
DOSIMETRY TECHNOLQGY STAFF 

NOVEMBER, 1966 

BATTELL€ MEMORIAL INsT~TUTE / PACIFIC NORTHWESl LABORATORY 





BNWL-339 

UC-48, Biology and 

Medicine 

D O S I M E T R Y  T E C H N O L O G Y  S T U D I E S  

-1  9 6 5 -  

Dosimetry Technology Staff 

Environmental Health and Engineering Department 

November 1966 

FiLST Ut.!?t\iTtli:TED 
C!ST%fMUliQH MADE J I  5 '67 

PACIFIC NORTHWEST LABORATORY 
RICHLAND, WASHINGTON 



Printed in USA. Price $2.00. Available from the 
Clearinghouse for Federal Scientific and Technical Information 

National Bureau of Standards 
U.S. Department of Commerce 

Springfield, Virginia 



C O N T E N T S  

THERMOLUMINESCENT DOSIMETRY STUDIES4 . W . R . Endres . . 
Introduction . . . . . . . . . . . . . .  

. . . . . . . . .  Gamma and X-ray Dosimetry 

Neutron Dosimetry in the Presence of Gamma 
. . . . . . . . . . . . . .  Radiation 

. . . . . . . .  High Exposure Rate Experiments 

. . . . . . . . . .  LiF Imbedded in Teflon 

. . .  . . THERMOLUMINESCENT READER DEVELOPMENT-P C Friend 

SOLID STATE PARTICLE DETECTORS AND DOSIMETERS- 

. . . . . .  . . . . W V Baumgartner and L W Brackenbush 
. . . . . . . . . . . . . .  Introduction 

. . . . . . . . . . . .  Neutron Dosimetry 

. . . . . . . . . .  Alpha Particle Detection 

. . . . .  Detection of Trace Fissionable Isotopes 

ACTIVATION TYPE PERSONNEL NEUTRON DOSIMETER- 

L.F.Kocher. . . . . . . . . . . . . . .  
. . . . . . . . . . . . . .  Introduction 

. . . . . . . . . . .  Dosimeter Description 
. . . . . . . . . .  Dosimeter Interpretation 

PORTABLE FILM DENSITOMETER-P . C . Friend and L . F . Kocher . 
GAMMA RADIATION EXPOSURE RATE MEASUREMENTS- 

W . V . Baumgartner . . . . . . . . . . . . .  
SMALL CHAMBER EXPOSURE RATE INSTRUMENTS-F . L . Rising . . 
CRITICALITY INCIDENT ALARMS-P . C . Friend . . . . . .  
PLUTONIUM DOSIMETRY STUDIES-L . G . Faust . . . . . .  

Introduction . . . . . . . . . . . . . .  
Surface Dose Rate . . . . . . . . . . . .  

. . . . .  Dose Rate of Plutonium Metal and Pu02 

. . . . . . . .  Dose Rate of Pu02-U02 Mixtures 

Neutron Dose Equivalent Rates . . . . . . . .  
. . . . . .  Total Surface Dose Equivalent Rates 

Conclusions . . . . . . . . . . . . . .  
MONITORING THE DOSE RATE TO THE G.I. TRACT- 

P . E . Bramson . . . . . . . . . . . . .  
Introduction . . . . . . . . . . . . . .  

. . . . . . . . . . . . .  Detector System 

. . . . . . . . .  Performance Characteristics 

P a q e  

1 

1 

1 



i v  

L I S T  OF FIGURES 

F i g u r e  

1 

T i t l e  

C a l i b r a t i o n  Curves  f o r  1 6 ,  23 ,  34 ,  58 and  100 keV 

X - r a y s  and  6 0 ~ o  Gamma Rays . . . . . . . . 
C a l i b r a t i o n  Curve f o r  100  keV X - r a y s  . . . . . 
Photon  Energy  Dependence o f  Thermoluminescen t  

D o s i m e t e r s  . . . . . . . . . . . . . 
Dependence of  L i g h t  E m i t t e d  on Amount o f  Powder 

P r e s e n t  . . . . . . . . . . . . . . 
Weight  S e n s i t i v i t y  o f  L i F  . . . . . . . . . 
S t a b i l i t y  o f  L iF  o v e r  a  1 5 - d a y  P e r i o d  . . . . . 
Thermoluminescen t  D o s i m e t e r s  . . . . . . . . 
Photon  Energy  Dependence o f  Thermoluminescen t  

