s  a r e  given 
i n  Table 1 f o r  var ious  monoenergetic source energ ies ,  for a 
source s t r e n g t h  of SA = 1 . 0  photons/cm2-s except for thq 
case of a / p  = 0 (uniform) w h e r e  t h e  r e s u l t s  a r e  for S/p = 1 . 0  
photons/s p e r  gram of so i l .  
given i n  Table 2 .  

W e  used the s o i l  composition 

The choice of doing the a/p 0 c a l c u l a t i o n s  f o r  a f ixed  
t o t a l  source a c t i v i t y  and a varying source depth d i s t r i b u t i o n  
rather than  for  a f ixed  va lue  of su r face  a c t i v i t y  (So/p = a S ~ / p )  
r e s u l t s  i n  the a / p  = 0 d a t a  not being d i r e c t l y  comparable t o  
the a/p # 0 d a t a  as t abu la t ed .  
d i s t r i b u t i o n  i s  more apparent from t h i s  type of normalizat ion,  
however. T h e  r e s u l t s  could be re-normalized by l e t t i n g  
S o / p  = 1 .0  photon/g-s f o r  a l l  cases .  

T h e  e f f e c t  of  source depth 

In Table 3 w e  g ive  t h e  f luxes  a t  1 m e t e r  for some t y p i c a l  
f a l l o u t  rad ionucl ides  obtained by i n t e r p o l a t i n g  the  da ta  i n  
Table 1 and mul t ip ly ing  by the given photons/dis.  
w e  g i v e  s i m i l a r  r e s u l t s  for the major 2381J and 232Th t r a n s i -  
t i o n s .  

I n  Table 4 

The 23eU and 232Th decay chains  a r e  l isted i n  Table 5. 

Dependence of F l u x  on S o i l  Density 

Although soil d e n s i t i e s  may vary considerably from site 
t o  s i t e ,  it can be seen f r o m  equat ions ( 3 )  and (4) t h a t  t h e  
s o i l  d e n s i t y  e n t e r s  on ly  i n  t h e  t e r m s  a / p  and ps/p .  One can 
o b t a i n  t h e  f l u x  for  any s o i l  d e n s i t y  from t h e  f l u x  vs. ( a / p )  
i n  Table 1 s i n c e  t h e  q u a n t i t y  ps/p i s  independent of d e n s i t y  
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and depends only  on i s o t o p i c  composition. 
assume a s o i l  d e n s i t y  of 1 .6  g/cm3, t h e  values  i n  Table 1 f o r  
any va lues  of p and a a r e  equal ly  v a l i d  f o r  o t h e r  values  of p 
a s  long a s  a / p  = cons tan t ,  i .e .  t h e  va lues  given f o r  a = 0 .5  
c m - l  and p = 1.6  correspond t o  t h e  values  f o r  a = 1 . 0  cm-I and 
p = 3.2. The va lues  given for a / p  = 0 depend only  on the 
source a c t i v i t y  pe r  gram o f  s o i l  m a t e r i a l  and not  t h e  a c t u a l  
s o i l  dens i ty .  

Although w e  t y p i c a l l y  

Anqular D i s t r i b u t i o n  of  Flux 

I n  Table 6 w e  g ive  i n t e g r a l  angular f l u x  d i s t r i b u t i o n s  
obtained by i n t e g r a t i n g  equat ion (1) from 0' t o  8 .  From these 
d a t a  it i s  seen t h a t  most of t h e  unsca t te red  gamma rays  
inc iden t  on a d e t e c t o r  a t  one m e t e r  above t h e  ground a r r i v e  
a t  angles  of roughly from 50' - 80' from t h e  v e r t i c a l ,  i . e .  
a r e  o r i g i n a t i n g  from an a rea  bounded by r a d i i  of about 1 t o  
5 meters, Also f o r  an energy of 662 keV and a r e l a x a t i o n  
length  of 3 c m  (a /p = 0 . 2 1 )  85% of  t h i s  f l u x  comes from an 
a r e a  of  about 10 meters i n  diameter. The a rea  "seen" by t h e  
d e t e c t o r  depends on t h e  he igh t  of t h e  d e t e c t o r ,  of  course, a s  
w e l l  a s  on t h e  depth d i s t r i b u t i o n  ( a / p )  and t o  a much lesser 
e x t e n t  on t h e  gamma energy of t h e  source. 

Dependence o f  Flux on So i l  Composition and Moisture Content 

The unsca t t e red  f l u x  i s  not  completely independent of 
p S / p s  the t o t a l  mass a t t enua t ion  c o e f f i c i e n t  of the  s o i l .  
T h i s  q u a n t i t y  depends on the  s o i l  composition which i t se l f  
depends on t h e  soil moisture  content .  For a f a i r l y  wide 
range of  s o i l  conten ts ,  however, ps/p v a r i e s  over a narrow 
range, a s  shown i n  Table 2 .  Since f o r  t h e  worst  case,  a 
uniformly d i s t r i b u t e d  source a s  shown i n  equat ion 4, t h e  f l u x  
v a r i e s  on ly  a s  l / ( p s / p )  and s i n c e  ps/p changes by a t  most, 
about 6 - 7% between aluminum and s o i l  w i th  25% moisture 
content  (Table 2 ) ,  c l e a r l y  a knowledge of  t h e  exact  s o i l  
composition i s  not  c r i t i c a l  f o r  t h e  c a l c u l a t i o n  of f lux .  A 
soil with  a s i g n i f i c a n t  high 2 m a t e r i a l  conten t  could r e s u l t  
i n  somewhat l o w e r  f l uxes  than  a r e  given i n  Tables 1, 3 and 
4, however. 
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Dependence of  Flux on Source Depth D i s t r i b u t i o n  

I t  can be seen from Table 1 t h a t  t h e  f l u x  i s  s t rong ly  
dependent on depth d i s t r i b u t i o n ,  changing f o r  example by  
almost an o rde r  of magnitude a t  662 keV (see T a b l e  1) a s  the 
source d i s t r i b u t i o n  changes from a p lane  source t o  a deeply 
d i s t r i b u t e d  source. Increased s o i l  moisture  e f f e c t i v e l y  
r e s u l t s  i n  a more deeply d i s t r i b u t e d  source s i n c e  increased  
so i l  moisture  inc reases  t h e  d e n s i t y  and thus  reduces a/p,  

Clear ly ,  t h e  r e l a t i o n  of an i n  s i t u  f l u x  measurement t o  
t o t a l  s o i l  concent ra t ion  r e q u i r e s  a f a i r l y  good knowledge of 
the e f f e c t i v e  depth d i s t r i b u t i o n .  
t o  mind for  i n f e r r i n g  t h e  depth d i s t r i b u t i o n  f r o m  measurements 
of f lux.  One might i n f e r  t h e  depth parameter, a/p ,  from 
measurements of f l u x  a t  some energy a t  s e v e r a l  heights above 
t h e  s o i l .  Unfortunately,  t h e  v a r i a t i o n  of  f l u x  wi th  d e t e c t o r  
height i s  very  i n s e n s i t i v e  t o  a / p  over t h e  f irst  few meters 
above the i n t e r f a c e  ( 1 2 ) e  For example, t h e  r a t i o  o€ 662 keV 
f l u x  a t  10  m t o  t h a t  a t  1 m f o r  cx/p = 0.0625 is 0.74, while 
fo r  a / p  = 0.1875 it i s  0.70 

Severa l  p o s s i b l e  ways come 

( 1 2 )  

An a l t e r n a t i v e  might be t o  observe t h e  photon f l u x  a t  
two d i f f e r e n t  energ ies  f r o m  the same source,  e.g. 587 keV 
and 1596 keV from '*'La, o r  t o  assume t h e  same depth dist r i -  

Ru (134 keV and 619 k e V )  w h i c h  krirtion f o r  say  '"Ice and 
have s i m i l a r  h a l f - l i v e s .  From T a b l e  1 w e  see, however, t h a t  
the x a t i o  o f  t h e  150  keV f l u x  t o  t he  662 keV f l u x  f o r  
a /p  = 0 . 2 1  is 0 . 6 8 ,  while for  a / p  = 0 . 0 6 3  it i s  0.61,  on ly  
about a 10% d i f f e r e n c e  i n  a /p  f o r  very d i f f e r e n t  photon 
energ ies .  I t  i s ,  i n  f a c t ,  very  d i f f i c u l t  t o  use measurements 
of t o t a l  f l u x  alone t o  determine a / p  except perhaps in a very 
gross  manner. This,  of course,  l i m i t s  t h e  a b i l i t y  of t h e  
f i e l d  spectrometric method w i t h  r e s p e c t  t o  determining 
~v .ma la t ive  f a l l o u t  s o i l  a c t i v i t i e s  un le s s  one has  some 
independent knowledge of the depth d i s t r i b u t i o n .  
6, however, w e  no te  t h a t  t h e  angular f l u x  d i s t r i b u t i o n s  a r e  
somewhat more s e n s i t i v e  t o  a / p  and perhaps measurements of 
t h i s  q u a n t i t y  w i t h  co l l imated  d e t e c t o r s  could be used t o  
i n f e r  approximate va lues  of a / p .  

106 

From Table 
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Exposure R a k e s  for Monoenergetic Sources i n  t h e  S o i l  

The t o t a l  exposure r a t e s  a t  1 meter pe r  u n i t  concentrat ion 
of source a c t i v i t y  i n  t h e  s o i l  f o r  monoenergetic sources a s  
a func t ion  of source energy a r e  given i n  Table 7. 
inc lude  t h e  con t r ibu t ions  from gamma rays  s c a t t e r e d  i n  both  
t h e  s o i l  and a i r  and w e r e  determined u t i l i z i n g  a polynomial 
s o l u t i o n  t o  the  gamma-ray t r a n s p o r t  equa t ion (12)  f o r  t h e  s o i l  
composition given i n  Table 2 and a moisture  conten t  of  1 0 % b y  
weight. 

These d a t a  

Dependence o f  Exposure Rate on S o i l  Dens i ty  

Like t h e  f l u x  t h e  exposure r a t e  i s  dependent on s o i l  
d e n s i t y  and composition. 
of s t r e n g t h  So/p exp(-a/p pZ) bur i ed  a t  a depth between z 
and z + dz cent imeters  beneath t h e  su r face  depends only on 
the  number of mean free pa ths  (MFP) t o  the  i n t e r f a c e ,  i . e .  

The exposure r a t e  due t o  a source 

(8) 

w h e r e  I i s  t h e  exposure r a t e  a t  h meters above the  i n t e r f a c e  
and F i s  a q u a n t i t y  which r e l a t e s  t h e  exposure a t  h t o  a 
p l ane  source a t  depth z .  F depends only  on t h e  number of 
gamma mean f r e e  pa ths  ( ~ / p )  (pz )  between t h e  he igh t  h and 
the  depth z s i n c e  t h e  exposure r a t e  from a bu r i ed  p lane  source 
can be shown t o  be only  a funct ion of FZ = ( p / p )  ( p z ) ' " ) .  
Equation (8) can be r e w r i t t e n  

As w a s  t h e  case  f o r  f l u x  t h e  exposure r a t e  f o r  a given SA 
v a r i e s  a s  a / p  and one can o b t a i n  t h e  value f o r  any s o i l  
d e n s i t y  by  u t i l i z i n g  t h e  Table 7 values  wi th  an appropr i a t e  
va lue  of q /p .  
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Dependence of  Exposure R a t e  on S o i l  Composition and Moisture 
Content 

The soil d e n s i t y  a t  a given l o c a t i o n  may vary  wi th  t i m e  
due t o  changes i n  s o i l  moisture  and a may remain cons tan t  o r  
vary extremely slowly. S i n c e  p s / p  i nc reases  only  s l i g h t l y  
wi th  inc reas ing  water content  (Table 2 ) ,  t h e  e f f e c t  is  t o  
reduce t h e  f l u x  and exposure r a t e  somewhat, s ince  i n  effect  
each source  e l emen t  i s  f u r t h e r  away from t h e  detector i n  
t e r m s  of mean f r e e  pa ths .  For a / p  = 0, a uniformly dis t r i -  
buted  source,  an increased  moisture conten t  reduces the  source 
p e r  gram of  s o i l  (o r  pe r  MFP) and the exposure r a t e  and f l u x  
a r e  bo th  reduced p ropor t iona te ly .  

The above d i scuss ion  assumed a uniform change i n  s o i l  
moisture  conten t  over the f i r s t  s e v e r a l  inches of s o i l ,  which 
may n o t  be a r e a l i s t i c  assumption f o r  a c t u a l  s o i l s .  
ca se ,  bo th  t h e  f l u x  and exposure r a t e  should change about t h e  
same amount f o r  most s i t u a t i o n s .  

I n  any 

Since p s / p  i s  not  completely i n v a r i a n t  small  changes i n  
t h e  va lues  of c a l c u l a t e d  exposure r a t e s  would r e s u l t  from t h e  

Table 2.  HOwever, o u r  c a l c u l a t i o n s  i n d i c a t e  t h a t  these 
d i f f e r e n c e s  f o r  most p l a u s i b l e  s o i l s  a r e  almost always less 

t i o n s (  l 2  
would not be represented as w e l l  by t he  exposure r a t e  d a t a  i n  
Table 6. 

E a c t u a l  s o i l  composition being d i f f e r e n t  from t h a t  given i n  

I than  5% which i s  t h e  same order  as t h e  e r r o r  i n  the ca l cu la -  
7 I. 

Again, however. a s o i l  r i ch  i n  high Z m a t e r i a l  ' X U  

Exposure R a t e s  foy Natura l  and Fallocrt E m i t t e r s  

I .  The exposure r a t e s  a t  1 meter f o r  na tura l ly-occurr ing  
I 4  nuc l ides  found i n  the s o i l  a r e  given i n  T a b l e  8 whi le  

se for f a l l o u t  emitters a r e  given i n  Table 9. These data  
e c a l c u l a t e d  by fo ld ing  toge the r  i n t e r p o l a t e d  va lues  from 

Table 7 w i t h  the best a v a i l a b l e  d a t a  f o r  t h e  number of 
photons emit ted p e r  d i s i n t e g r a t i o n  a t  each energy. The d a t a  

-&he f a l l o u t  nuc l ides  w e r e  t aken  from t h e  Nuclear D a t a  
&'('13) whi le  those  f o r  t h e  238U and "'Th series a r e  
d p r i m a r i l y  on r e c e n t  measurements by Gunnink et E&, (14) 
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, and Maria e t  a l .  ( 1 7 )  a s  w e l l  a s  our  
own measurements with a G e ( L i )  diodeTTB' . 
best a v a i l a b l e  gamma emission d a t a  for t h e  major l i n e s  o f  t h e  
23eU and 232Th series are given i n  Table 4. 
cons iderably  both from the d a t a  we  used i n  t h e  past"'") and 
t h a t  given by Hul tquis t  i n  h i s  e a r l y  work' l9 

t he re fo re ,  d i f f e r  somewhat from those  i n  our  previous publ ica-  
t i o n s '  
was based on a bui ldup f a c t o r  c a l c u l a t i o n  of t h e  exposure r a t e  
which neglected d i f f e r e n c e s  between gamma-ray t r a n s p o r t  i n  
a i r  and s o i l .  The approximate e r r o r  r e s u l t i n g  from t h e  l a t t e r  
t rea tment  can be seen  i n  Table 10 f o r  the  case of a uniformly 
d i s t r i b u t e d  source when w e  compare exposure r a t e s  c a l c u l a t e d  
f r o m  t r a n s p o r t  theory  wi th  those  ca l cu la t ed  using t h e  simple 
s i n g l e  m e d i u m  bui ldup f a c t o r  approach. 
d i f f e r e n c e s  a r e  only  about 10% except for  very l o w  energies. 

Lingeman ( 16), mwatt( 1 6 )  
Our es t imate  o f  t h e  

These d a t a  d i f f e r  

and t h e  ca l cu la t ed  
Th J exposure r a t e  t o  concent ra t ion  f a c t o r s  f o r  238U and 2 3 2  

'* '' ) (see Table 8 ) .  I n  addi t ion ,  our  e a r l i e r  work' ' ) 

A s  can be seen, t h e  

Although our  new exposure r a t e  per  u n i t  s o i i  a c t i v i t y  
Th a r e  smal le r  than 2 3 2  conversion f a c t o r s  f o r  both "38U and 

those  used previous ly ,  implying t h a t  t h e  exposure r a t e s  cal- 
cu la t ed  a t  one meter from measured s o i l  a c t i v i t y  a r e  somewhat 

series f a c t o r  i s  only  about 20% and i n  the  2 3 2 T h  f a c t o r  about 
15%. Since our  values  f o r  cp and No/cp have a l s o  been r ev i sed ,  
our e a r l i e r  e s t ima tes  of exposure r a t e s  based on 
measurements are probably i n  e r r o r  by less than  t h e s e  amounts. 

less than  previous ly  thought, the  t o t a l  change i n  t h e  238u 

s i t u  s p e c t r a l  

Dependence of Exposure Rates on Radioactive Equilibrium of t h e  
'"U and 232Th Series - Radon Emanation 

In using t h e s e  conversion f a c t o r s  one should remember t h a t  
they  r e f e r  t o  concent ra t ions  i n  i n  s i t u  s o i l  and not  i n  t h e  
dry  s ieved  s o i l  which i s  usua l ly  measured i n  t h e  labora tory .  
S o i l  moisture  content  by weight of 10 - 20% seems t o  be f a i r l y  
t y p i c a l  i n  t h e  Eastern United S t a t e s  with wide v a r i a t i o n s  from 
s o i l  t o  so i l .  