N e u t r o n  D o s i m e t e r s  . . . . . . . . . . 
Exposure  Response o f  L i F - T e f l o n  D i s c s  . . . . . 
Photon  Energy Dependence o f  L i F - T e f l o n  D i s c  . . . 
F i s s i o n  F o i l  N e u t r o n  D o s i m e t e r  . . . . . . . 
C u t o f f  E n e r g i e s  and C r o s s - S e c t i o n s  f o r  V a r i o u s  

F i s s i o n a b l e  I s o t o p e s .  . . . . . . . . . 
R e l a t i v e  Response  o f  V a r i o u s  F i s s i o n a b l e  I s o t o p e s  . 
Low L e v e l  F i s s i o n a b l e  M a t e r i a l  D e t e c t o r  . . . . 
R e l a t i o n s h i p  Between Number o f  T r a c k s  and  P l u t o n i u m  

C o n t e n t  f o r  Two S e t s  o f  Samples  Exposed Between 
2  1 0 1 5  and  1016  n/cm . . . . . . . . . . . 

A c t i v a t i o n  Neut ron  D o s i m e t e r  . . . . . . . . . 
Thermal  N e u t r o n  Dose E q u i v a l e n t  v e r s u s  D e n s i t y  . . . 
F a s t  N e u t r o n  Dose E q u i v a l e n t  v e r s u s  D e n s i t y - - P u F 4  

S o u r c e  . . . . . . . . . . . . . a . 
A c t i v a t i o n  N e u t r o n  D o s i m e t e r  Energy Response . . . 
P o r t a b l e  F i lm D e n s i t o m e t e r  . . . . . . . . . 
S u r f a c e  Dose R a t e  o f  Pu02-U02 M i x t u r e  . . . . . . 
G . I .  T r a c t  Dose R a t e  M o n i t o r  f o r  S a n i t a r y  Water . . 

Page 



T a b l e  

v 

L I S T  O F  TABLES 

Page T i t l e  

Relationship Between LiF Phosphor History and 

Light Emission from 500 mR 6 0 ~ o  Gamma Ray 

Exposure . . . . . . . . . . . . . . .  4 

Neutron Exposures . . . . . . . . . . . .  6 

High Exposure Rate Experiments . . . . . . . .  7 

Neutron Sensitivities of Various Fissionable 

Materials . . . . . . . . . . . . . .  13 
. . . . . . .  Plutonium Fluoride Hood Exposures 13 

Measured Surface Dose Rates . . . . . . . . .  2 6 
Resultant Isotopic Composition and Dose Equivalent 

Rate from Two Different Fluxes and Same Reactor 

Residence Time . . . . . . . . . . . . .  2 8 





D O S I M E T R Y  T E C H N O L O G Y  S T U D I E S  

-1 9 6 5 -  

T H E R M O L U M I N E S C E N T  D O S I M E T R Y  S T U D I E S  

6 .  W .  R. E n d r e s  

I N T R O D U C T I O N  

The property of thermoluminescence 

can be used to determine radiation 

dose. Studies of several materials-- 

LiF, CaF2 and Ca SO --with appropri- 2 4 
ate activators were considered for 

special dosimetry applications and 

for replacements for film badge 

dosimeters and finger ring dosimeter. 

The use of LiF as a neutron dosimeter 

in place of NTA film in personnel neu- 

tron dosimeters is of particular 

interest. Battelle-Northwest studies 

have concentrated on the application 

of LiF to gamma, X-ray, neutron and 

beta dosimetry for personnel monitoring. 

G A M M A  A N D  X - R A Y  D O S I M E T R Y  

Thermoluminescence response to 

various gamma and X-ray energies and 

radiation exposures was investigated 

for two types of powdered LiF--A and 

B--supplied by two manufacturers. 

Unless otherwise specified, powder A 

was used for all the experiments 

detailed here. Small teflon cylin- 

drical dosimeter capsules in groups 

of five containing powder A were 

exposed to 100, 200, and 300 mR of 

monoenergetic radiation at energies 

of 16, 23, 34, 58 and 100 keV, and 

about 1250 keV (60~o). Powder B 

received the same three exposures at 

X-ray energies of 16, 34, and 100 keV, 

and 1250 keV (60~o). The light 

emitted in the first readout was 

found to be proportional to the radia- 

tion exposure for both powders. 

Figure 1 illustrates this for powder 

A (the response of powder A was 

observed to be twice as large as that 

of powder B). A different shipment 

of powder A was also given exposures 

sf 50 to 1000 mR; again, the response 

versus exposure was essentially linear, 

as shown in Figure 2. In Figure 3, 

the sensitivity, measured in arbitrary 

light-output units per mR, is plotted 

versus gamma or X-ray energy for pow- 

der A. The 95% confidence limits 

were calculated for the energy 

response data, based on five measure- 

ments at each data point. The un- 

certainties varied from *3% to *8% 

and averaged *5%. 

Screened capsules were studied 

briefly in an attempt to minimize the 

already low energy dependence. The 

small screens used were intended to 

reduce the excess sensitivity at low 

energies; however, it was found that 

the peak was replaced by a dip in the 

energy response curve. At 8 keV, the 

response was approximately one-third 

of that at 100 keV. The screen did 

not improve the energy response, but 

merely changed the response. 

The relationship between the light 

emitted and the amount of powder pre- 

sent in the heating element was 

studied for the thermoluminescent 

reader currently in use by exposing 

dosimeters, in groups of five contain- 

ing 25, 50, 75, 100, and 125 mg of 

LiF, to 500 mR of radium-gamma radia- 

tion, The light emitted in the first 

readout was proportional to the powder 
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FIGURE 1 .  C a l i b r a t i o n  Curve  f o r  16 ,  
2 3  3 4 ,  5 8 ,  and  1 0 0  k e v  X-Rays and  
60;o Gamma R a y s  

w e i g h t  f o r  25 and  50 mg, r e a c h e d  a 

maximum a t  100  mg, and t h e n  d e c r e a s e d .  

( S e e  F i g u r e  4 . )  When t h e  p l a n c h e t  

c o n t a i n s  t o o  much powder ,  t h a t  on t o p  

may n o t  g e t  h o t  enough  t o  f r e e  t h e  

t r a p p e d  e l e c t r o n s ;  t h u s ,  n o t  o n l y  

d o e s  i t  n o t  l u m i n e s c e ,  b u t  a l s o  i t  

a b s o r b s  some o f  t h e  l i g h t  e m i t t e d  by 

t h e  powder c l o s e r  t o  t h e  p l a n c h e t .  

F i g u r e  5  i l l u s t r a t e s  t h e  m a g n i t u d e  o f  

t h i s  e f f e c t ,  i n  r e a d e r  u n i t s  p e r  

m i l l i g r a m  o f  L i F ,  f o r  one  c o m m e r c i a l  

r e a d e r  g e o m e t r y .  

A s  i n d i c a t e d  e a r l i e r ,  t h e r e  was a  

p ronounced  d i f f e r e n c e  i n  s e n s i t i v i t y  

be tween  powders  A a n d  B f rom t h e  two 

m a n u f a c t u r e r s .  S i m i l a r  v a r i a t i o n s  

were  a l s o  o b s e r v e d  be tween  d i f f e r e n t  

s h i p m e n t s  o f  powder f rom t h e  same 

company. Moreover ,  t h e  same powder 

EXPOSURE IN mR 

FIGURE 2 .  c a l i b r a t i o n  c u r v e  f o r  1 0 0  k e V  X-Rays 
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FIGURE 3 .  Pho ton  Energy Dependence o f  
ThermoZuminescen t  D o s i m e t e r s  
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FIGURE 4 .  Dependence o f  L i g h t  E m i t t e d  
on Amount o f  Powder P r e s e n t  

v a r i e d  i n  s e n s i t i v i t y  depending upon 

i t s  p r e v i o u s  t h e r m a l  and r a d i a t i o n  

h i s t o r y .  Tab l e  I shows t h e  r e s u l t s  

of expe r imen t s  i n  which each  d o s i m e t e r  

was exposed t o  500 mR of  6 0 ~ o  

y - r a d i a t i o n .  For example. i n  t h e  

AVERAGE WE1 GHT, rng 

FIGURE 5 .  W e i g h t  S e n s i t i v i t y  o f  LiF 

f i f t h  row, powder A ( t h i r d  sh ipment )  

was exposed w i thou t  p r i o r  a n n e a l i n g ,  

r e a d o u t ,  a n n e a l e d ,  exposed a g a i n  t o  

500 m R ,  and f i n a l l y  r e a d  o u t ,  y i e l d -  

i ng  a  r e a d i n g  of  400 r e a d e r  u n i t s .  