I_- 

T h e  c a l c u l a t i o n s  a l s o  assumed t h a t  a l l  daughters a r e  i n  
r a d i o a c t i v e  equi l ibr ium with t h e i r  pa ren t s .  
f r a c t i o n  of the radon and thoron produced (see Table 5)  

Actual ly ,  some 
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emanates from t h e  s o i l  matr ix ,  d i f f u s e s  through t h e  s o i l  a i r  
t o  t h e  i n t e r f a c e  and then  d i s p e r s e s  throughout t h e  atmosphere. 
The escape of  "'Rn i s  much more l i k e l y  than  t h a t  of 220Rn 
because of  i t s  much longer h a l f - l i f e .  The f r a c t i o n  of  radon 
which escapes s i t u  s o i l ,  o r  emanation c o e f f i c i e n t ,  v a r i e s  
cons iderably  from soil t o  so i l ,  t y p i c a l  va lues  be ing  about 
20 - 30% although va lues  a s  high a s  50% a r e  not  uncommon(2o 
Since  most o f  t h e  exposure r a t e  from t h e  '''u series i s  from 
radon daughters  (see Table 4 ) ,  w e  can, t o  a good approximation, 
assume tha t  the f r a c t i o n  of radon escaping i n t o  t h e  s o i l  a i r  
and then t o  the atmosphere w i l l  r e s u l t  i n  an equiva len t  
reduct ion  i n  gamma exposure ra te  a t  1 m e t e r .  Under a steady- 
state condi t ion ,  t h e r e  w i l l  be  some small  con t r ibu t ion  from 
t h i s  f r a c t i o n  whose source d i s t r i b u t i o n  can be represented  by 
t w o  exponent ia l  d i s t r i b u t i o n s ,  one i n  the atmosphere and one 
i n  t h e  so i l .  For normal  atmospheric d i f f u s i o n  and t y p i c a l  
s u r f a c e  l e v e l  radon a i r  concent ra t ions ,  w e  e s t ima te  t h i s  con- 
t r i b u t i o n  t o  be only  a f e w  ten ths  of a v R / h r .  During an 
inve r s ion ,  however, the exposure ra te  would9 of course,  be 
somewhat increased  s i n c e  t h e  radon would remain c l o s e r  t o  t h e  
i n t e r f a c e .  

9 21) 

Errors would r e s u l t  when using a f i e l d  measurement of t h e  
' l * B i  o r  '14Po photon f luxes  t o  e s t i m a t e  '"u s o i l  concentra- 
t i o n  o r  a l abora to ry  measurement of equi l ibr ium 2 3 8 ~  soil 
concent ra t ion  t o  eva lua te  the one m e t e r  exposure r a t e ,  I n  
t h e s e  cases one would need t o  know both  t h e  emanation 
f r a c t i o n  and t h e  approximate exposure r a t e  con t r ibu t ions  
from radon in the s o i l  air and atmosphere. The f i e l d  
spectrometric determinat ion of exposure r a t e  u t i l i z e s  t h e  
r a t i o  o f  f l u x  t o  exposure r a t e  and s i n c e  bo th  q u a n t i t i e s  
con ta in  a c o n t r i b u t i o n  from t h e  emanated radon, t h e  exposure 
ra te  e s t ima te  obta ined  by using a s l i g h t l y  i n c o r r e c t  va lue  
f o r  cp/I would not  be expected t o  be g r e a t l y  i n  e r ror ' .  Indeed, 
as the radon b u i l d s  up i n  the s o i l  or near  t h e  ground due t o  
inc reased  s o i l  moisture,  f rozen  ground, o r  an atmospheric 
temperature  inve r s ion ,  the a c t u a l  r a t i o  of cp/I w i l l  approach 
the va lue  used r o u t i n e l y  ( t h e  equi l ibr ium i n f i n i t e  half-space 
va lue)  and the e r r o r  i n  determining the exposure r a t e  w i l l  be 
even smaller. 

Disequi l ibr ium i n  t h e  238U series and a32Th series can 
2 3 8 ~  be i n v e s t i g a t e d  us ing  f i e l d  G e ( L i 9  spec t r a .  For t h e  
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series one can obtain flux estimates from the 186 keV '"Ra 
line as w e l l  as from lines of radon daughters and thus obtain 
rough estimates of the emanation fraction. Similarly, any 
disequilibrium in the 232Th series can be investigated by 
obtaining flux estimates from several spectral lines 
characteristic of the different important gamma emitting 
nuclides in the series. 
possibilities in this area. 

We have not yet exploited the 

Calculations of c p / ~  

The ratio of flux to exposure rate is the most important 

Fortunately some of the problems mentioned in 
quantity needed for determining exposure rates 
field spectra. 
connection with the measurement of source activity for varying 
depth distributions are not as troublesome when determining 
exposure rate. 

from in situ -- 

In Table 11 we give values for cp/I for energies of 
prominent gamma-ray peaks corresponding to the major fallout 
emitters in the soil. 
taken from Table 9. 

The total exposure rate values were 

In Figure 4 are plots of cp vs a / p ,  1 vs a / p ,  and cp/I vs 
a / p ,  for 662 keV. 
of almost a factor of 10 between a plane source and a deeply 
distributed source, but the ratio varies only by 25 - 30%. 
Thus, even if we have a poor knowledge of the actual depth 
distribution, our error in field spectrometric estimates of 
exposure rate is reasonably limited, This is particularly 
true for deeply distributed radionuclides, i. e. slight 
deviations of the natural emitters from a completely uniform 
distribution will not materially effect cp/I. 
since the density (water content) enters into both the flux 
and exposure rate calculations in almost the same manner 
(see equations 1 - 8), the ratio rp/I is fairly insensitive to 
the actual density and is almost completely invariant for the 
uniformly-distributed natural emitters. 
also insensitive to the exact s o i l  composition. 
for cp/I are thus of more universal utility when used for 
interpreting field spectra. 

T h e  first two quantities vary over a range 

In addition, 

Similarly, cp/I is 
The values 
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238 

I t  should be noted 
T h e  va lues  of  cp/I f o r  t h e  important gamma rays  from U, 

and 23aTh and " O K  a r e  given i n  Table 1 2 .  
t h a t  t h e  va lues  f o r  cp/I given here f o r  t h e  1.76 MeV 2 1 4 B i  l i n e  
or the 2.62 MeV "'Th l i n e  d i f f e r  from t h e  va lues  used i n  our 
previous workc6)  s i n c e  both  our values  for I and f o r  the 
unsca t t e red  f l u x  have been rev ised .  T h e  1 .76 MeV value i s  
only  about 10% l o w e r  than  our previous va lue  and t h e  " O K  value 
changes by only  about 5%, although t h e  232Th va lue  i s  20% 
l o w e r .  

The va lues  of  cp/I given here may not ,  of course,  be t h e  
f i n a l  ones because u n c e r t a i n t i e s  i n  some of  t h e  photons per  
d i s i n t e g r a t i o n  va lues  are s t i l l  known only t o  10%. The 
d a t a  i n  Table 1 - 7 ,  however, allow the  reader  t o  r e v i s e  t h e  
t a b u l a t e d  va lues  of  q)/I based on any n e w  d a t a  o r  t o  c a l c u l a t e  
va lues  f o r  energ ies  and rad ionucl ides  not  given. Any e r r o r s  
due t o  d i f f e r i n g  s o i l  composition and uneven moisture conten t ,  
even though t h e y  may r e s u l t  i n  q u i t e  l a r g e  e r r o r s  i n  t h e  
ind iv idua l  va lues  of f l u x  and exposure r a t e ,  should not  
m a t e r i a l l y  a f f e c t  t h e  r a t i o .  

Importance of Detector  Heiqht Above the I n t e r f a c e  

A l l  of t h e  q u a n t i t i e s  above have been c a l c u l a t e d  f o r  a 
d i s t a n c e  of one m e t e r  above t h e  i n t e r f a c e  i n  a i r  a t  2OoC and 
760 mm of  Hg. I t  was previous ly  shown t h a t  f o r  almost a l l  
depth d i s t r i b u t i o n s  except those  approaching a p lane  source 
on t h e  su r face ,  the exposure r a t e  and f l u x  vary slowly w i t h  
height above the  i n t e r f a c e  ( I 2  I .  
f o r  changes i n  a i r  m a s s  due t o  changing environmental 
condi t ions  nor i s  it important t h a t  t h e  d e t e c t o r  d i s t a n c e  be 
e x a c t l y  one meter, For example, t h e  f l u x  and exposure r a t e  
a t  one m e t e r  due t o  a 13'Cs (662 k e V )  source d i s t r i b u t e d  i n  
the s o i l  wi th  a / p  = 0 . 6 3  a r e  on ly  reduced by 10% and 7%, 
r e s p e c t i v e l y ,  from the va lues  a t  the i n t e r f a c e  i t s e l f .  For 
more uniform source d i s t r i b u t i o n s ,  the decrease wi th  he igh t  
i s  even less and the  r a t i o s  of  cp/I a r e  r e l a t i v e l y  insens i tLve  
t o  the exact d e t e c t o r  he ight .  

Thus one need not c o r r e c t  

I n  real  l i f e ,  t h e  e a r t h - a i r  i n t e r f a c e  i s  not  a f l a t  p lane ,  
T h i s  fact  mani fes t s  i t s e l f  most s i g n i f i c a n t l y  when t h e  
amplitude of t h e  e a r t h  s u r f a c e  undulat ions become s i g n i f i c a n t  
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wi th  respect t o  t h e  de t ec to r  he ight .  The ca l cu la t ed  exposure 
r a t e s  and f luxes  then vary  from t h e  measured values  s i n c e  i n '  
e f f e c t  t h e  d e t e c t o r  "sees" a d i f f e r e n t  amount of source than 
i n  t h e  c a l c u l a t i o n a l  model. Again, t h e  r a t i o  ep/I should be 
t h e  q u a n t i t y  l e a s t  a f f ec t ed .  Ground roughness may, however, 
e f f e c t i v e l y  make a su r face  source appear t o  be d i s t r i b u t e d  i n  
depth and i n  f a c t  many i n v e s t i g a t o r s  s imulate  ground roughness 
by a bu r i ed  plane source.  I n  a r e a l  s i t u a t i o n ,  t he re fo re ,  t h e  
detector he ight  could be important if a measurement of f l u x  
o r  t o t a l  exposure r a t e  a lone i s  being attempted. Our experience 
i n d i c a t e s  t h a t  the r a t i o  of cp/I i s  s u f f i c i e n t l y  i n v a r i a n t  wi th  
r e spec t  t o  ground roughness t h a t  good r e s u l t s  can be obtained 
f o r  n a t u r a l  emitter exposure r a t e s  i n f e r r e d  from f lux  measure- 
ments even over q u i t e  poor half-spaces ,  

Sources Outside t h e  S o i l  Half-space 

A l l  of the preceding discussion has been for  sources in 
t h e  s o i l  half-space.  F i e l d  spectrometry is ,  of  course,  useful 
for measuring the  gamma rays  from o t h e r  sources,  such a s  noble 

r ays  from nuclear  power p l a n t  t u rb ines  employing primary steam 
from the r e a c t o r ,  o t h e r  sources of d i r ec t  r a d i a t i o n  f r o m  
nuclear  f a c i l i t i e s ,  and l o c a l l y  contaminated a reas .  I n  each 
case a knowledge of the source geometry i s  requi red  i n  order 
t o  use t h e  measured f l u x  t o  i n f e r  e i t h e r  source concent ra t ion  
o r  exposure rate.  

gases  i n  a i rborne  e f f l u e n t s  from nuclear  f a c i l i t i e s ,  1 6  N gamma 

These s i t u a t i o n s  are usua l ly  d i f f i c u l t  t o  model, as fer 
example the plume of  noble gases from a nuclear  f a c i l i t y ,  
however, f i e l d  spec t r a  a r e  use fu l  for i d e n t i f y i n g  t h e  c o n t r i -  
butors t o  f l u x  and exposure r a t e ,  B y  u t i l i z i n g  t h e  f i e l d  
s p e c t r a  t o  c a l c u l a t e  n a t u r a l  and f a l l o u t  exposure r a t e s  and 
then  s u b t r a c t i n g  t h e s e  con t r ibu t ions  from an i o n i z a t i o n  chasriber 
measurement of t o t a l  exposure r a t e ,  one can ob ta in  the exposure 
r a t e  due t o  t h e  other sources i d e n t i f i e d  i n  t h e  f i e l d  spec t r a ,  
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V. CALIBRATION O F  DETECTORS AND ANALYSIS O F  SPECTRA 

Detector Response t o  Known Flux (N,/cp) 

The f i r s t  important requirement f o r  measuring gamma-ray 
flux i s  a d e t e c t o r  which i s  accura t e ly  c a l i b r a t e d ,  bo th  a s  a 
func t ion  of energy (No/cp) and a s  a func t ion  of angular 
incidence ( N f / N o ) .  Each of t h e  d e t e c t o r s  descr ibed i n  
Table 1 3  was c a l i b r a t e d  i n  the l abora to ry  by exposure t o  
known f luxes  from standard po in t  sources  placed a t  d i s t ances  
ranging from about 1 - 6 meters from the f ace  of t h e  d e t e c t o r ,  
I t  i s  important t o  p l ace  the source a s  f a r  from the de tec to r  
a s  possible i n  order  t o  s imulate  a p lane  beam of  inc iden t  
photons. Correct ions must be made for a t t e n u a t i o n  i n  the air 
between the source and the de tec to r  and for  se l f -absorp t ion  
i n  t h e  source i f  any, When c a l i b r a t i n g  the  N a I ( T 1 )  detectorsj 
t h e  sources  used w e r e  chosen t o  s imulate  the peaks r o u t i n e l y  
analyzed i n  f i e l d  spec t r a .  For t h e  G e ( L i )  d e t e c t o r s ,  a much 
more ex tens ive  c a l i b r a t i o n  was desired s i n c e  the increased  
r e s o l u t i o n  means one can u t i l i z e  photopeaks a t  almost every 
energy. 

C a l i b r a t i o n  Sources 

Many of t h e  s tandard  sources used w e r e  obtained from the 
I n t e r n a t i o n a l  A t o m i c  Energy Agency or National  Bureau of 
Standards although a number were standardized here a t  HASL 
using beta-gamma coincidence counting. I n  all cases  the beta 
emission r a t e  of the s tandards  was known t o  a f e w  pe.rcF;nt, 
For a f e w  sources ,  u n c e r t a i n t i e s  in gamma emission r a t e  or 
h a l f - l i f e  r e s u l t e d  i n  u n c e r t a i n t i e s  i n  t h e  measured N0/q 
g r e a t e r  than  *5%. 
t h e  subsequent f i t t i n g  of a smooth curve t o  t h e  da ta ,  resalted 
i n  what w e  b e l i e v e  are va lues  of No/cp f o r  t h e  G e ( L i )  detectors 
w-hose accuracy i s  better than  5% a t  a l l  energ ies  and better 
than  2% a t  energ ies  above 200 keV. The  No/cp va lues  determified 
fo r  the N a I ( T 1 )  d e t e c t o r s  a r e  somewhat less accura te  (- 5%) 
because of the problem of  measuring the peak a rea  far a q f v e n  
i n c i d e n t  f lux .  

The use of a l a r g e  number of sources ,  and 
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Determination of To ta l  Absorption Peak Areas 

I n  t h e  case  of t h e  G e ( L i )  de t ec to r  c a l i b r a t i o n ,  t h e  t o t a l  
absorpt ion peak a rea  obtained due t o  a given inc iden t  f l u x  i s  
determined by f i t t i n g  t h e  continuum under t h e  peak by an 
exponent ia l  func t ion  and then a sc r ib ing  a l l  t h e  counts above 
t h i s  b a s e l i n e  t o  t h e  t o t a l  absorpt ion of  i nc iden t  f lux .  The 
c a l i b r a t i o n s  are a l l  c a r r i e d  out  by superimposing the  source 
response on t o p  of labora tory  background i n  order  t o  s imulate  
the f i e l d  s i t u a t i o n  a s  c l o s e l y  a s  poss ib l e .  