The d a t a  i n  rows one and two i n d i c a t e  

t h a t  a n n e a l i n g  t h e  powder ( 1  h r  a t  

400 O C  p l u s  24 h r  a t  80 OC), b e f o r e  

u s i n g  i t  t h e  f i r s t  t i m e ,  i n c r e a s e s  

t h e  s e n s i t i v i t y .  Powder t h a t  was used  

b e f o r e ,  bu t  n o t  annea l ed ,  g i v e s  t h e  

h i g h e s t  r e a d i n g s .  T h i s  may be due t o  

some a c t i v a t e d  e l e c t r o n s  remain ing  i n  

t h e  deepe r  e l e c t r o n  t r a p s  and n o t  

r e t u r n e d  t o  t h e  ground s t a t e  i n  t h e  

f i r s t  r e a d i n g .  More c o n s i s t e n t  r e -  

s u l t s  may be o b t a i n e d  by a lways  a n n e a l -  

i n g  t h e  powder a f t e r  u s i n g  i t  t o  

i n s u r e  t h e  comple te  emptying of  a l l  

t r a p s .  

To de t e rmine  t h e  i n f l u e n c e  of  p a r -  

t i c l e  s i z e ,  t h e  LiF powder was s i e v e d  



+ the end of that time the light emitted - 
TABLE I ,  R e l a t i o n s h i p  B e t w e e n  L i F  
Phosphor  H i s t o r y  and L i g h t  E m i s s i o n  was 95% of the quantity emitted after 

f rom 500 mR 6 0 ~ o  Gamma-Ray E x p o s u r e  the first day, Figure 6. Heating the 

LiF Light Emitted exposed powder to 80 " C  for 1 hr also 

Powder History Reader Units resulted in about a 5% decrease in 

A (new) 240 the quantity of light emitted. The 

A (new, annealed+) 329 uncertainties calculated for these * 
A (new, used ) 373 

A (new, used, 357 
annealed) 

A (new, used, 4 01 
annealed, used) 

B (new) 168 

 he a n n e a l i n g  p r o c e d u r e  c o n s i s t e d  o f  
b a k i n g  t h e  LiF a t  400 O C  f o r  1 h r  
f o l l o w e d  by  2 4  h r  a t  80  O C .  

* 
" u s e d n  i n d i c a t e s  t h e  L i F  was e x p o s e d  
t o  y r a y s  and t h e  t h e r m o l u m i n e s c e n c e  
r e a d  o u t  p r i o r  t o  t h e  500 mR e x p o s u r e .  

between screens of 100 mesh (149 

and 200 mesh (74 p). The powder with 

grain sizes in the 74 to 149 p range, 

and that >I49 p, were exposed to 500 

mR of radium-gamma radiation, and the 

dose response compared. The differ- 

ence in response per 50 mg sample was 

found to be less than 5%; therefore, 

particle size in this rather narrow 

range is a relatively unimportant 

parameter for radium-gamma radiation 

exposures. The effect of grain size 

on neutron dose sensitivity remains 

to be investigated. 

To function as a satisfactory dosi- 

meter, the thermoluminescent powder 

should have a response which is inde- 

pendent of the storage time (at room 

temperature) between exposure and read- 

out. To investigate this property, 

35 dosimeters, in seven groups of five 

each, were exposed simultaneously to 

300 mR, stored at room temperature, 

and the groups read out at various 

times during the next 15 days. At 

data are less than '2% based on 95% 

confidence limits. 

N E U T R O N  D O S I M E T R Y  I N  T H E  P R E S E N C E  O F  
GAMMA R A D I A T I O N  

Since neutron radiations are usu- 

ally accompanied by gamma radiation, 

a neutron dosimeter should either be 

insensitive to gamma rays or should 

be capable of separating the neutron 

component of the dose from that con- 

tributed by gamma rays. The neutron 

dosimeter which was studied consists 

of two vials filled with LiF powder. 

One vial contains only LiF, and is 

intended to respond to the gamma 

radiation only. T!le direct fast- 

neutron response of LiF is small, and 

may be assumed to be negligible in 

these studies. The other vial con- 

tains the same amount of LiF, but the 

voids between the grains are filled 

with ethyl alcohol (C2H60). The fast 

neutrons collide with the hydrogen 

nuclei and project energetic recoil 

protons into the LiF grains, thus giv- 

ing rise to an indirect fast-neutron 

response. When the reading of the 

"dry" (LiF only) vial is subtracted 

from that of the "wet" (LiF + alcohol) 

vial, a difference reading proportion- 

al to the fast-neutron dose should be 

obtained. The process is illustrated 

schematically in Figure 7. 