I n  r e a l i t y  t h e  continuum dominated p r imar i ly  by Compton 
s c a t t e r e d  gamma rays  i s  not  a t r u e  exponent ia l .  Some inves- 
t i g a t o r s  f i t  the  peak by assuming it t o  have a Gaussian shape 
wi th  a skewed low energy t a i l .  Others f i t  t h e  continuum by 
a s t r a i g h t  l i n e .  W e  have found by comparing s e v e r a l  methods 
wi th  our method f o r  es t imat ing  peak areas ,  w e  can determine 
the  ac tua l  number of t o t a l  absorpt ion events  w i t h i n  about 2% 
f o r  our  60 c m 3  G e ( L i )  d e t e c t o r  and t h a t  t h e  more s o p h i s t i c a t e d  
techniques do not  s e e m  t o  r e s u l t  i n  s i g n i f i c a n t l y  better 
analyses .  For f i e l d  s p e c t r a  t h e  s t a t i s t i c a l  counting e r r o r  
f o r  even t h e  s t r o n g e s t  peaks i s  about 5 - 10% f o r  a 30 minu te  
counting i n t e r v a l ,  and t h i s  unce r t a in ty  has  a g r e a t e r  e f f e c t  
on both  t h e  f i t  t o  t h e  continuum and the  es t imate  of peak 
area  than t h e  p a r t i c u l a r  method used t o  f i t  t h e  continuum. 

A l l  of  our analyses  of G e ( L i )  peak a reas  a r e  done s e m i -  
au tomat ica l ly  by d isp lay ing  a po r t ion  of the spectrum on a 
cathode r a y  screen,  i n s t r u c t i n g  a small  computer to f i t  an 
exponent ia l  between two channels i nd ica t ed  by t h e  ope ra to r ,  
s t r i p  t h e  continuum away and es t imate  t h e  peak area.  
opera tor  can have the  computer smooth t h e  d a t a  if necessary 
i n  o rde r  t o  a i d  h i m  i n  determining t h e  end channels f o r  
f i t t i n g  

The 

The NaL(T1) peak a reas  a r e  a l s o  est imated by f i t t i n g  t h e  
Compton continuum wi th  an exponent ia l  curve a s  shown i n  
Figure 5. 
prominent peaks can be resolved,  however. A s  can be seen i n  
the f i g u r e  which shows a t y p i c a l  f i e ld  spectrum with f a l l o u t  
p re sen t ,  t h e  1.46 MeV *OK, 1765 keV ' 1 4 B i  and 2 . 6 2  MeV "'Tl 

Because o f  t h e  poorer  r e s o l u t i o n  only very 
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peaks a r e  q u i t e  prominent and t h e i r  a r eas  can be est imated 
r e a d i l y .  
e s t ima tes  of t h e i r  a r eas  a r e  considerably less p r e c i s e .  

The f a l l o u t  peaks a r e  less prominent and t h e  

The c a l i b r a t i o n  of t h e  NaI(T1) d e t e c t o r  f o r  No/cp i s  more 
d i f f i c u l t  than  f o r  t h e  G e ( L i )  d e t e c t o r  s i n c e  t h e  determinat ion 
of peak a rea  does not  u sua l ly  account f o r  a l l  t h e  t o t a l l y  
absorbed gamma rays  ( i . e .  t h e  exponent ia l  f i t  over t h e  l a r g e  
number of channels encompassed by t h e  t y p i c a l  peak i s  not an 
optimum f i t ) .  
t i n g  background f o r  monoenergetic c a l i b r a t i o n  source 
exposures i n d i c a t e  t h a t  t h i s  method of es t imat ing  t h e  
continuum r e s u l t s  i n  approximately 20% of t h e  t o t a l  absorpt ion 
peak a r e  being missed. However, w e  found t h a t  t h i s  percentage 
i s  r e l a t i v e l y  cons tan t  among f i e l d  spec t r a ,  because t h e  shape 
of t h e  NaI cont inua a r e  r e l a t i v e l y  cons tan t .  This i s  because 
t h e  Compton s c a t t e r e d  gamma rays from t h e  n a t u r a l  emitters i n  
t h e  s o i l  dominate t h e  NaI(T1) spectrum and t h e  spectrum i s  
r e l a t i v e l y  i n v a r i a n t  t o  t h e  amount O E  K,  Thy and U i n  t h e  
s o i l  o r  t o  the  s i z e  of t h e  ind iv idua l  t o t a l  absorpt ion peaks 
on t h e  continuum. 
s i t u a t i o n  s i m i l a r  t o  t h a t  i n  t h e  f i e l d  ( i . e .  use l abora to ry  
background) the  absorpt ion peak count f r a c t i o n  w e  o b t a i n  for 
t h e  c a l i b r a t i o n  i s  approximately t h e  same as  t h e  f r a c t i o n  w e  
o b t a i n  i n  the f i e l d  f o r  t h e  same inc iden t  f lux .  W e  can thus  
o b t a i n  a good measure of t h e  in s l t u  f l ux .  

Comparisons of peak areas  obtained by subt rac-  

Thus, i f  w e  c a l i b r a t e  t h e  d e t e c t o r  i n  a 

( 1 )  Since t h i s  f r a c t i o n  v a r i e s  somewhat with source energy 
however, it i s  mandatory t o  c a l i b r a t e  f o r  t h e  energ ies  one 
wishes t o  measure. T h e  most important c r i t e r i o n  here is to 
be c o n s i s t e n t ,  i . e .  t o  determine peak a reas  for f i e l d  s p e c t r a  
i n  a manner i d e n t i c a l  t o  t h a t  used for c a l i b r a t i o n .  W e  were 
a b l e  t o  do t h i s  f o r  a l l  energ ies  except f o r  *OK (1 .46 M e V ) ,  
which i s  not  a v a i l a b l e  a s  a s tandard.  H e r e  we o r i g i n a l l y  had 
t o  r e l y  on c a l i b r a t i o n  measurements using 24Na (1.38 MeV) o r  
42K (1,58 M e V ) ‘ ” ‘ ) .  A l a t e r  comparison i n  t h e  f i e l d  of t h e  
G e  ( L i )  and NaI ( T l )  spectrometers ,  which w i l l  be discussed 
l a t e r ,  i nd ica t ed  w e  w e r e  ab l e  t o  o b t a i n  a reasonably good 
e s t ima te  of N o / q  f o r  1 .46  MeV. 
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Another method would be t o  s imulate  a sOurce of  ‘ O K  using 
K C 1  or K 2 C 0 3 ,  measure t h e  f l u x  using t h e  G e ( L i )  de t ec to r ,  and 
then  use the measured f l u x  t o  c a l i b r a t e  t h e  N a I  de t ec to r s .  

Measured Values o f  No/cp 

The values  obtained f o r  No/cp f o r  two 4 in .  by 4 i n .  
NaI ( T l )  d e t e c t o r s ,  f o r  t h e  o r i g i n a l  HASL 2 5  cm3 G e ( L i )  diode 
and our p re sen t  60 cm3 diode a r e  given i n  Tables 14 and 15  
along wi th  a d e s c r i p t i o n  of t h e  c a l i b r a t i o n  sources used. The 
va lues  f o r  N 0 / q  f o r  t h e  l a r g e  G e ( L i )  d e t e c t o r  can be represented 
t o  wi th in  a f e w  percent  by t h e  funct ion ln(No/cp) = 4.48 - 1.03 I n  
E ( M e V )  over t h e  range 180 keV t o  3 .0  MeV. Since f o r  t h e  G e ( L i )  
d e t e c t o r  No/cp i s  a c t u a l l y  a measure of  t h e  t o t a l  absorpt ion 
probabi l i ty ,we  a r e  j u s t i f i e d  i n  drawing a smooth curve and 
i n t e r p o l a t i n g  between energies .  This i s  not  j u s t i f i e d  f o r  
NaI(T1) spectrometry because t h e  No/cp values  a r e  dependent on 
the experimenter’s  method of e s t i m a t i n g  the continuum. 

Table 1 3  g ives  p e r t i n e n t  d a t a  regarding t h e  cons t ruc t ion ,  
e f f i c i e n c y  and r e s o l u t i o n  of  each of t h e  d e t e c t o r s  c a l i b r a t e d .  
I n  a l l  cases  the  f l u x  referred t o  i s  t h e  f l u x  inc iden t  on t h e  
a c t u a l  d e t e c t o r  a t  the  p o i n t  of i n t e r a c t i o n .  Note t h a t  a s  
long a s  t h e  source t o  de t ec to r  c a l i b r a t i o n  d i s t a n c e  i s  long 
compared t o  the  d i s t a n c e  between t h e  a c t u a l  po in t  of i n t e r -  
a c t i o n  i n  t h e  d e t e c t o r  and the  f ace  of  t h e  housing, no 
s i g n i f i c a n t  e r r o r  r e s u l t s  from measuring d i s t ances  with 
r e spec t  t o  the housing faces .  W e  determined, by p l ac ing  
sources a t  var ious  d i s t ances  from 50 cm t o  2 meters f r o m  the 
f a c e  of t h e  d e t e c t o r ,  t h a t  t h e  median d is tance ,  of  e f f e c t i v e  
i n t e r a c t i o n s  i n  our 60 cm3 diode was about 1.6 c m  from t h e  
housing face.  Gamma-ray absorpt ion i n  the housing i s  included 
a s  p a r t  of t h e  d e t e c t o r  response. 

Note t h a t  the values  of  No/cp i n  Table 14 f o r  the two 
NaI(T1) d e t e c t o r s  d i f f e r  by only a few percent  from each 
o the r ,bu t  by about 15% from t h e  va lues  repor ted  f o r  our 
o r i g i n a l  4 i n .  by 4 i n .  d e t e c t o r s ( 6 ) ,  This discrepancy 
i n d i c a t e s  t h a t  one can be wrong i n  assuming t h a t  two NaI(T1) 
detectors of t h e  same nominal s i z e  procured a t  d i f f e r e n t  
t i m e s ,  even from t h e  same supp l i e r ,  w i l l  have t h e  same s i z e .  
The reduct ion  i n  No/cp seemed t o  be t h e  same f o r  a11 energ ies  
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measured in the present calibration which were not as extensive 
as that carried out previously, so we merely reduced the No/cp 
data in HASL-170‘ ’ 
No/cp for energies not used in the recalibration. 

by the appropriate fraction when determining 

Angular Response Correction Factor (Nf/No) 

A complete flux response calibration of the detectors 
requires a correction factor to account for the fact that the 
gamma rays incident on the detector in the field situation 
are not (as shown in Table 6) incident along the axis of 
symmetry. If N(8)/No is the ratio of the response to gamma 
rays of energy E at angle 8 with respect to the response at 
8 =: O o ,  then 

Fortunately, N(8) is nearly unity over all 8 for both 
detectors for all except very low energy gamma rays. This 
results in values of Nf/No (see Table 16) for the NaI(T1) 
peaks of interest most of which are less than 1.1 and in 60 
cm3 Ge(Li) values almost all equal to 1.0 for gamma rays 
from the soil half space. The angular response of our 
original 25 cm3 Ge(Li) detector was more skewed, resulting 
in larger values of Nf/No. The Nf/No ratios were calculated 
by numerically integrating Equation (10) using a smooth fit 
to the experimental angular response data to interpolate over 
N(O)/No. Because the final correction factor is small, 
errors involved in this interpolation is small, c p ( 0 )  is 
given by equation (4) in section 111. 

The angular response of our Ge(Li) detectors is somewhat 
asymmetrical in the azimuthal direction because of the 
mounting arrangement, cold finger connection and electrode 
connections. These deviations from symmetry, however, are 
quite small except at very l o w  energies (< 100 keV), and 
involve only a small portion of the total solid angle. 
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F i n a l  Ca l ib ra t ion  Fac tors  

T h e  f i n a l  s e n s i t i v i t i e s  of each d e t e c t o r  i n  terms of t o t a l  
absorpt ion peak counts pe r  u n i t  s o i l  a c t i v i t y  Nf = (No/cp) 
(Nf/No)cp and peak counts per  u n i t  exposure r a t e  Nf = (No/cp) 
( N f / N o )  (cp/I) a r e  given i n  Tables 1 7  and 18. Note t h a t  t h e  
60 cm3 G e ( L i )  de t ec to r  has  an e f f e c t i v e  s e n s i t i v i t y  a t  lower 
energ ies  which i s  greater than  i t s  volume r a t i o  t o  the  2 5  cm3 
d e t e c t o r  would i n d i c a t e ,  due t o  i t s  f l a t t e r  angular response 
as w e l l  as r e l a t i v e l y  g r e a t e r  s e n s i t i v i t y  a t  h igher  energ ies  
than  a t  lower energ ies  

N o t e  a l s o  t h a t  t h e  f i n a l  conversion f a c t o r s  f o r  exposure 
r a t e  vs .  source depth d i s t r i b u t i o n  vary over a much smaller  
range than  t h e  corresponding f a c t o r s  f o r  s o i l  a c t i v i t y .  

- Correc t ions  f o r  I n t e r f e r i n q  Peaks 

The va lues  f o r  Nf and N f / I  i n  Table18 f o r  c e r t a i n  weak 
Pines such a s  the 768 keV of 2 1 4 B i  , the 665 k e V  ''*Bi l i n e ,  
and t h e  300 keV '"Pb l i n e  should not  be used a s  t h e  primary 
means for determining the f l u x  o r  exposure r a t e  from t h e  
nuc l ide  i n  quest ion.  They do allow a rough e s t ima te  of  t h e  
i n t e r f e r e n c e  f r a c t i o n  due t o  a s t rong  peak of t h e  same o r  
very nea r ly  same energy corresponding t o  a second nucl ide ,  
For example, t h e  766 keV ' 'Nb peak must be co r rec t ed  f o r  the 
768 k e V  2 1 4 B i  peak, the 662 keV 137Cs f o r  the 665 keV " * B i  
peak, etc.  W e  have attempted t o  include values  f o r  a l l  t h e  
radium and thorium l i n e s  which i n t e r f e r e  w i t h  important 
f a l l o u t  nuc l ides  o r  w i t h  o the r  s t ronger  radium and thorium 
l i n e s ,  However, when sources  o the r  than  those  l i s t e d  a r e  
p re sen t  the i n v e s t i g a t o r  should determine any o t h e r  p o s s i b l e  
i n t e r f e r e n c e s  and c a l c u l a t e  co r rec t ion  f a c t o r s  based on t h e  
d a t a  i n  t h e  Tables i n  t h i s  r epor t .  

For t he  NaI(T1) d e t e c t o r ,  t h e  values  f o r  the 583 keV 
"'T1 l i n e  and 609 keV 2 1 4 B i  l i n e  a r e  given p r imar i ly  t o  
allow an e s t ima te  of t h e  i n t e r f e r e n c e  i n  t h e  broad peak 
centered  approximately around 662 k e V  when s i g n i f i c a n t  
amounts of 1 3 r C s  a r e  present .  A co r rec t ion  f a c t o r  t o  t h e  
514 keV lo6Ru l i n e  i s  not  given s i n c e  bes ides  t h e  510 keV 
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"*Tl l i n e  there i s  a l s o  a s i g n i f i c a n t  con t r ibu t ion  from 
a n n i h i l a t i o n  photons from both  cosmic r ays  and from the p a i r  
product ions of the higher  energy gamma rays  i n  t h e  s o i l ,  a i r  
and d e t e c t o r  housing. 
can be r e a d i l y  q u a n t i t a t e d  w i t h  t he  NaI spec t r a .  