It cannot be assumed a priori that - 
the gamma ray response of the wet 

dosimeter will be the same as that of 

the dry dosimeter. The relative 



response of pairs of wet and dry LiF 

dosimeters receiving equal exposures 

over the photon energy range from 

16 keV to 1.25 MeV was measured yield- 

ing the results shown in the lower 

two curves of Figure 8. While the wet 

O k  1 I I I I I 
1  3 5 7 9 1 1  1 3  1 5  

E L A P S E D  TIME. D A Y S  

FIGURE 6 .  S t a b i l i t y  o f  LiF o v e r  a  2 5  
Day P e r i o d  

and dry dosimeters agree at 1.25 MeV 
6 0 ( Co gamma radiation), the wet dosi- 

meter tends to give a lower response 

than the dry dosimeter for photon 

energies of 100 keV and below. At 

26 keV the wet dosimeter response is 

lower by about 14%. This photon 

energy-dependence of the wet-to-dry 

dosimeter response ratio implies that, 

for optimizing the accuracy of neutron 

dosimetry by this method, some knowl- 

edge of the energy spectrum of the 

gamma radiation present in the mixed 

neutron and gamma radiation field is 

required. 

Clearly, it would be an advantage 

if the two dosimeters exhibited ident- 

ical gamma radiation response over 

the entire energy range of interest. 

An apparent approach is the filling 

of the "dry" dosimeter with a non- 

hydrogenous fluid which has the same 

influence on the gamma ray response 

NEUTRON -GAMMA 

GAMMA - 
--ALCOHOL 

A R / C  AT/OMS 

I. PERSONNEL DOSIMETRY 

2. RADIATION DAMAGE 
STUDIES 

3. BIOLOGY STUDIES 

FIGURE 7 .  Thermo l u m i n e s c e n t  D o s i m e t e r s  



0 1 1 1  1 1 1 1  , , , l l i l l  

10 100 1000 
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FIGURE 8 .  P h o t o n  E n e r g y  Dependence  o f  
T h e r m o Z u m i n e s c e n t  N e u t r o n  D o s i m e t e r s  

a s  e t h y l  a l c o h o l .  C C 1 4  was i n v e s t i -  

g a t e d  ( s e e  u p p e r  c u r v e  i n  F i g u r e  8 ) ,  

b u t  e v i d e n t l y  t h e  p h o t o e l e c t r i c  e f f e c t  

o f  c h l o r i n e  c a u s e s  t o o  much e n h a n c e -  

ment o f  t h e  r e s p o n s e  a t  low e n e r g i e s .  

T h i s  a p p r o a c h  p r o d u c e d  s u b s t a n t i a l  

i n c r e a s e s  i n  p h o t o n  e n e r g y  r e s p o n s e .  

A t  60 keV i t  i n c r e a s e d  t h e  p h o t o n  

r e s p o n s e  by a  f a c t o r  o f  two. Under 

c e r t a i n  c o n d i t i o n s ,  t h i s  may b e  u s e -  

f u l  f o r  p r o v i d i n g  a  l o w e r i n g  o f  t h e  

L i F  d e t e c t i o n  l i m i t  i n  t h i s  e n e r g y  

r a n g e .  

A s  a  p r e l i m i n a r y  t e s t  o f  t h e  

e f f e c t i v e n e s s  o f  e t h y l  a l c o h o l  f i l l i n g  

f o r  d e t e c t i n g  f a s t  n e u t r o n s  w i t h  L i F  

d o s i m e t e r s ,  a  s e r i e s  o f  e x p o s u r e s  o f  

w e t  v e r s u s  d r y  d o s i m e t e r s  was p e r -  

fo rmed  w i t h  PuF4 and  PuBe n e u t r o n  

s o u r c e s .  The a v e r a g e  n e u t r o n  e n e r g y  

f rom t h e  PuF4 s o u r c e  was a b o u t  0 .8  

MeV; t h a t  f rom t h e  PuBe s o u r c e  was 

a b o u t  4 . 5  MeV. Both  s o u r c e s  a l s o  

e m i t t e d  gamma r a d i a t i o n ;  PuF4 had t h e  

g r e a t e r  gamma r a d i a t i o n  e x p o s u r e  r a t e .  

The r e s u l t i n g  t h e r m o l u m i n e s c e n c e  

r e a d i n g s  a r e  g i v e n  i n  T a b l e  11. 