Thus, only very l a r g e  amounts o f  l o e R u  

Enerqy Band Ca l ib ra t ion  

W e  have showed t h a t ,  w h e r e  only low-energy f a l l o u t  emitters 
a r e  p re sen t ,  one could s impl i fy  the analyses  of NaI(T1) f i e l d  
s p e c t r a  f o r  t h e  n a t u r a l  emitters' '' I .  A so-ca l led  energy 
band a n a l y s i s ,  which is w e l l  s u i t e d  t o  computer d a t a  processing,  
involves  t h e  c a l c u l a t i o n  of t h e  spectrum "energy" ( t o t a l  counts 
pe r  channel mul t ip l i ed  by the energy represented  by t h a t  channel) 
i n  bands of channeJs centered on t h e  1 .46  MeV 4 0 K  peak, the 
1.76 MeV " 1 4 € 3 i  peak and t h e  2 . 6 2  MeV 2 0 8 T 1  peak and a p p l i e s  
a set o f  simultaneous equat ions t o  c a l c u l a t e  these exposure 
r a t e  con t r ibu t ions .  The t h r e e  equations r e l a t i n g  U, T h  and K 
exposure rates t o  the three band energ ies  w e r e  determined by 
ca r ry ing  o u t  a regress ion  a n a l y s i s  on a l a r g e  number of f i e l d  
s p e c t r a  f o r  which t h e  ind iv idua l  exposure ra te  values  w e r e  
determined from t h e  peak method. A s  long as  the  "energy" in 
the three chosen bands was due e n t i r e l y  t o  one o r  more of the  
t h r e e  i so topes  and t h e  geometry and source depth d i s t r i b u t i o n  
w e r e  c o n s t a n t , t h i s  method worked and proved t o  g ive  more pre-  
cise r e s u l t s  than  the peak method. Because w e  lacked s u f f i c i e n t  
f i e l d  d a t a  wi th  our NaI ( T l )  d e t e c t o r s  t o  c a r r y  out  a s i m i l a r  
r eg res s ion  a n a l y s i s ,  w e  simply rev ised  the equat ions given i n  
HASL-170 based on the observed d i f f e r e n c e s  i n  e f f i c i e n c y  and 
our  new va lues  for cp/Ics T h e  primes on E i n  the n e w  
equat ions ,  shown i n  Table 20, i n d i c a t e  t h a t  t h e  energy i n  each 
band due t o  cosmic r ays  (which i s  a func t ion  of a l t i t u d e )  must 
be sub t r ac t ed  before applying t h e  equat ions.  The appropr i a t e  
cosmic-ray c o r r e c t i o n  f a c t o r s ,  based on r e v i s i n g  t h e  d a t a  i n  
HASL-170 f o r  reduced e f f i c i e n c y ,  a r e  a l s o  given i n  Table 2 0 ,  
The n e w  equat ions ,  
t h e  new d e t e c t o r s ,  g ive  comparable r e s u l t s  t o  t h e  peak method. 

f o r  t he  f i e l d  da t a  obtained so f a r  w i t h  

Total Spectrum Energy C a l i b r a t i o n  

The exposure r a t e  i n  a i r ,  
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where cp(E) i s  the f l u x  of gamma rays  of energy E and be/P is 
t h e  m a s s  energy absorpt ion c o e f f i c i e n t  i n  a i r .  For energ ies  
between a f e w  hundred keV and s e v e r a l  MeV pe/P is f a i r l y  
cons tan t  wi th  energy. A l s o ,  f o r  low energ ies  t h e  p r o b a b i l i t y  
of an i n c i d e n t  photon being t o t a l l y  absorbed by a l a r g e  NaI(T1) 
d e t e c t o r  i s  f a i r l y  l a r g e  (on t h e  order  of 50 - 100% from 100 
keV t o  -1 M e V ) .  
due t o  emitters i n  t h e  s o i l  i s  due t o  gamma rays  between 100 
keV and 1 .5  M e V ( 1 2 ) .  
spectrum of gamma rays  from n a t u r a l  emitters i s  q u i t e  invar -  

and one can see why t h e  t o t a l  "spectrum energy" i s  a reasonable  
measure of  free a i r  exposure from n a t u r a l  r a d i o a c t i v i t y  i n  t h e  
s o i l .  I n  essence t h e  l a r g e  c r y s t a l  measures t h e  f l u x  t o  a 
f a i r l y  high degree of accuracy and, even though it measures 
a s l i g h t l y  smaller  proport ion of t h e  flux a s  t h e  energy 
increases  and some of  the  secondary s c a t t e r e d  energy escapes 
the d e t e c t o r ,  t h i s  decrease i s  compensated by correspondingly 
smaller va lues  of pe/P a t  energ ies  above 1 MeV r e l a t i v e  t o  
va lues  below 1 MeV. 

Most of t h e  exposure r a t e  i n  a i r ,  about 75%, 

Couple t h i s  with t h e  f a c t  t h a t  t h e  

i a n t  t o  t h e  a c t u a l  propor t ions  of U, Th and K i n  t h e  s o i l  (12) 

Unlike many NaI(T1) instruments,  which are based on the 
assumption t h a t  t h e  counting r a t e  above s o m e  b i a s  l e v e l  i s  
p ropor t iona l  t o  the exposure r a t e ,  t hus  implying t h a t  t h e  
s p e c t r a l  shape of the gamma-ray f i e l d  i s  i n v a r i a n t ,  t h i s  t o t a l  
energy technique r e q u i r e s  only  t h a t  the  counts i n  a channel 
be p ropor t iona l  t o  cp(E) (IJ.e/P) f o r  t h a t  energy, and is ,  there- 
fo re ,  less s e n s i t i v e  t o  s p e c t r a l  changes. For example, a 
counter  using a l a r g e  NaI(T1) d e t e c t o r  would record  the 
exposure r a t e  from a u n i t  f l u x  of 60 keV photons a s  be ing  
almost equal  t o  t h e  exposure r a t e  from a u n i t  f l u x  of  1464 
keV photons s i n c e ,  even a t  1.46 MeV, a pu l se  would be 
recorded due t o  t h e  h igh  p r o b a b i l i t y  of a Compton c o l l i s i o n  
i n  t h e  d e t e c t o r  even though many of t h e  secondaries  would 
escape the c r y s t a l .  I n  the  t o t a l  energy technique, t h e  
h igher  energy counts a r e  weighted by t h e  energy deposi ted t o  
ref lect  more c o r r e c t l y  t h e i r  r e l a t i v e  con t r ibu t ion  t o  t h e  
exposure rate. The s l i g h t l y  l a r g e r  t o t a l  absorpt ion a t  60 
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keV r e f l e c t s  t h e  l a r g e r  va lue  of  (ke/P) r e l a t i v e  t o  1500 keV 
g a m a  rays.  

T h e  t o t a l  energy technique was tes ted between 150 keV 
and 3.4 MeV by  comparing t h e  exposure r a t e s  determined from 
our  l a r g e  NaI (T1) c r y s t a l s  w i t h  h igh pressure  i o n i z a t i o n  
chamber measurements f o r  a v a r i e t y  of gamma r a y  f i e l d s .  The 
t o t a l  energy method r e s u l t s  w e r e  p ropor t iona l  t o  exposure 
r a t e  f o r  var ious  r a d i a t i o n  f i e l d s  varying from low-energy 
f a l l o u t  r a d i a t i o n  t o  a predominantly "OK dominated f i e l d .  

Another advantage i n  using the NaI d e t e c t o r  a s  a dosimeter 
is its r e l a t i v e  s m a l l  response t o  cosmic-ray secondaries  over 
t h e  range of 150 k e V  t o  3 .4  MeV. T h i s  has allowed us  t o  check 
independently the cosmic-ray c a l i b r a t i o n s  of our high p res su re  
i o n i z a t i o n  chambers' ' . 

W e  determined the "spectrum energy" c a l i b r a t i o n  f a c t o r s  
f o r  our  p re sen t  4 i n .  by 4 i n .  de t ec to r s  i n  two ways. F i r s t ,  
we  exposed the  d e t e c t o r s  t o  a known exposure r a t e  from a 
p o i n t  226Ra source i n  the  labora tory  as determined by an 
i o n i z a t i o n  charriber measurement. T h i s  measurement was cor- 
r e c t e d  t o  account f o r  t h e  f a c t  t h a t  the gamma rays  i n  t h e  
l abora to ry  w e r e  i nc iden t  along the de tec to r  ax i s .  T h e  
angular  c o r r e c t i o n  f a c t o r  (1.11) was est imated by fo ld ing  i n  
our  previous c a l c u l a t i o n s  of t h e  angular exposure r a t e  
d i s t r i b u t i o n  f o r  a f i e l d  s i t u a t i o n  ( l 2  

response of "spectrum energy" a s  a funct ion of t h e  angle  of 
incidence. 

w i t h  the  measured 

T h e  second method of  determining the p r o p o r t i o n a l i t y  
f a c t o r  was t o  compare measurements of "spectrum energy" 
a c t u a l  f i e l d  s p e c t r a  wi th  simultaneous i o n i z a t i o n  chamber 
measurements over a range of f i e lds .  
e s s e n t i a l l y  t h e  same c a l i b r a t i o n  f a c t o r s ,  
these f a c t o r s  w e r e  about 85% of  the values  obtained for: our 
previous 4 i n .  by 4 i n .  de t ec to r s .  These t o t a l  "energy1' t o  
exposure r a t e  conversion f a c t o r s  a r e  given i n  Table 20 ,  along 
wi th  the appropr ia te  cosmic-ray c o r r e c t i o n  f a c t o r s .  

for 

The  two methods gave 
W e  noted again t h a t  

One f u r t h e r  p o i n t  regarding t h e  use o f  ''spectrum energynn 
technique i s  t h a t  although a t  h = 1 meter about 40% sf the a 
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gamma r a y  f l u x  i s  b e l o w  150 keV th i s  f l u x  (about h a l f  of which 
i s  due t o  skyshine) accounts f o r  less than  10% of t h e  exposure 
r a t e ( 1 2 s 2 2 )  . Thus, i n t e g r a t i n g  from 150 keV up does not  
in t roduce  s e r i o u s  error i n t o  exposure r a t e  es t imates ,  however, 
a count ra te  m e t e r  b i a sed  b e l o w  150 keV w i l l  be s e n s i t i v e  t o  
changes i n  l o w  energy f l u x  and, because o f  t h e  l a r g e  f r a c t i o n  
of "skyshine",  w i l l  be q u i t e  angular ly  dependent, 

Summary o f  Ca l ib ra t ions  and Analyses 

Because of t h e  length  and complexity of  t h e  preceeding 
d i scuss ion  it may be va luable  t o  summarize t h e  use of f i e l d  
spectrometry t o  determine source a c t i v i t y  o r  exposure r a t e s  
from p a r t i c u l a r  nuc l ides  i n  the s o i l :  

1. 

2 .  

3 .  

4. 

5. 

Determine t h e  response of t h e  detector t o  a known f l u x  of 
gamma rays  of energy E, i nc iden t  along t h e  d e t e c t o r  axis ,  
where E is the energy of a prominent gamma-ray transition 
c h a r a c t e r i s t i c  of  t h e  source.  (No/cp - Tables '14, 1 5 ) .  

Using equat ions ( 3 )  o r  (4)  f o r  t h e  angular  incidence of 
gamma rays  on t h e  d e t e c t o r  f o r  given source depth d i s t r i -  
bu t ions ,  determine the co r rec t ion  t o  be made t o  No/cp. 
(Nf/No - Table 1 6 ) .  

I f  the source i s  one f o r  which w e  have a l r eady  c a l c u l a t e d  
the fJ-ux cp, f o r  t h e  gamma-ray energy o f  i n t e r e s t  (Table 
3 o r  4 ) ,  and t h e  exposure I (Table 8 o r  9) ,  mul t ip ly  each 
of  t h e s e  va lues  by No/cp and Nf/No t o  o b t a i n  t h e  requi red  
c a l i b r a t i o n  f a c t o r .  

I f  t h e  nuc l ide  and source d i s t r i b u t i o n  i s  one f o r  which 
w e  have not  determined cp and I ,  use t h e  d a t a  i n  Table 1 
or i n t e r p o l a t i o n s  thereof  and appropr ia te  va lues  o f  
photons p e r  d i s i n t e g r a t i o n  t o  determine CD. 
d a t a  i n  Table 7, o r  i n t e r p o l a t i o n s  the reo f ,  sum over a l l  
the gamma-ray t r a n s i t i o n s  f o r  a given nuc l ide  t o  determine 
I f o r  t h a t  source f o r  a depth d i s t r i b u t i o n  of  i n t e r e s t .  

Using t h e  

F ina l ly ,  t o  determine the source a c t i v i t y  o r  exposure 
ra te  from a s p e c i f i c  radionuclide., e s t ima te  t h e  peak a rea  
i n  the f i e l d  spectrum i n  a manner i d e n t i c a l  t o  t h a t  used 
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during the calibration, subtract any counts in the peak 
due to the same energy transitions from other nuclides 
(see "Corrections for Interfering Peaks" , page 24), and 
then divide by the appropriate calibration factor to 
obtain the desired activity or the exposure rate. 

VI e APPLICATIONS OF FIELD SPECTROMETRY 

Typical Field Spectra 

Figure 6 shows a NaI(T1) field spectrum obtained at a 
location in the Northeastern United S t a t e s .  Figure 7 shows 
the Ge(Li) spectrum obtained with the 60 cm3 Ge(Li) detector 
simultaneously at the same site. The Ge(Li) spectrum 
represents a 30 - 40 minute measurement and the NaI(T1) 
spectrum, 20 minutes. The former spectrum conveys far more 
information even though the efficiency of the detector is 
lower. For example, one can measure fluxes at several dozen 
energies, including that due to 14*Ce (134 keV) and 126Sb 
(428 keV) which are not identifiable in the NaI(T1) spectrum. 
In addition, the important 137Cs peak is completely resolved 
instead of being partially codined with an array of Th and U 
peaks e 

Examples of Field Spectrometric Results 

Table 21 gives some individual nuclide exposure rates 
calculated from spectra for a variety of environmental 
radiation fields and compared with independent ionization 
chamber measurements. Even the NaI(T1) spectrometer is a 
powerful tool, as is shown, for example by the data obtained 
at Bikini Atoll for a pure fallout field. Comparing exposure 
rates at a nuinber of the sites illustrates that both methods 
give comparable exposure rate results for the natural emitters 
and major fallout nuclides, and as expected the Ge(Li) detector 
is more useful for analyzing more complex fields, The rela- 
tive accuracy of the spectrometric analysis methods described 
earlier is indicated in the table by the degree to which the 
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sum of  t h e  ind iv idua l  nuc l ide  exposure rates 
t o t a l  ( i o n i z a t i o n  chamber) measured exposure 
range of  r a d i a t i o n  f i e l d s .  

Determining Source Radioactive Equilibrium 

add up t o  t h e  
r a t e  over a wide 

The s t a t i s t i c a l  p r e c i s i o n  of t h e  f l u x  measured from a 
s i n g l e  major peak i s  less p r e c i s e  f o r  a G e ( L i )  than f o r  a 
NaI(T1) spectrum. W e  can, however, measure t h e  f l u x  from 
seve ra l  l i n e s  f o r  say  t h e  '"U o r  2 3 2 T h  series and ob ta in  a 
more p r e c i s e  measurement of t h e  exposure r a t e  from the whole 
series. I n  the  case o f  t h e  2 3 2 T h  series, one can a s c e r t a i n  
t h e  degree of equi l ibr ium among var ious nuc l ides  i n  t h e  series 
( p a r t i c u l a r l y  t h e  degree of equi l ibr ium between MsTha and i t s  
daughters s i n c e  "*Ra may be leached ou t  of some so i l s  and 
between 226Ra (186 keV) and radon daugh te r s ) ,  

Nuclear F a c i l i t i e s  S tudies  

I n  add i t ion  t o  measuring exposure r a t e s  and concent ra t ions  
of n a t u r a l  emitters and deposi ted f a l l o u t  emitters, f i e l d  
spectrometry i s  a l s o  q u i t e  va luable  f o r  i n v e s t i g a t i n g  t h e  rad- 
iation f i e l d  around nuclear  f a c i l i t i e s .  Even when a nuclear  
f a c i l i t y  i s  opera t ing ,  t h e  n a t u r a l  background and f a l l o u t  
exposure r a t e  l e v e l s  can be unambiguously d i s t ingu i shed  by 
G e ( L i )  f i e l d  spectrometry from t h e  exposure r a t e  con t r ibu t ions  
from o t h e r  sources ,  such a s  e f f l u e n t  noble gases  and direct  
r a d i a t i o n  from waste s to rage  and steam tu rb ines .  

F i g x e  8 shows G e ( L i )  spec t r a  obtained a t  a s i t e  near a 
b o i l i n g  water r e a c t o r  (BWR) nuclear  p l a n t  wi th  t h e  wind 
blowing from t h e  BWR s t a c k  toward t h e  d e t e c t o r  and i n  t h e  
oppos i te  d i r e c t i o n .  The peaks due t o  t h e  noble gases  can be 
c l e a r l y  i d e n t i f i e d  and the  f luxes  of  these g a m a  rays  a t  t h e  
d e t e c t o r  es t imated,  For accura te  measurements, however, w e  
need t o  know t h e  geometry of t h e  plume i n  order  t o  r e l a t e  
f luxes  a t  t h e  ind ica t ed  energ ies  t o  exposure r a t e s  from t h e  
ind iv idua l  nuc l ides .  W e  can, however, t e s t  models of  plume 
geometry by using t h e  r a t i o s  of f luxes  a t  t h e  d e t e c t o r  due t o  
d i f f e r e n t  gamma-ray energy l i n e s  f r o m  the same nucl ide,  f o r  
example t h e  403 keV t o  2556 keV "Kr  l i n e s  or t h e  196 to  2196 
kev " K r  l i n e s .  T h e  t o t a l  plume exposure r a t e  can, of course,  
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be easily obtained by subtracting the spectrometrically 
determined natural and fallout components from the total 
exposure rate determined with the ionization chamber. 

The Ge(Li) spectrum can be used to quantitate the exposure 
rates or concentrations of any nuclides deposited on the 
ground, such as 1311 or 134Cs, using the usual techniques. 
An example of a situation which could be analyzed semi- 
quantitatively is shown in Figure 9, a Ge(Li) spectrum 
obtained along a river bank near a nuclear fuel reprocessing 
plant. Here the clay apparently filtered and concentrated 
certain nuclides present in the water (particularly cesium), 
resulting in a substantial increase in local environmental 
radiation Levels. 

N from BWR Turbines 1 6  

Another application of field spectrometry is the measure- 
ment of the flux and exposure rate in the environment due to 
the high energy gamma rays from 1 6 N  in the steam passing 
through the turbines of large BWR plants (Figure 10). Here 
the high sensitivity of NaI(T1) even at these higher gamma-ray 
energies provided a sensitive indication of the presence of 
higher energy gamma rays, particularly since there are no 
natural or fallout emitted gamma rays above 3.0 MeV. Using 
the measured flux and the total spectrum energy above 3 MeV 
Lowder' 2 3 )  has shown that quite accurate estimates of "N 
environmental exposure rates can be made. 

Radioactive Construction Materials 

We have also used in situ spectrometry to qualitatively 
i.dentify the presence of low energy gamma rays from radium 
present in uranium tailings used for building construction 
and to identify the source of elevated exposure rate levels 
i n  structures built using high phosphate material or certain 
types of uranium bearing shale. 

23QPu in the Environment 

Field spectrometry 
radiation contamination e 

can also be used to monitor special 
s i t u a t i o n s  such as deposited 239 Pu 
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i n  the s o i l  sur face .  Here, l a r g e  a rea ,  t h i n  NaI(T1) d e t e c t o r s  
a r e  used t o  monitor t h e  60 keV a4baAm gamma rays  which accompany 
239Pu. 
60 cm3 G e ( L i )  a t  60 keV i n d i c a t e  t h a t  one could i d e n t i f y  ele- 
vated l e v e l s  of  239Pu i n  t h e  environment. Though systematic  
s t u d i e s  have not  been made, one notes  t h a t  a large f r a c t i o n  
of t h e  l o w  energy f l u x  con t r ibu t ing  t o  the Compton continuum 
i n  t h e  60 keV energy region i s  due t o  "skyshine" and, t h e r e f o r e ,  
t h e  "background" i n  t h i s  region can probably be dramat ica l ly  
reduced by jud ic ious  sh i e ld ing  and t h e  a b i l i t y  t o  measure t h e  
60 keV l i n e  enhanced. 

Our l abora to ry  s t u d i e s  of t h e  response o f  our  l a r g e  

Est imates  of S o i l  ' O S r  and 137Cs Levels 

F i n a l l y ,  f i e l d  spectrometry i s  u s e f u l  for r ap id  deter- 
minations of t h e  v a r i a t i o n  of f a l l o u t  w i th in  some geographical  
area.  H e r e ,  a s  mentioned previously,  w e  need t o  know t h e  depth 
d i s t r i b u t i o n  of r ad ioac t iv i ty  fairly accura t e ly  tp a r r i v e  a t  
a very accu ra t e  concent ra t ion  measurement, though one can s t i l l  
ob ta in  a p i c t u r e  of the gross  v a r i a t i o n  w i t h  l oca t ion .  For 
example, T a b l e  22 s h o w s  es t imates  of  137Cs a c t i v i t y  i n  s o i l  
i n  t h e  mid 1 9 6 0 ' s  made by measuring t h e  662 keV f l u x  a t  1 m e t e r  
above t h e  ground, assuming t h a t  a 3 c m  r e l a x a t i o n  length  
r ep resen t s  t h e  mean depth d i s t r i b u t i o n  ( a / p  = 0 . 2 1 ,  a t  t h a t  
t i m e  w a s  a reasonable  value based on t h e  f e w  a v a i l a b l e  measure- 
ments) and the empi r i ca l ly  accepted f a c t  t h a t  t h e  ' o S r / 1 3 7 C s  
a c t i v i t y  i s  about 1 . 5  ( I .  Estimates from f i e l d  spectrometry 
can be seen t o  compare w e l l  wi th  t h e  s o i l  sample r e s u l t s  o f  
Hardy and Alexander (2") .  
g ros s  a c t i v i t y  of 1 3 7 ~ s  o r  " ~ r  a t  a s i t e  t o  even an accuracy 
of a f a c t o r  of two ( i f  t h e  assumed depth d i s t r i b u t i o n  was 
wrong) seems s i g n i f i c a n t  i n  t h e  l i g h t  of t h e  speed wi th  which 
t h e  s p e c t r a l  measurements can be  made. 

The f a c t  t ha t  one can e s t ima te  t h e  

Re la t ive  Advantaqes of NaI (T1)  and G e  ( L i )  Systems 

Although G e ( L i )  s p e c t r a  c l e a r l y  g ive  much more information 
than  the N a I ( T 1 )  s p e c t r a ,  t o  ga the r  and u t i l i z e  t h i s  informa- 
t i o n  r e q u i r e s  a l a r g e  capac i ty  multichannel analyzer  having 
1000 o r  more channels,  a s epa ra t e  ampl i f i e r ,  l i q u i d  n i t rogen  
supply and readout equipment t o  s t o r e  the l a r g e  amount of 
da ta .  One a l s o  ob ta ins  much more d a t a  f o r  ana lys i s  than may 
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be needed for  a p a r t i c u l a r  problem. Conversely t h e  N a I ( T 1 )  
d e t e c t o r  r e q u i r e s  on ly  a 200 - 400 channel analyzer  and a 
p a r a l l e l  p r i n t e r .  Power requirements can be m e t  wi th  only  
one 1 2  V s t o r a g e  b a t t e r y  and a small  r o t a r y  i n v e r t e r .  One 
can ope ra t e  t h e  equipment requi red  f o r  a NaI(T1) f i e l d  
spectrum ou t  of t h e  t runk  of  a s tandard auto.  For m o s t  
" n a t u r a l  background" measurements, it i s  clear f r o m  the d a t a  
i n  t h e  preceding t a b l e s  t h a t  the NaI ana lys i s  i s  completely 
adequate. 

Though t h e  c o s t  of t h e  G e ( L i )  system i s  q u i t e  high,  i t s  
u t i l i t y  i s  obvious for i n v e s t i g a t i n g  complex r a d i a t i o n  f i e l d s .  
The proper  mounting i n  a s t a t i o n  wagon o r  panel  t r u c k  allows 
the spectrometer to be e a s i l y  t r anspor t ed  and allows maximum 
u t i l i z a t i o n  both as a f i e l d  spectrometer and as a s tandard  
l abora to ry  counting system. 

V I I .  ESTIMATES OF ERRORS I N  TKE DETERMINATION OF FLUX, 
EXPOSURE RATE AND SOIL ACTIVITY 

W e  have t r i e d  t o  i n d i c a t e  a t  each s t e p  t h e  necessary 
approximations and p o s s i b l e  sources of e r r o r .  I t  i s  c l e a r  
t h a t  t h e  f i n a l  assessment of t h e  accuracy of t h e  method must 
r e l y  on (1) c r o s s - c a l i b r a t i o n s  by o t h e r  techniques o f  a n a l y s i s  
and ( 2 )  the degree by which t h e  sum of t h e  ind iv idua l  exposure 
rates agrees w i t h  independently measured t o t a l  exposure rates 
over a wide range of K,  Th, U and f a l l o u t  combinations. 

W e  p rev ious ly  showed t h a t  t h e  use of NaI(T1) spectrometry 
t o  measure t h e  s o i l  a c t i v i t y  of U, T and K was q u i t e  accu ra t e  
having tested the assumptions of half-space geometry, uniformly 
d i s t r i b u t e d  sources ,  i n s e n s i t i v i t y  t o  s o i l  dens i ty ,  e t c .  by 
comparing f i e l d  spec t romet f ic  e s t ima tes  of i n  s i t u  s o i l  
a c t i v i t y  wi th  l abora to r  analyses  of s o i l  samples taken a t  a 
l a r g e  number of s i tes  . For both  K and Th our e s t ima tes  of 
concent ra t ion  c o r r e l a t e d  very c l o s e l y  wi th  t h e  l abora to ry  
e s t ima tes ,  al though t h e  f i e l d  e s t ima tes  w e r e  i n  gene ra l  about 
loo/o lower than the l abora to ry  r e s u l t s .  This was expected, 
however, since the l a t t e r  w e r e  concent ra t ions  i n  d ry  soil and 
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an average inc rease  of 10% i n  s o i l  d e n s i t y  due t o  i n  s i t u  
moisture content  appeared reasonable.  Ind iv idua l  comparisons 
i n  some cases showed poorer agreement and t h i s  probably 
reflected more the problem o f  obta in ing  a r e p r e s e n t a t i v e  s o i l  
sample a t  a s i t e  than  an e r r o r  i n  the f i e l d  s p e c t r a l  ana lys i s .  
The U series comparison was ,  of  course,  very poor r e f l e c t i n g  
p r i m a r i l y  t h e  d i f f e r e n t  radon emanation f r a c t i o n s  a t  t h e  
var ious  sites, s i n c e  most of the s o i l s  w e r e  counted i n  t h e  
l abora to ry  a f t e r  be ing  allowed t o  reach equilibrium. A few 
samples which w e r e  counted i n  the lab a f t e r  drying and be fo re  
being allowed t o  reach equi l ibr ium ind ica t ed  l o s s e s  of  f r o m  
30% t o  50% of t h e  radium equiva len t  gamma a c t i v i t y .  

I n  t h e  previous s e c t i o n  w e  compared our f i e l d  spec t romet r ic  
e s t ima tes  of I 3 ? C s  and ” S r  measurements on l abora to ry  samples, 
i n d i c a t i n g  i n  genera l  very  good agreement. 

Table 2 1  ind ica ted  the degree t o  which the kndividual 
exposure r a t e  estimates sum t o  t h e  t o t a l  i o n i z a t i o n  chamber 
va lue  of exposure r a t e .  
our experience a t  most reasonably f l a t  “ha l f  space” s i tes  and 
a r e  t h e  best i n d i c a t i o n  of the v a l i d i t y  of our i nd iv idua l  
exposure r a t e  estimates. 

These d a t a  a r e  i n  genera l  accord wi th  

I n  genera l ,  t he  l a r g e s t  percentage e r r o r  i n  exposure ra te  
i s  obtained for the  23eU series, p r imar i ly  because of t h e  
emanation of radon and i t s  subsequent movement wi th in  t h e  
atmosphere. 
d i s t r i b u t i o n  w i t h  respect t o  our model, the decreased f l u x  
r e s u l t s  i n  poorer  q u a l i t y  counting da ta .  For example, it is  
f r equen t ly  q u i t e  d i f f i c u l t  t o  accu ra t e ly  e s t ima te  the small  
f l u x  of 1.76 MeV gamma rays  p re sen t  from N a I  (T1) s p e c t r a l  
data. Combining t h e  accuracy of f l u x  es t imat ion  (f 20%) w i t h  
t h e  u n c e r t a i n t y  i n  radon con t r ibu t ion  we e s t ima te  our 238U 
series exposure r a t e  values  a r e  c o r r e c t  t o  about 25%. Because 
of t h e  a b i l i t y  t o  r e so lve  t h e  295, 350, and 609 keV U peaks 
w i t h  the G e ( L i )  detector we  a r e  a b l e  t o  ob ta in  much better 
measurements of f lux  (- f 5% s .d . )  and w e  es t imate  our  G e ( L i )  

Besides r e s u l t i n g  i n  a somewhat altered source 

s u r e  ra te  measurements t o  have an accuracy of f 10 
I n  terms of the e r r o r  i n  t o t a l  exposure r a t e  t h i s  

percentage i s  small  s i n c e  gene ra l ly  a38U c o n t r i b u t e s  only  
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about 20% t o  t h e  t o t a l  gamma exposure r a t e .  The " O K  estimates 
a r e  the most accu ra t e  and w e  f ee l  our measurements of f l u x  a r e  
yood t o  better than  5% and our es t imates  of exposure r a t e  t o  
about 5 - 10%. Thorium-232 exposure r a t e s  a r e  a l s o  be l ieved  
t o  be c o r r e c t  t o  about 5 - 10%. 

T h e  e r r o r  i n  es t imat ing  f a l l o u t  s o i l  a c t i v i t i e s  has  
a l r eady  been shown t o  be dominated by the accuracy of the 

exposure r a t e s  t o  f 15% with the NaI(T1) d e t e c t o r  and * 10% 
w i t h  the G e  ( L i )  under most circumstances,  

assumed depth d i s t r i b u t i o n .  W e  e s t ima te  w e  can i n f e r  l37CS 

These a r e  accuracy es t imates  and i n c l u d e  sys temat ic  e r r o r s  
such a s  u n c e r t a i n t i e s  i n  branching r a t i o s .  The p r e c i s i o n  of 
a s i n g l e  measurement depends on the s t a t i s t i c a l  s i g n i f i c a n c e  
of t h e  counting r a t e  d a t a  under t h e  photopeaks of i n t e r e s t ,  
For prominent peaks such a s  the  1464 k e V  "OK peak t h e  pre- 
c i s i o n  can be better than  t h e  accuracy, i . e .  w e  can reproduce 
t h e  measurement t o  be t te r  than a f e w  percent  although the  
a c t u a l  e r r o r  i n  our  e s t ima te  of exposure r a t e  may be much 
g r e a t e r .  Thus, it i s  q u i t e  f e a s i b l e  t o  use the  spec t romet r ic  
technique t o  s tudy small  t i m e  v a r i a t i o n s  i n  background due t o  
changes i n  s o i l  moisture,  radon emanationg and " n a t u r a l  
f a1 lou t "  

V I I I .  SUMMARY 

W e  have attempted i n  t h i s  r e p o r t  t o  summarize a l l  of our 
work t o  d a t e  on i n  -- s i t u  f i e l d  spectrometry,  p re sen t ing  i n  
d e t a i l  t h e  t h e o r e t i c a l  b a s i s  f o r  i n t e r p r e t i n g  f i e l d  s p e c t r a  
to determine s o i l  concent ra t ions  and exposure ra tes  a s  w e l l  
a s  i l l u s t r a t i n g  t h e  l abora to ry  c a l i b r a t i o n  of our p a r t i c u l a r  
d e t e c t o r s .  I n  doing so w e  have t r i ed  t o  i n d i c a t e  the 
I 'detector  independence" of the method, po in t ing  ou t  t h a t  t h e  
d e t e c t o r  can be any instrument which measures the  gamma-ray 
f l u x e s  a t  p a r t i c u l a r  energ ies .  
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We have pointed out the use of particular field spectro- 
metric systems for investigating various environmental radiation 
fields, both natural and man-made. Field Spectrometry is a 
powerful tool for studying external environmental radioactivity, 
It allows one to obtain quantitative data over large areas in 
a short time, a task that is clearly impractical by conventional 
sample gathering and subsequent laboratory analysis. It also 
allows one to pick and choose sites for further or for more 
intensive studys provides at the very least qualitative infor- 
mation on the sources contributing to the gamma-ray exposure 
at a site and at: its best a complete quantiative picture of 
the gamma-ray field. 