I t  i s  e v i d e n t  f rom t h e s e  p r e l i m i -  

n a r y  d a t a  t h a t  t h e  r e s p o n s e  i s  n o t  

l i n e a r  w i t h  t h e  d o s e ;  t h e  c a u s e  o f  

t h i s  i s  n o t  known a t  t h e  p r e s e n t  t i m e .  

N e v e r t h e l e s s ,  f rom t h e  s i m i l a r i t y  

( w i t h i n  * 6 % )  o f  t h e  we t  and  d r y  d o s i -  

m e t e r  r e a d i n g s  a t  c o r r e s p o n d i n g  d o s e s  

T A B L E  I I .  N e u t r o n  E x p o s u r e s  

PuF4 S o u r c e  

N e u t r o n  E x p o s u r e  Average  Read ing  Average  Read ing  A R e a d i n g  
i n  r a d s  Dry L i F  L i F  + A l c o h o l  r a d  

PuBe S o u r c e  

* 
1 s t  c o Z Z i s i o n  d o s e - - ( r a d s )  a t  a v e r a g e  e n e r g y  
NBS Handbook 6 3  f o r  PuF4--0 .8  M e V  

PuBe--4 .5  MeV 



from the PuF4 source, it is evident 

that the alcohol-filling technique is 

incapable of producing a significant 

enhancement of fast-neutron sensitivity 

for 0.8 MeV neutrons in the presence 

of a relatively large gamma radiation 

exposure. The results with the PuBe 

neutron source are somewhat more 

encouraging. In that case the alcohol 

resulted in 21 to 26% greater response 

than that of the dry dosimeters. The 

higher neutron energy, combined with 

a less-intense gamma radiation back- 

ground, provide a more favorable situa- 

tion for the successful application 

of this dosimetry system. Additional 

experiments will be necessary to 

develop this thermoluminescent system 

into a workable personnel neutron 

dosimeter. 

H I G H  E X P O S U R E  R A T E  E X P E R I M E N T S  

A series of experiments at very 

high exposure rates was conducted 

using the Health Physics Research 

Reactor at Oak Ridge National 

Laboratory. Measurements of fast 

neutron and gamma radiation ray ex- 

posure was made, both in air and 

behind 8 in. of graphite at a dis- 

tance of 3 m from the pulsed reactor. 

The results of these measurements 

(Table 111) were used mainly to cali- 

brate the dry versus wet thermo- 

luminescent dosimeters for these 

exposure conditions. The gamma 

radiation exposure measurements by 

the dry LiF dosimeters were consis- 

tent with measurements by silver- 

activated phosphate glass dosimeters. 

TABLE III. High Exposure Rate Experiments 

Burst #1 

Fast 
Neutron Dose y-Ray Exposure 

Dosimeter (rads) (R) 

TLD 1 6 0 0 
TLD 2 3 5 2 
TLD 3 3 7 5 
TLD 4 395 
Fission foils 330 
Ag glass 

TLD 5 

Burst #2 

7 8 2 0 

TLD 6 11 4 2 0 

TLD 7 8 2 2 1 

TLD 8 64 2 0 

Fission foils 8 1 - - 

Ag glass - - 2 2 

Geometrv 

On burro @ 3 meters 
In air @ 3 meters 
In air @ 3 meters 
In air @ 3 meters 
In air @ 3 meters 
In air @ 3 meters 

Behind 8 in. graphite 
@ 3 meters 

Behind 8 in. graphite 
@ 3 meters 

Behind 8 in. graphite 
@ 3 meters 

Behind 8 in. graphite 
@ 3 meters 

Behind 8 in. graphite 
@ 3 meters 

Behind 8 in. graphite 
@ 3 meters 



A n e u t r o n  s e n s i t i v i t y  o f  4 r e a d e r  

u n i t s  p e r  100  mrads  was u s e d  t o  o b t a i n  

t h e  n e u t r o n  d o s e  f i g u r e s  shown f o r  

b u r s t  1 and b u r s t  2.  Gamma and n e u t r o n  

d o s e  measurements  on t h e  b u r r o ,  u s e d  

t o  s i m u l a t e  a  human, d u r i n g  b u r s t  1 

w e r e ,  o f  c o u r s e ,  c o n s i d e r a b l y  h i g h e r  

t h a n  measurements  i n  a i r  a t  t h e  same 

d i s t a n c e  (3  m) d u e  t o  b a c k s c a t t e r i n g .  

On b u r s t  2 ,  one o f  t h e  n e u t r o n  

measurements  was c o n s i d e r a b l y  h i g h e r  

t h a n ,  one was l o w e r  t h a n ,  and t h e  

o t h e r  two w e r e  c l o s e  t o  t h e  m e a s u r e -  

ments  by f i s s i o n  f o i l s  which  a r e  

c o n s i d e r e d  a s  t h e  s t a n d a r d  d o s e  

measurement  f o r  t h e s e  e x p e r i m e n t s .  

The r e a s o n  f o r  t h e  a p p a r e n t l y  h i g h e r  

s e n s i t i v i t y  o f  t h e  L i F  d o s i m e t e r s  t o  

t h e  low d o s e  r a t e s  f rom t h e  PuBe n e u -  

t r o n  s o u r c e  i s  n o t  known ( 4  r e a d e r  

u n i t s / 1 0 0  mrads  f o r  b u r s t  t y p e  axpo-  

s u r e s  compared t o  6  r e a d e r  u n i t s / 1 0 0  

mrads  f o r  n e u t r o n  s o u r c e  e x p o s u r e s ) .  

I t  would seem from t h e s e  measurements  

t h a t  t h e  LiF a s  a  n e u t r o n  d o s i m e t e r  i s  

r a t e  d e p e n d e n t .  The n e l t t r o n  d o s e  r a t e  
6 f o r  b u r s t  1 was a b o u t  6 . 5  x 1 0  r a d s /  

s e c ,  and f o r  b u r s t  2  was a b o u t  1 . 7  x  
6  1 0  r a d s / s e c .  The n e u t r o n  d o s e  r a t e  

f rom t h e  n e u t r o n  s o u r c e s  was a  few 

t e n s  o f  m r a d s / h r .  

L i F  I M B E D D E D  IN T E F L O N  

S t u d i e s  o f  t h e  c h a r a c t e r i s t i c s  o f  

t e f l o n - L i F  p l a s t i c  d i s c s  were  s t a r t e d  

l a t e  i n  t h e  y e a r .  These  d i s c s  a r e  

p a r t i c u l a r l y  s u i t e d  f o r  a p p l i c a t i o n s  

i n  hand d o s i m e t e r  measurements  where  

t h e y  c a n  be u s e d  i n  p l a c e  o f  d o s i -  

m e t e r  f i l m  i n  f i n g e r  r i n g  d o s i m e t e r s .  

These  s t u d i e s  were d i r e c t e d  w i t h  t h i s  

a p p l i c a t i o n  a s  a n  immedia te  o b j e c t i v e .  

For  t h e  f i r s t  e x p e r i m e n t s ,  t h e  m a t e -  

r i a l  was u s e d  i n  t h e  form of 1 / 2  i n .  

Bhh'L-339 

diam d i s c s  a b o u t  0 .015  i n .  t h i c k .  

Each d i s c  c o n t a i n e d  a b s u t  20 mg of 

L iF .  The d i s c s  were  e x p o s e d ,  i n  

g r o u p s  o f  f i v e ,  t o  v a r i o u s  e x p o s u r e s  

o f  radium-gamma r a d i a t i o n  u p  t o  a  

maximum e x p o s u r e  o f  1 0  R .  The r e -  

s p o n s e  t o  t h e s e  e x p o s u r e s  was n e a r l y  

l i n e a r ;  d e v i a t i o n s  f rom a  s t r a i g h t  

l i n e  were  l e s s  t h a n  * 3 % .  F i g u r e  9 

shows t h e  e x p o s u r e  r e s p o n s e  c u r v e  w i t h  

t h e  d a t a  p o i n t s .  

A s p e c i a l  p l a n c h e t  w i t h  a  s t a i n l e s s  

s t e e l  s c r e e n  i s  u s e d  t o  h o l d  t h e  

t e f l o n - L i F  d i s c  i n  good c o n t a c t  w i t h  

t h e  h e a t i n g  s u r f a c e  o f  t h e  p l a n c h e t  

f o r  r e a d o u t .  H o l e s  o f  v a r i o u s  s i z e s  

were  c u t  i n  t h e  s c r e e n  t o  p e r m i t  a s  

much l i g h t  a s  p o s s i b l e  t o  r e a c h  t h e  

p h o t o m u l t i p l i e r  d u r i n g  r e a d o u t .  S a t i s -  

f a c t o r y  r e a d o u t  was o b t a i n e d  w i t h  h o l e s  

a s  l a r g e  a s  3 / 8  i n .  i n  t h e  s c r e e n ,  

t h o u g h  some c a r e  n e e d s  t o  be  t a k e n  t o  

a s s u r e  t h a t  t h e  d i s c  i s  c e n t e r e d  i n  

t h e  h o l e  and p r e s s e d  down f i r m l y  on  

t h e  p l a n c h e t  s u r f a c e  f o r  good h e a t i n g .  