We have attempted to include in this report the theoretical 
data necessary to infer soil activity and free air exposure 
rate for any source whose depth distribution in the soil can 
be represented by a superposition of exponentials and whose 
energy lies between 50 k e V  and 3 MeV, Thus, it would be an 
easy matter for instance for any investigator to use the 
tables in this report to estimate the f l u x  at 1 meter above the 

os any other similarly unl-ikely contamination situations. 
ground dTx? fo r  example to a quasi-plane source of 13'Cs or 60 C o  

All of: the data i r n  this report refer to measurements to 
be made at or near the earth-air interface. Clearly there are 
similar: possibilities for field spectrometry from aircraft. 
We previotzsly discussed t h e  variation of exposure rate and 
f l u x  w i t h  altitude"") and these data can be w e d  to infer 
appropriate values of cp/I above the ground, T h e  theoretical 
results are being modified as necessary to reflect the more 
accurate data for photons per disintegration in the 2 3 8  U and 
232Th series, as well as to provide energy and angular distri- 
bu t ions  for photon flux as well as fo r  exposure rate as a 
f u n c t i o n  of altitude, 
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TABLE 1 

~p - UNSCATTERED FLUX AT ONE METER ABOVE GROUND FOR EXPONENTIALLY 
DISTRIBUTED SOURCES IN THE SOIL* 

Source ( a / p )  -cm2/g 

(keV) (Uniform) 0.0625 0.206 0.312 0.625 6.25 (Plane) 
Energy 0 m 

50 
100 
150 
200 
250 
364 
500 
662 
750 

1000 
1173 
1250 
1333 
1460 
1765 
2 004 
2250 
2 500 

1.4403 
2.7744 
3.3264 
3.9056 
4.0640 
4.7184 
5.3904 
6.1456 
6.5312 
7.5280 
8.1472 
8.4384 
8.7504 
9.1472 

10.091 
10.818 
11.397 
12.173 

0.0816 
0.1458 
0.1702 
0,1843 
0.2008 
0.2268 
0.2519 
0.2788 
0 . 2 9 1 9  
0.3245 
0.3437 
0.3523 
0.3617 
0.3731 
0.3997 
0.4188 
0.4357 
0.4536 

0.2245 
0.3627 
0.4103 
0.4550 
0.4697 
0.5158 
0.5595 
0.6041 
0.6257 
0.6769 
0.7067 
0.7198 
0.7336 
0.7511 
0.7897 
0.8173 
0.8414 
0.8667 

0.3049 
0.4708 
0.5261 
0.5770 
0.5910 
0.6429 
0.6918 
0.7412 

0.8209 
0.8531 

0.8826 
0.9011 
0.9428 
0.9725 
0.9982 
1.025 

0. 764-9 

0 .  a675 

0.4748 
0.6786 
0.7438 
0.8018 
0.8185 
0.8775 
0.9334 
0.9889 
1.015 
1.077. 
1.113 
1.123 
1. l4.5 
1.166 
1 . 2 1 1  
1. 24.3 
1.271 
1.. 300 

1.147 1.577 
1.359 1.710 
1.427 1.775 
1.483 1.804 

1.578 1.933 
1.650 1.995 
1.719 2.054 
1 . 7 5 2  2.084 
1.830 2.151 

1.095 2.205 
1.914 2 .224  
1 .941 2.247 
1. 997 2.294 
2.036 2 . 3 3 4  
2 .071  2 . 3 5 8  
2.105 2 . 3 8 5  

1.506 1.863 1 

1.874 2.109 

*The a c t i v i t y  a t  depth Z c m  o r  pZ  q / c m 2  i s  S(gammas emitted per 
gram soil per sec)  = a / p  SA e’(a/P ( P z )  where SA = 1 . 0  gama/ 
cm2-s is t he  t o t a l  nurriber of gammas emitted i n  a column of area 
1 cma and i n f i n i t e  depth (see equation 3 ) .  For a / p  = 0 ,  
So/p = 1 .0  gammas emitted per gram o f  soil for all Z .  

\ 
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TABLE 2 

MASS ATTENUATION COEFFICIENTS IN S O I L S  OF VARYING MOISTURE 
CONTENT AND COMPOSITION OF SOIL USED 

IN TRANSPORT CALCULATIONS 

( b / p )  - cm2/g 
S o i l  Soil S o i l  

E ( k e V )  0% HzO 10% H a 0  25% HqO A l u m .  Air 

20 
25 
3 0  
35 
4 0  
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
150 
200 
250 
300 
3 5 0  
400 
450  
500 
550 
600 
650 
700 
750 

3 . 0 1  
2.34 
1.00 
0.656 
0.470 
0.380 
0.327 
0.282 
0.254 
0.233 
0 .218 
0.204 
0.192 
0 .189 
0.179 
0.173 
0.166 
0.138 
0 .124 
0.114 
0.106 
0.100 
0.0950 
0.0906 
0.0869 
0.0831 
0.0800 
,O. 0769 
0.0744 
0.0725 

2.78 
1.52 
0.938 
0.644 
0 .471  
0 .381 
0 .314 
0 .277  
0 .248 
0.230 
0 .214 
0.202 
0.190 
0 .185 
0.178 
0.173 
0.167 
0.139 
0.125 
0 .115  
0.108 
0.101 
0.0963 
0 .0919 
0.0875 
0.0844 
0.0813 
0.0788 
0.0756 
0 . 0 7 3 1  

2.05 
1 . 1 3  
0.838 
0.566 
0.433 
0.338 
0.298 
0.265 
0.239 
0 . 2 2 1  
0.206 
0.194 
0 .189 
0 . 1 8 1  
0.175 
0.170 
0.167 
0.141 
0.127 
0.118 
0.109 
0.105 
0.0975 
0 .0931  
0.0894 
0.0856 
0.0825 
0,0800 
0.0775 
0.0750 
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3.22 
1 .76  
1 .03  
0.669 
0.492 
0.386 
0.319 
0.277 
0.246 
0; 219 
0.205 
0.193 
0.185 
0.177 
0 .171  
0.166 
0.160 
0.134 
0.120 
0 .111 
0.103 
0 .098 
0.0925 
0.0875 
0.0844 
0.0806 
0.0775 
0.0756 
0 .0731  
0.0706 

0.683 

0.315 

0.225 

0.193 

- 
- 

0.177 

0 .151  
0.134 
0 . 1 2 3  

- 
0.106 

0.0953 

0.0868 

0.0804 

- 
- 
- 
- 
- 
- 



TABLE 2 (Cont'd) 

W P )  - cma/q , 

Soil S o i l  Soil I 

E (keV) 0% H Z O  10% H a 0  25% H a 0  A l u m .  Air 

750 
800 
850 
900 
950 

1000 
1500 
2000 
2500 
3000 

0.0725 
0.0706 
0.0681 
0.0669 
0.0656 
0.0638 
0,0515 
0 0444 
0.0398 
0.0362 

0.0731 
0.0713 
0.0694 
0.0675 
0.0650 
0.0638 
0 .0521  
0,0449 
0.0401 
0.0364 

0.0750 
0.0725 
0.0706 
0.0688 
0.0669 
0.0650 
0.0530 
0.0456 
0.0413 
0 .0371 

0.0706 
0 .0681 
0.0669 
0.0644 
0.0631 
0.0614 
0.0500 
0.0432 
0.0388 
0.0353 

- 
0.0706 
I 

- 
- 

0.0635 
0.0517 
0.0444 

0.0358 
P 

Composition by weight of s o i l  used in transport calculations: 

A12 O:, - 13.5% 

Fez03 - 4.5% 

SiOa - 67.5% 

coz - 4.5% 

HzO - 10% 
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TABU 3 

cp - UNSCATTERED FLUX PER mCi/kma AT ONE METER ABOVE GROUND FOR 
TYPICAL FALLOUT ISOTOPES IN THE SOIL 

( a / p )  - cma/q 
Isotope Ey (keV) y ’  s/dis. 0 . 0 6 2 5  0 . 2 0 6  0 .312  0 .625  6 .25  m ( P l a n e )  

1 4 4 ~ e  
“ l ~ e  

la6Sb 
‘ “ ~ a  
lo3Ru 
“‘Ru 

Ba 
lasSb 
lo3Ru 
loBRu 
13’cs 
’ “Zr 
’ 6Zr 
9 6 N b  

“4- 

1 3 1 1  

1 4 0  

La 

La 

140 

140 

B O  

B O  
co 
co 

1 3 4  
14 5 
364  
4 2 8  
487  
4 97 
512 
537 
601 
610 
622 
662 
7 2 4  
7 57 
766  
816  
83  5 

1597  
1 1 7 3  
1333  

6 108 
.490 
, 8 2 4  
. 2 9 6  
- 4 5  
. 8 9  
. 2 0 6  
, 2 3 8  
.184 
. 0 5 4  
.10 
. 8 4 6  
.43  5 
.543  
, 9 9 8  
. 2 3 1  

. 956 
1.0 

1.0 
1.0 

6 . 5 1  ( - 5 )  
3.03 ( -4)  
6 .92  ( -4)  
2 .63 ( -4)  
4 . 1 3  ( -4)  
8 . 2 0  ( -4)  
1 . 9 4  (-4) 
2 . 2 9  (-4) 
1.84 (-4) 
5 .33  (-5) 

8 .73  ( -4)  
4 .67  ( -4)  
5. 9 1  ( -4)  
1 . 0 9  (-3) 

1 . 0 0 ( - 4 )  

2 .  58 ( -4)  
1 .13  ( -3)  
1 . 3 8  ( -3 )  
1 . 2 7  ( -3)  
1 . 3 4  ( - 3 )  

1 . 5 9  (-4) 2 . 0 4  ( -4)  
7 . 4 3 ( - 4 )  9 . 4 3 ( - 4 )  
1. 5 8 ( - 3 )  1. 9 6 ( - 3 )  
5 . 8 9 ( - 4 )  7 . 3 9 ( - 4 )  
9 . 1 9  ( -4)  1.14 ( -3 )  
1.84 ( -3)  2 .27  ( -3)  
4 . 3 4  (-4) 5.33 ( -4 )  
5 . 1 1  ( -4)  6 .25  ( -4)  
4 .02 (-4) 4 . 9 0  ( -4)  
1.18 ( -4)  1.44 (-4) 
2 .19  ( -4)  2 . 6 8  ( -4)  
1 . 8 9  (-3) 2 .32 ( -3)  
9. 98 ( -4)  1 .22  ( -3)  
1.27 ( -3)  1 . 5 4  (-3) 
2 .35 ( -3)  2 . 8 5  ( -3)  
5.47 ( -4)  6.67 (-4) 
2 . 3 9 ( - 3 )  2 . 8 9 ( - 3 )  
2 . 7 1  ( -3)  3 . 2 6  ( - 3 )  
2 .62 ( -3)  3 .16  ( -3 )  
2 .72 ( -3)  3.27 ( -3)  

2 .  9 0 ( - 4 )  5 . 6 3  ( -4)  
1 . 3 4  ( -3 )  2.57 ( -3)  
2 .67  ( -3 )  4 .82  ( -3)  
9 . 8 8  ( -4)  1 . 7 5  ( -3)  
1. 5 4 ( - 3 )  2 . 7 1 ( - 3 )  
3 . 0 8 ( - 3 )  5 . 4 3 ( - 3 )  
7 .16  ( -4)  1 . 2 7  ( -3)  
8 .37  (-4) 1 .47  ( -3 )  
6. 57 (-4) 1.14 ( -3)  
1. 93 ( -4)  3 . 4 0  (-4) 
3. 59  ( -4)  6 . 2 9  ( -4)  
3 .08  ( -3)  5. 78 (-3) 
1 . 6 1  (-3) 2 .82 ( -3)  
2 . 0 7  ( 2 3 )  3 .54 ( -3)  
3 . 8 5 ( - 3 )  6 . 5 9 ( - 3 )  
8. 97 ( -4 )  1 . 5 4  ( -3)  
3 . 8 9  (-3) 6 .66  (-3) 
4 . 2 1  ( -3 )  6 .93 ( -3 )  
4 .12  ( -3)  6. 93 (-3) 
4 . 2 4  ( -3)  7 . 0 8  (-3) 

6 . 9 9  ( -4)  
3 . 2 1  ( -3)  
5 . 8 8  ( -3 )  
2 .15  ( -3)  
3 . 3 0 ( - 3 )  
6. 59 ( -3 )  
1 .53  ( -3 )  
1 . 7 8  ( -3)  
1 . 3 8  ( -3)  
4.06 (-4) 
7 .55  (-4) 
6 .42  ( -3)  
3 . 3 3  ( -3)  
4 . 2 2  ( - 3 )  
7.77 ( - 3 )  
1 . 8 1  ( -3 )  
7 . 8 4  ( - 3 )  
8.03 ( -3)  
8.10 ( -3 )  
8 .23  ( -3)  
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TABLE 4 

t$ - UNSCATTERED FLUX PER pCi/g AT ONE METER ABOVE GROUND FOR 
UNIFORMLY DISTRIBUTED aaeRa AND a3aTh SOURCES IN THE SOIL 

Decaying Flux Decaying Flux 
Isotope E(keV) Y 's/dis.* (y I s/cma - 8 )  I sotopo E (kev) y's/dis.* (y ' s/cma - 8 )  

aasRa 186 0.034 4.58 (-3) 
242 0.070 1.04 (-2) 
2 95 0.179 2.91 (-2) 
352 0.350 6.01 (-2) 

a14Bi 609 0.430 9.42 (-2) 
666 0.015 3.39(-3) 
768 0.048 1.17 (-2) 
934 0.031 8.10 (-3) 

1120 0.145 4.21 (-2) 
1238 0.056 1.72 (-2) 
1378 0.046 1.49(-2) 

1401-08 0.038 1.25 (-2) 
1510 0.021 7.12 (-3) 
1730 0.028 1.02 (-2) 
1765 0.147 5.39(-2) 
1848 0.021 7.91(-3) 
2205 0.047 1.95 (-2) 
2448 0.015 6.66(-3) 

a a a A c  129 0.025 2.90(-3) 
210 0.041 5.80 (-3) 

"i'" 
a aPb 
aa4Ra 

aoaTl 
AC a a e  

a l a P b  

Mixed 

aoeTl 
aoRTl 

a aaAc 

aasAC 

a a s A C  

a l a g i  , a a e A c  
a=AC 

I 
aosTl 

239 241 

2 ) 
282 
301 
338 

328-340 
463 
510 
583 
727 
755 
772 
795 

83 O+ 3 5+40 
860 
911 

965+69 
1588 
2615 

0.490 7.25 (-2) 

0.065 1.02 (-2) 

0.034 5.53 (-3) 
0.129 2.18(-2) 
0.172 2.90(-2) 
0.047 9.20 (-3) 
0.096 1.93 (-2) 
0.300 6.39(-2) 
0.079 1.86 (-2) 
0.011 2.70 (-3) 
0.017 4.10 (-3) 

. 0.049 1.20 (-2) 
0.038 9.40(-3) 
0.047 1.18 (-2) 
0.290 7.55 (-2) 
0.230 6.13 (-2) 
0.046 1.23 (-2) 
0.360 0.167 

*Transitions for which y's/dis. <.02 are not listed except where they are required to 
correct measurements of the flux from some other natural or fallout emitter. Series 
equilibrium is assumed. 
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TABLE 5 

U, 40K, AM, 93aTh DECAY CHAINS a313 

Decay Decay 
Isotope Mode T?! Isotope M o d e  T* 

a 3 a m  
1 

a a a  R a  (Me1 ) 
1 .  

a a e ~ ~ ( ~ ~ ~ ~ )  
1 

1 

1 

1 

aaeTh 

a a 4  Ra (ThX) 

aaoRn (thoron) 

alePo (Th-A) 

alaPb (Th-B) 
1 

1 
a l a B i  (Th-C) 

1 

alaPo (Th-C ') 
T I  (Th-C") 
1 

aoaPb 

B- 

a 

B- 

B- 

a 

a 

a 

a 

B- 

a (36%) 
B- (64%) 

a 
B- 

Stable  

10.7% eK 
89.3% 8- 
Stable 
Stable  

1.40(10)y 

6.7 y 

6.13 h 

1.91 y 

3.64 d 

54.5 9 

0.16 s 

10.64 h 

60.5 m 

3 (-7) s 
3 . 1  m 

1.28 (9)y 

a a u (UI ) 

a 3 4 ~ ( ~ ~ )  

a 3 4  m ~ a  (UXI I 

a 3 4  u (UI I 

a 3 0 ~ h ( ~ o )  

1 

1 

1 

1 

1 
a a e R a  

a a a R n  ( r a d o n )  
1 
Po (RaA) 
1 

a 1 4 P b  ( R a B )  

a 1 4 B i  ( R a C )  

a 1 4 P o  (RaC ') 

'''TI ( R a C " )  

a l o P b  (RaD) 

a l o B i  ( R a E )  

1 

1 

1 

1 

1 

1 

1 

ala P o  
1 

aoePb 

a 

B- 

B- 

a 

a 

a 

a 

a (99.97%) 

B- 

B- (99%) 

a 

B- 

B- 

B- 

a 

Stable 

4.5 (9)Y 

24.1 d 

1.18 m 

2.5 ( 5 ) y  

8 ( 4 ) ~  

1622 y 

3.83 d 

3.05 m 

2 6 . 8  m 

19.7 m 

1.6 (-4) 5 

1.5 m 

22 Y 

5.02 d 

1383 d 
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TABLE 6 

PERCENT OF UNSCATTERED FLUX ENTERING DETECTOR AT ANGLES LESS 
THAN 8 FOR h = 1 METER 

0 T a n  8=R 145 k e V  662 k e V  1460 k e V  
( d e s .  1 ( m e t e r s )  a / p = O ,  =0.21., =- a / p = O ,  =0.21, =a a/p=O, =0.21, =a 

90 
84 
79 
73 
66 
60 
53 
46 
37 
26 

m 

9.95 
4.90 
3.18 
2.29 
1.73 
1.33 
1.02 
0.75 
0.48 

100 
93 
84 
73 
63 
53 
43 
32 
21 
11 

100 100 
89 62 
76 45 
64 34 
52 26 
42 20 
32 15 
23 10 
15 6 
7 3 

100 
92 
82 
72 
62 
52 
41 
31 
21 
10 

100 100 100 
85 53 92 
70 39 82 
58 30 72 
46 23 61 
37 17 52 
28 13 41 
20 9 31 
13 6 21 
6 3 10 

100 100 
83 51 
67 36 
54 27 
43 21 
33 16 
25 11 
18 8 
11 5 
5 2 

N o t e :  8 i s  m e a s u r e d  w i t h  respect to the n o r m a l  to the interface,  i . e . ,  
0 = 90' is para l l e l  to  the interface. 
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TABLE 7 

EXPOSURE RATE (p/hr) AT ONE METER ABOVE GROUND FOR EXPONENTIALLY 
DISTRIBUTED MONOENERGETIC SOURCES I N  THE SOIL* 

2 Source (a/p)-cm /g 
W Energy 0 

(kev) ( U n i f o r m )  0.0625 0.206 0.312 0.625 6.25 (Plane) 

50 
100 
150 
200 
250 
3 64 
500 
662 
750 
1000 
117 3 
1 2  50 
1 3 3 3  
1.460 
1765 
2004 
2250 
2500 
2750 

0.88 
2.05 
3.39 
4.88 
6.37 
10.2 
14.4 
19.6 
22.6 
30.4 
36.2 
38.4 
41.8 
45.1 
54.6 
62.2 
69.5 
77.2 
85.0 

- 
-0.095 
0.140 
0.200 

0.404 
0.558 
0.736 
0.837 
1.10 
1.28 
1 . 3 3  
1.42 
1.54. 
1.78 
2.07 

0.258 

- 

- - - - - 
0.185 0.215 0.270 0.400 0.438 
0.285 0.335 0.418 0.620 0.700 
0.390 0.460 0.570 0.845 0.960 
0.491 0.583 0 . 7 3 1  1.08 1.25 
0.771 0.896 1.11 1.63 1.91 
1.03 1.23 1.52 2.27 2.60 
1.37 1.60 1.97 2.95 3.33 
1.54 1.80 2.21 3.32 3.60 
2.00 2.32 2.85 4.213 4.86 
2.31 2.63 3.27 4.87 5.52 

2.56 2.95 3.62 5.35 6.16 
2.75 3.18 3.38 5.73 6.56 
3.25 3.75 4.4.0 6.45 7.78 
3.60 4.13 5.00 7.15 8.20 

2.41 2.79 3.42 5.14 5.86 

- - - - - 
- 1 - - - 
- - - - - 

*The a c t i v i t y  a t  depth Z cm or  p Z  g/cm" i s  S ( y m a s  e m i t t e d  
per gram soil per sec) = a/p SA 
gamma/cma-s i s  the t o t a l  number of gammas e m i t t e d  in a 
column of area 1 cm2 and i n f i n i t e  depth (see e q u a t i o n 3 ) .  
For a / p  = 0 ,  S o / p  = 1 . 0  gammas e m i t t e d  per g r a m  of s o i l  f o r  
all z. 

( P Z )  where SA = 1.0 
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TABLE 8 

TOTAL EXPOSURE RATE AT ONE METER ABOVE GROUND FOR NATURAL 
EMITTERS UNIFORMLY DISTRIBUTED I N  THE SOIL 

u n i t  concentrat ion Isotope PC i / s  

a Rafdaughters 
214Pb 
2 1 4 B i  

U+daught ers a s a  

a 2Th+daughters 
Ac 2 2 8  

"*Tl 

0.179 1.49 per % K 

1.80 
0.20 0.07 I' 11 I I  

1.60 0.54 I (  I 1  I I  

0.61  per 0.358~10" p p m  R a  

1.82 

2.82 
1.18 
1.36 
0.09 
0.09 
0.09 

0.62 per ppm a s 8 ~  

0.31 per ppm 2?'2Th 
0.13 I '  II 

0.15 'I I I  

0.01 II 

0.01 I 1  

0.01 It  I 1  

Note: 'Va lues  quoted i n  re ference  1 based on o l d  decay 
scheme d a t a  and bui ldup f a c t o r  c a l c u l a t i o n s  w e r e :  

238U - 0.76(yR/h)/ppm 

232Th - 0.36 (yR/h)/ppm 

" O K  - 1.71(pR/h)/"/o K 
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TABLE 9 

TOTAL EXPOSURE RATE (@A) AT ONE METER ABOVE GROUND FOR SELECTED 
FALLOUT ISOTOPES I N  THE SOIL 

~ 

Source 
Activity ( a / p )  - cma/q 

Isotope (mc i/ha ) 0 .0625  0.206 0 .312  0 .625  6 . 2 5  - (Plane)_ 
le4ce 

l4lCe 
13 1 *  

1 4  O La 

10 e Ru+l 0 e 

1 3  7cs 

Q6Nb 

64Mn 
j0co 

Pr* 14 4Ce+l 4 4 

laeSb 
Ba 140 

La* 
RU 103 

Rh* 

Zr 8 6  

95zr-' 6m 

1.0 
2.0 
1.0 
1.0 
1.0 
1.0 
1 .0  
2 .15  
1.0 
2 .0  
1 .0  
1.0 
1 .0 
3 .155  
1 .0  
1 .0  

6 . 2 5  (-5) 
1 .85 ( -4)  
2 . 6 0 ( - 4 )  
1 .56  ( -3)  
1 .77  ( -3)  
7.74 (-4) 
8.98 ( -3)  
1.11 ( -2 )  
1 .97  (-3) 
7 . 7 4 ( - 4 )  
2 . 3 1  ( -3)  
3 . 0 2 ( - 3 )  
3.15 ( -3 )  
9 . 9 1  ( -3)  

9 , 9 9  ( -3)  
3 .40 ( -3)  

1.34 ( -4)  
3 . 5 1 ( - 4 )  
5.23 ( -4)  
2 .92 ( -3)  
3 .33 ( - 3 )  
1 . 4 5  ( -3)  
1 .63  ( -2)  
2 .02 ( -2)  
3 . 6 6 ( - 3 )  
1 .43 ( -3)  
4 . 2 9  ( -3)  
5 . 5 1  ( -3)  
5 .74  ( -3)  
1 . 7 9  ( - 2 )  
6 . 2 9 ( - 3 )  
1. 80 ( -2)  

1 .56 ( -4)  
4 .05 ( -4)  
6 . 2 1  (-4) 
3 .35  ( -3)  
3.82 ( -3)  
1 . 6 9 ( - 3 )  
1 . 8 0  ( - 2 )  
2 .33 ( -2 )  
4 .30  ( -3)  
1 .67  ( -3)  
4 .93  ( -3)  
6 . 3 6  ( - 3 )  
6 .66  ( -3)  
2 .07 ( - 2 )  
7 .22 ( -3)  
2 .06 ( -2)  

1 . 9 6  ( -4) 
5.03 (-4) 
7 .68 ( -4 )  
4 .20  ( -3)  
4 .86  ( -3)  
2 .09  ( -3)  
2 . 4 0 ( - 2 )  
2 . 9 7  ( - 2 )  
5 .37  ( -3)  
2 . 1 1 ( - 3 )  
6 .17  ( -3)  
7 . 8 1 ( - 3 )  
8 . 1 4  ( -3)  
2 . 5 4 ( - 2 )  

2 .  55 ( -2)  
8 . 0 8  ( - 3 )  

2 . 8 6 ( - 4 )  
7 .22  (-4) 
1 . 1 5  ( -3)  
6 . 9 1  (-3) 
7 .14  ( -3)  
3 .16  ( -3)  
3 .56 ( -2 )  
4 .40  ( -2 )  
7. 90 ( -3)  
3.17 ( -3)  
9 . 2 4  ( -3)  
1 .17  ( - 2 )  
1 .24  ( -2)  
3 .84  ( - 2 )  
1 . 3 4  ( -2)  
3 .78  ( -2 )  

3.27 (-4) 
8 . 3 4  ( -4)  
1 . 3 1  ( -3)  
7 .28 ( -3)  
8 . 2 9  ( -3)  
3 .66  ( -3)  
3 . 9 0  ( -2 )  
4 . 9 2  ( -2 )  
9.22 ( - 3 )  
3 .65 ( -3 )  
1 .06  ( -2 )  
1 . 3 5  ( -2)  
1.41 ( -2)  
4 . 3 9  ( -2)  
1. 54 ( -2)  
4 .32 ( - 2 )  

*Assuming daughter is in equilibrium with parent-exposure rate is for 1 mCi/km2 of 
parent activity. 
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TABLE 10  

ERROR I N  1 METFR EXPOSURE RATES FOR I N F I N I T E  HALF- 
SPACE GEOMETRY DUE TO NEGLECTING A I R - S O I L  

DIFFERENCES (BUILD-UP FACTOR APPROACH) 

E (keV) S o i l - A i r / S o i l - S o i l  

250  0.79 

364 0.87 

500 0.90 

1000 0.94 

1500 0.95 

2000 0.96 

2 5 0 0  0.95 
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TABLE 11 

r ~ / I - ( O N E  METER) FOR FALLOW' EMITTERS IN THE SOIL - 
( y '  s / c m 2  - s  / ( ~ / h )  

2 ( r ~ . / p )  - cm /q 
3 P l a n e  

EY 
I sotape (keV) 0,0625 0,206 0,312 0.625 6.25 

134 
134 
14 5 
3 64 
428 
487 
487 
4 97 
512 
537 
537 
601 
6 10 
622 
662 
724 
724 
757 
7 57 
766 
7 66 

8 16 
835 
1597 
1597 
1173 
1333 

a 16 

1.04 
0.352 
1.17 
0.444 
0.149 
0.046 
0.037 
0.416 
0.251 
0.296 
0.0206 
0.104 
0.0271 
0.129 
0.377 
0.155 
0.0476 
0.196 
0.0602 
0.346 
0.239 
0.0287 
0.0232 
0.332 
0.154 
0.124 
0.127 
0.134 

1.19 
0.453 
1.42 
0.541 
0.177 
0.056 
0.045 
0.503 
0.303 
Q. 352 
0.0253 
0.121 
0.0322 
0.153 
0.440 
0.181 
0.0557 
0.230 
0.0709 
0.409 
0.282 
0.0336 
0.0270 
0.380 
0.166 
0.134 
0.146 
0.151 

1.31 
0.504 
1.52 
0.585 
0.193 
0.061 
0.049 
0.528 
0.319 
0.370 
0.0268 
0.128 
0 . 0 3 3 5  
0.1GO 
0.465 
0.132 
0.0589 
0.242 
0. 0744 
0.422 
0.297 
0.355 
0.0286 
0.400 
0.173 
0.140 
0.153 
0.159 

1.48 
0.577 
1.74 
0.636 
0.203 
0.064 
0.052 
0.574 
0.339 
0.400 
0.0282 
0.135 
0.0359 
0.170 
0.499 
0.206 
0.0634 
0.265 
0.0815 
0.473 
0.328 
0.0374 
0. 0302 
0.438 
0.175 
0.142 
0.162 
0.168 

1.97 
0.780 
2.23 
0.702 
0.245 
0.076 
0.062 
0.687 
0.401 
0.465 
0.0354 
0.160 
0.0430 
0.138 
0.582 
0.241 
0.0734 
0.303 
0.0322 
0.531 
0. 371 
0.0433 
0.0350 
0.497 
0.195 
0.158 
0.183 
0.187 

2.14 
0.838 
2.45 
0.808 
0.259 
0,083 
0.0G7 
0.715 
0.419 
0 . il. F, r, 
0 . 0 3 6 2  
0.166 
0.0440 
0.207 
0. GO6 
0.247 
0.0758 
0.313 
0.0961 
0.551 
0.381 
0. 04-37 
0.0368 
0.509 
0.203 
0.163 
0.188 
0.191. 
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TABLE 12 

tp/IrRATIO OF GAMMA-RAY FLUX DENSITY TO EXPOSURE RATE FROM 
NATURAL EMITTERS IN THE SOIL 

Parent Parent 

Isotope E y ( k e V )  rp/I (Y-) CLRh Isotope Ey (keV) 

Uranium Series, 

aaeRa 

"i" 
alrBi 

0 

186 
242 
2 95 
352 
609 
666 
7 68 
934 

1120 
1238 
1378 

1510 
1730 
1765 
1845 
2205 
2448 

1401-08 

2.52 (-3) 
5.71 (-3) 
1.60 (-2) 
3.30 (-2) 

6.43 (-3) 
4.45 (-3) 

9.45 (-3) 
8.19 (-3) 
6.87 (-3) . 
3.91 (-3) 
5.60 (-3) 

2.31 (-2) 

2.96 (-2)) -0395 
4.35 (-3) 
1.07 (-2) 
3.66 (-3) 

IJ,R/h 
Pcl/g 

Potassium, I = 0.179 

4 0 K  1464 0.203 

Thorium Series, I = 2.82 KR/h 
P W  

12 9 1.03 (-3) 
210 2.06 (-3) 

2.57 (-2) 

2aar 
239) 

a12Pb 
aa4Ru 241 

A c  270 
2 a a  

AC 282 a a e  
aoeTl 277) 3.62 (-3) 

' l a P b  301 1.96 (-3) 

Mixed 328-340 ., 1.03(-2) 
a "Ac 463 3.26 (-3) 
aosTl 510 6.84(-3) 
a2sTl 583 2.27 (-2) 

727 6.60 (-3) 
a l a g i  a a a  

a a e  

772 1.45 (-3) 
7 95 4.25 (-3) 

860 4.18 (-3) 
911 2.68 (-2) 

965+969 2.17 (-2) 
1588 4.36 ( - 3 )  
2615 5. 92 (-2) 

3aeAc 338 7.73 (-3) 

> A c  
755 9.57 (-4) 

I 830+83 5+840 3.33 (-3) 
/jE 

aosTl 
A c  a a e  

I 
a o s T l  
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TABLE 13 

PHYSICAL CHARACTERISTICS OF HASL ')'-RAY DETECTORS 

5 14 484 730 785 Detec tor  N o .  

Closed Coaxia l  Closed Coaxial  Harshaw I n t e g r a l  Harshaw I n t e g r a l  
C y l i n d r i c a l  Ge ( L i )  C y l i n d r i c a l  Ge ( L i )  Line NaI (T1)  Line NaI (TI) 

S i z e  4.3 cmx4.4 crn(L)  - -4" x4" --4"X4" 

Eff ic iency* 2.17 0.82 37 36 

R e s o l u t i o n t  

Peak/Compton Rat io* 30/1 24/1 - - 
A c t i v e  Volume. cm' -25 om3 -820 cm' -820 c m 3  

D r i f t  Depth -1.7 c m  - - - 

Bias  Voltage 

2.3 keV 2 .3  keV 52 k e V  54 keV 

2200 v 2200 v 900 v 900 v 

- 

*Counts per u n i t  i n c i d e n t  f l u x  a t  662 keV. 

tFWHM at 662 keV. 

*Evaluated a t  1.33 MeV. 
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TABLE 14 

No/V - TOTAL ABSORPTION PEAK COUNTS - 
4" X 4" NaI (T1)  DETECTORU 

CPm 
?//cm"-s 

Ca l ib ra t ion  Energy Detector Detector Old 481x41i 
Source (keV) #ED-730 #EA-785 Detectors 

514 

662 

835 

1370 
1765 

2615 

2690 

2333 

2075 

1635' 
980@ 

892 

2525 

2238 

2060 

168' 
97 O@ 

970 

3250 

2238 

2400 

1900 

1150 

11408 

a With a'' b a k e l i t e  sh i e ld .  

B 

@ Based on branching r a t i o s  i n  Table 4. 

3 Infsi-red from 2 . 7 3  MeV a4Na Pine. 

I n f e r r e d  from r a t i o  of previous readings t o  HASL-170 da ta .  
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TABLE 1 5  

No/T - TOTAL ABSORPTION PEAK COUNTS PER UNIT INCIDENT FLUX - 
Ge (Li) DETECTORS 

cpm 
No/cp ym-s 

Calibration Standardized 25 cc 6 0  cca 
Source E (keV) y '  s/dis .  B y  Ge ( L i )  Gc (Li) 

2 4  1.- 

17'Tm 
14*ce 

13"ce 
67c0 

l 9 € l A u  

'"Na 

Sr a 5  
137 

Mn 5 4  

I I  

C S  

I 1  

Zn 
co 

""Na 

'"Th 

6 6  

6 0  

I I  

I I  

59.5 
84 

1 3 3 . 5  
145.5 
1 6  5 
1 2 2 . 1  
411.8 
511. 0 

1.274. 5 
514.0 
661.6 
834.8 
8 9 8 . 0  

1 8 3 6 . 1  
3.115. 5 
11.73. 2 
1 3 3 2 . 5  
1368.5 
2 7 5 4 . 1  
2615 

0.353 
0 . 0 3 3  
0.108 
0.490 
0 . 8 0  
0.856 
0.955 
1.81 
1.00 
0 ; ' 9 9 3  
0.846 
1 . 0 0  
0.934 
0.994 
0.506 
0.999 
1 . 0 0  
1 . 0  
0 . 9 9 9  
0. 3 6  

HASL-ZAEA 
1 

- 
- 

NBS 

2 7 6 k 5  
- 

- 
- 

4 2 3 + 8  
89.0-14.0 

20.  G i l . .  0 
6 6 . 0 k 3 . 0  
49.0-':2.0 
33.03-1.0 
3 0 . 0 * 1 . 0  
1 3 . 2 + 0 .  5 

d These data fit the following function from 200 keV to 3 MeV w i t h  
a maximum deviation of -3%: In N o / p  = 4.48 - 1 . 0 3  In E, w h e r e  E 
is in MeV. 

B Normalized 
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TABLE 1 6  

ANGULAR CORRECTION FACTORS (Nf/No ) 

( a / p )  - c m a / q  
E ( k e V )  0 0.206 0.625 Q) P l a n e  

60 
1 2 2  
145 

>155 

1 3 4  
352 
609 

1120 
1765 

5 1 1  
583 
662 
750 

1464 
1765 
2615 

0 .69  
0.94 
1.00 
1 . 0  

Nf/No - 60 cm3 G e ( L i )  

0.68 0.66 
0.93 0.92 
1.00 0.99 
1 .0  1.0 

0.65 
0.50 
0.97 
1 . 0  

Nf/No - 25 cm3 G e ( L i )  

0.70 
0 . 7 9  
0 .84  
0 . 9 1  
0. 98 

1.14 
1 . 1 2  
1 1-1- 
1-10 
1.07 
1 .04  
1.02 

Nf/No - 4"  X 4" N a I  ( T l )  

1 . 1 4  1.14 1.14 
1 . 1 2  1 . 1 2  1 .12  
1 , I . l  1, I1 1. 1 1  

1.10 1.10 1.10 
- - - 

- - - 
- - - 

Tota l  "Energy" - 4" X 4" N a I ,  Nf/No = 1.11 
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TABLE 17 

PEAK AREA PER UNIT EXPOSURE RATE (Nf/I) AND PEAK AREA PER UNIT ACTIVITY 
(Nf/A) FOR 4"X4"  N a I  ( T l )  DETECTORSa 

O l d  Detectors 
N o .  730 No. 785  Ref .  5 

Isotope E (keV) a/p N f / I B  Nf/A@ N f / I B  Nf/A@ Nf/IM Nf/AC 

a 3 a U  60 9+66 5 0 1 5 1  275 14 2 2 59 1 5 0  335 
1765  0 36 66 35 64 4 5  100 

a s a m  583 0 64 1 8 0  6 1  1 7 1  6 5  213 
2615 0 59 166  58 1 6  5 58 1 9 0  

40K 1464  0 352 63 3 44 62 3 90 80 

0.0625 967 2 . 2 4  92 8 2 . 1 5  - - 
1 1 2 9  4 . 8 5  1083 4 . 6 5  1375 - 0 .206  
1193  5 . 9 5  1145 5 . 7 1  - - 0.312 
1 2 8 1  7 .90  1 2 2 8  7 . 5 8  - - 0 . 6 2 5  
1494 1 3 . 8  1433  1 3 . 2  - 1 6 . 2 5  

m 1555 1 6 . 5  1492 1'5.8 - - 

137cs 662 

820 7 . 8 1  793  7 . 5 3  - 1 

964 1 7 . 3 3  930 1 6 . 7 2  1150 - 
1018  21 .03  980 20 .28  - - 
1115 2 8 . 3 0  1078  27 .30  - - 
1266 4 8 . 5 8  1 2 2 1  4 6 . 8 7  - - 

m 1406 5 7 . 4 0  1258  55 .37  - - 

'Zr-Nb' <750> 0 .0625  
0 .206  
0 .312  
0 .625  
6 . 2 5  

ff With bakelite s h i e l d .  

C c p m  per pCi/g of in situ s o i l  material including m o i s t u r e  ( a / p = O )  or 
per mci /km2 ( a / p # o ) .  

B Equilibrium assumed. 
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TABLE 1 8  

PEAK AREA P E R  U N I T  EXPOSURE RATE ( N f / I )  AND PEAK AREA P E R  U N I T  A C T I V I T Y  
(Nf/A) FOR G e ( L i )  DETECTORS - NATURAL E M I T T E R S  

6 0  cc G e ( L i )  25 cc G e ( L i )  60 cc Ge(Li) 
Isotope E (keV) No/V Nf/No cP/I N f / I  * Nf/A** N f/A* * 

40K 

a 3 8  

Series 

1464 

186 
242 
2 95 
3 52 
609 
666 
7 68 
934 

1120 
1238 
1378 
17  30 
1765 
2204 

1 2  9 
2 10 

239-41 
270-82 

3 0 1  
338 

463 
5 10 
583 
727 
755 
772 
7 95 

830-40 
860 
9 1  1 

965+69 
1588 
2615 

328-40 

59.8 

510 
388 
315 
255 
143 
132 
114 

94.2 
78.0 
70.0 
63.3 
50.0 
49.0 
39.5 

580 
44 2 
388 
335 
305 
260 
265 
195 
176 
154 
122 
118 
115 
112 
108 
103 

97.0 
.91.0 
54.7 
32.8 

1.0 

1.0 

I 

1 .0 

I 

0.203 

2.52 (-3) 
5 . 7 1  (-3)' 
1 .60 (-2) 
3.30 (-2) 
5.18 (-2) 
1 .86 (-3) 
6.43 (-3) 
4.45 ( -3)  

9.45 (-3) 
2 . 3 1  (-2) 

8 .19( -3 )  
5.60 (-3) 
2.96 (-2) 
1.07 ( - 2 )  

1.03 ( -3 )  
2.06 ( -3 )  
2 .57 ( -2 )  
3.62 ( -3)  
1. 96 (-3) 
7.73 (-3) 
1.03 ( - 2 )  
3 .26( -3 )  
6 .84 ( -3)  
2.27 (-2) 
6.60 ( -3)  
9.57 ( -4)  
1 .45 ( -3 )  
4.25 (-3) 
3.33 (-3) 
4.18 (-3) 
2.68 (-2) 
2.17 (-2) 
4.36 (-3) 
5. 92 (-2) 

1 2 . 1  

1.29 
2.22 
5.04 
8.42 
7 .41  
0.25 
0.73 
0.42 
1.80 
0.66 
0.52 
0.28 
1.45 
0.42 

0 .60  
0 .91  
9.97 
1 . 2 1  
0 . 6 0  
2 . 0 1  
2.73 
0 .64  
1.20 
3. 50 
0.81 
0 .11  
0.17 
0.48 
0.36 
0.43 
2.60 
1.97 
0.24 
1 .94  

3.37 

0.44 
0.73 
1.58 
2.78 
2.25 

0 .21  
- 

- 
3.28  

- 
0.68 - 

- 
0.71  
0.53 
0.063 - 

2.17 

2.35 
4.04 
9.17 

15 .3  
13.5 

0.45 
1.33 
0.76 
3.28 
1.20 
0.94 
0. 5 1  
2.64 
0.77 

1.68 
2.57 

3.42 
1.69 
5.67 
7.70 
1.79 
3.39 
9.86 
2.27 
0.32 
0.47 
1.34 
1 . 0 1  
1 . 2 1  
7.33 
5.57 
0.67 
5.48 

18.1 
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TABLE 19 

PEAK AREA PER U N I T  EXPOSURE RATE (Nf/I)* FOR 60 cc Ge(Li) DETECTOR-FALLOUT 
- 

( a / p  ) - cma/g 
0.0625 0.206 0 .312 0 . 6 2 5  6 . 2 5  m P l a n e  Isotope E (keV) No /V 

14'Ba 

La 140 

lonRu 

l3'CS 

Zr 9 6  

6Nb 

"4Mn 

1 3 4  

14 5 

3 6 4  

4 2 8  
60 1 

537 

487 
1597 

497 

512 
622 

662 

7 2 4  
7 57 

7 6 6  

83 5 

5 96  

585 

2 5 0  

2 10 
1 4  5 

162 

180 
55 

1 8 0  

1 7  5 
1 4  0 

1 3 0  

122 
117 

114 

106 

208 

678 

111 

31.3 
1 5 . 1  

4 8 . 0  

8 . 2 8  
8.47 

74 .9  

32 .3  
1 8 . 1  

49 .0  

1 8 . 9  
2 2 . 9  

3 9 . 4  

2 0 . 1  

2 67 

8 3 1  

1 3 5  

3 7 . 2  
1 7 . 5  

57.0 

1 0 . 1  
9.13 

90 .5  

53 .0  
21.4 

57.2 

2 2 . 1  
26. 9 

4 6 . 6  

40.  3 

2 94  

8 8 0  

1 4 6  

40. 5 
1 8 . 6  

59 .9  

11.0 
9.52 

95 .0  

5 5 . 8  
2 2 . 4  

GO. 5 

2 3 . 4  
28. 3 

4 8 . 8  

4 2 . 4  

337 

998 

1 5 9  

4 2 . 6  
1 9 , 6  

6 4 . 8  

1 1 . 5  
9 . 6 3  

103 

59 .3  
23.8 

6 4 . 9  

2 5 . 1  
31. 0 

5 3 . 9  

4 6 . 4  

4 5 1  

1 2 7 8  

2 0 1  

5 1 . 5  
2 3 . 2  

75.3 

1 3 . 7  
1 0 . 7  

124 

7 0 . 2  
27 .7  

75 .7  

2 9 . 4  
3 5 . 5  

6 0 . 5  

52. 7 

47 9 

1 3  90 

202  

5 4 . 4  
2 4 . 1  

78.7 

1 4 . 9  
1.1.2 

12 9 

7 3 . 3  
29. 0 

7 8 . 8  

30.1 
36.6  

62 .8  

5 4 . 0  

___-- 

*Cpm/(pR/h); for Nf/A multiply values by I from Table 9. 

**Equilibrium assumed. 

e 
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T a b l e  20 

"ENERGY" BAND EQUATIONS FOR N a I  (T1) DETECTORS 

._ 
' I  

" E n e r g y "  Bands 

AEl 1.32 MeV t o  1.60 MeV 
AE2 1.62 MeV t o  1.90 MeV 
A E3 2.48 MeV t o  2.75  MeV 

AETotal 0.15 MeV t o  3 .4  MeV 

Exposure R a t e  E q u a t i o n s  
Detector #730 Detector #785 - 

U = . 4 2 1  E2 -.224 E3 U = .433 Ez1-.230 E 3 '  

I = E T '  /37.9 

I I I I I I K = .085 E l  -.060 E2 -.024 E3 K = - 0 8 7  E l  m.061 E2 m.024 E3 
I I 

I I T = .292 E3 T = - 2 9 7  E3 
I = E T '  / 3 6 . 5  

where K, U, T ,  are the  exposure rates i n  wR/h for  *'I(, the  
2 3 e U  series, the 2 3 2 T h  series, respectively,  and I i s  the 
t o t a l  exposure ra te .  El I ,  E, , E3 I ,  ET are respectively the 
t o t a l  "energy" i n  BeV/20 m i n .  i n  AEl,  AEz,  AE3, AETotal (see 
t e x t )  corrected for  cosmic ray exposure. 

I 

C o s m i c  R a y  R e s p o n s e  - BeV/20 min. 

El - E, - E3 ETotal  A l t i t u d e  - 
0 '  0.40 0.35 0.30 7.7 
1000 ' 0.42 0.37 0.32 8.2 
2000 I 0.46 0.40 0.34 8.9 
3000 ' 0.52 0.45 0.36 9.8 

5000 0.70 0.63 0 .41  12.8 
8000 I 1.28 1.10 0.94 24.7 

4000 I 0.60  0.53 0.38 1 1 . 0  
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TABLE 2 1  

EXAMPLES OF FIELD SPECTROMETRIC MEASUREMENTS MADE WITH Ge(Li) DETECTORS 
AND NaI(T1) DETECTORS 

D / h  
Detector Ion 

Location Type X U T Cs Zr-Nb Other Sum Chamber 

Joliet, 111. 
1971  

Channahan, Ill .  
197 1 

Morris, Ill.  
1971  

Water ford, Conn . 
1971  

Waterford, Conn. 
1971  

Forked River, N. J. 
1971 

Forked R i v e r ,  N. J. 
1971 

Denver, Colo. 
1965 

B i k i n i ,  A t o l l  
1967 

Ge ( L i )  
NaX (T1) 

Ge (Li) 
NaI (TI )  

Ge (Li) 
NaI (Tl) 

Ge (Li) 
NaT (T1) 

Ge (Li ) 
N a I  ( T l )  

G e  (Li) 
NaI ( T l )  

Ge (Li) 
N a I  (T1) 

N a I  ( T l )  

N a I  (Tl) 

2.8 
2.7 

2.6 
2.4 

2.2 
2 . 2  

1 . 7  
1.7 

2 . 4  
2.4 

0 . 2  
0 . 2  

0.3 
0.3 

3.4 

0 

1.2  
1.1 

1 . 0  
1.1 

1 . 4  
1.2 

1 . 7  
1.4 

1. G 
2.1 

0.8 
0.9 

0.5 
0.5 

2.4 

0 

2:s 
2.4 

1.9 
1.8 

1.7  
1.8 

3.0 
3.4 

2.9 
3 . 1  

0 . 9  
0 .8  

0.6 
0.5  

7 . 4  

0 

0.2 
0.3 

0.2 
0.2 

0.1 
0 . 1  

0.6 
0.4 

0.7 
0.4 

0.6 
0 . 7  

0.8. 
0.8 

0.3 

19.0  

0 . 3  
0.2 

0.3 
0.2 

0.3 
0.2 

0.2 
0.1 

0.2 
0.1 

0.2 
0.2 

0.1 
0.1 

- 

- 

7 . 1  
6.7 

6.1 
5.7 

5.7  
5.5 

7.2 
7.0  

7.8 
8.1 

2 . 7  
2.8 

2 . 3  
2.2 

13 .7  

24.8 

7 .“E 

5 .9  

- 

7 . 6  

a. 0 

2 . 6  

2.1 

13.8 

24.0 
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TABLE 2 2  

ROUGH COMPARISONS OF FIELD SPECTROMETRIC ESTIMATES OF 13'cs soIr, 
ACTIVITY WITH NEARBY   OS^ SOIL SAMPLE MEASUREMENTS 

mC i,/kma 
Field Inferred 

Soil Sampling Measurement from Soil Field 
Site Date Date Sample Spectrum Notes 

Fort Collins, Colo. 4 / 6 5  9/65 80 50 a, BJ e, 
Salt Lake City, Utah 9 / 6 5  8 / 6 5  157  58  QJB,@ 

Derby, Colo. 9/65 8 /65  93 7 7  ff, B, 

Rapid City, S.D. 9/65 8 / 6 5  147 1 2 7  a, B, c, 
New Orleans, La, 3 / 6 6  9/6 5 7 6  62  a, 8, e, 
Beltsville Md. 1 1 / 6 5  11/65 95*15 1 0 9  v 

Notes: 

C s  soil activity was i-nferred from a radiochemical determination of "Sr by me 137 
multiplying by 1.5. 

The field spectral analysis assumed o./p = 0 . 2 0 6  for all sites, which may be too 
large since all the field spectrometric values are lower than the values referred 
from the samples. 

Except for Fort Collins the soil sampling and field spectrometric sites are not 
identical but are in the nearby vicinity of each other. 

Using measured depth distribution - actual 137Cs soil analysis. 
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TABLE 23 

CONVERSION FACTORS AND OTHER DATA USEFUL 
FOR FIELD SPECTROMETRY 

1 bR/h  = 65.9 MeV/g-S 

1 mrad/y = 0.130 pR/h  

1 pR/h  = 7.65 mrad/y 

1 m C i / m i 2  = 0.386 m C i / k m 2  

a 3 e U  
3.361 x lo-' curies/g 

1.09 x io- '  curies/g 232Th 

0.988 curies/g a 2 S R a  

3.30 gammas/s(l.46 MeV)-g Potassium 

1 dpm = 0.45 p C i  
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EQUIPMENT IN 
VfHICLE 12 VOLT I 

STORAGE BATTERIES 

30 METER SIGNAL 

SIGNAL CABLE 

PREAMP- 

BATTERY 
PACK PACK 

EQUIPMENT OUTSIDE VEHICLE 

HASL FIELD SPECTROMETRIC SYSTEMS 

Figure 1. Diagram of f i e l d  spectrometers and i o n i z a t i o n  
chamber. 
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Figure 3. 
wagon. 

E lec t ron ic  equipment i n  rack i n  s tandard s t a t i o n  
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ENVIRONMENTAL GAMMA RADIATION 
SBECfRUM GSO-FT FROM TURBINE OF 

0600 MWB BWR 

5.62 MeV 
(6.13-0.51) 

280 320 368 406 
CHANNEL NUMBER 

Figure 10. 
a 1600 - MWTTh BWR. 

In situ N a I ( T 1 )  spectrum 650 feet from tu rb ine  of 
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