Background r e a d i n g s  o f  t h e  d i s c s  a s  

o b t a i n e d  f rom t h e  m a n u f a c t u r e r  a v e r -  

aged  a b o u t  1 7  r e a d e r  u n i t s  w i t h  a  

3 / 8  i n .  diam h o l e  i n  t h e  p l a n c h e t .  

E x p o s u r e s  t o  200 mR rad ium gamma 

y i e l d e d  an  a v e r a g e  r e a d o u t  o f  68 

r e a d e r  u n i t s  o r  a  d i f f e r e n c e  above  

background  o f  a b o u t  50 u n i t s .  The 

d i s c s  c a n  a c c u r a t e l y  m e a s u r e  e x p o s u r e s  

o f  100 m R .  

The e n e r g y  r e s p o n s e  o f  t h e  d i s c s  

was d e t e r m i n e d  by compar ing  t h e i r  

m o n o e n e r g e t i c  X-ray r e s p o n s e  w i t h  

t h e i r  r e s p o n s e  t o  r a d i u m  gamma r a d i a -  

t i o n .  The r e s u l t s  o f  t h e  measurements  

shows a  p e a k  i n  s e n s i t i v i t y  a t  a b o u t  

23 keV and a  g r a d u a l  d e c r e a s e  i n  

s e n s i t i v i t y  a s  t h e  e n e r g y  i n c r e a s e s  

up t o  a b o u t  100  keV. A t  t h e  p e a k ,  



the response is about 40% higher than 

at the effective radium gamma radia- 

tion energy. These results are shown 

in Figure 10. For the energy response 

study, the standard Hanford finger 

rings were used with a plastic shield 

0.016 in. thick in front of the 

teflon-LiF disc. 

T H E R M O L U M I N E S C E N T  R E A D E R  D E V E L O P M E N T  

P .  C .  F r i e n d  

The design of thermoluminescent 

readers requires consideration of four 

major factors: 1) Uniform and consis- 

tent detector material heating; 2) 

thermoluminescent heating chamber 

design that permits rapid and thorough 

1 2 3 4 5 6 7 8 9 1 0  

Exposure, R 

FIGURE 9 .  Exposure Respons,e o f  L C F -  
T e f l o n  D i s c s  IRa y Exposuresd 

1 0 0  1 0 0 0  

Energy, keV 

FIGURE 1 0 .  Photon Energy Dependence o f  
L i F - T e f l o n  Discs  



g a s  f l u s h  w i t h  l i g h t - t i g h t  s e a l s ;  

3 )  o p t i c a l  s y s t e m  d e s i g n  which  p e r m i t s  

measurement  o f  a l l  l u m i n e s c e n t  l i g h t  

e m i t t e d  b u t  n o t  b l a c k  body r a d i a t i o n s  

f rom t h e  p l a n c h e t ;  a n d  4 )  a  h i g h  s i g n a l -  

t o - n o i s e  r a t i o  i n  t h e  l i g h t  m e a s u r e -  

ment s y s t e m .  C o m m e r c i a l l y  a v a i l a b l e  

t h e r m o l u m i n e s c e n t  r e a d e r s  h a v e  n o t  

f u l l y  met  t h e  r e s e a r c h  and  d e v e l o p m e n t  

r e q u i r e m e n t s  i n  a l l  o f  t h e s e  a r e a s .  

R e s e a r c h  a n d  d e v e l o p m e n t  t o  improve  

t h e  gamma, X - r a y ,  a n d  n e u t r o n  r a d i a -  

t i o n  d o s e  m e a s u r e m e n t s  t h r o u g h  t h e  u s e  

o f  t h e r m o l u m i n e s c e n t  m a t e r i a l  h a v e  l e d  

t o  t h e  d e s i g n ,  c o n s t r u c t i o n ,  and  c a l i -  

b r a t i o n  o f  a  t h e r m o l u m i n e s c e n t  r e a d e r  

m e e t i n g  t h e  b a s i c  r e q u i r e m e n t s  s t a t e d  

a b o v e .  

An e x t r e m e l y  low d a r k  c u r r e n t  and  

h i g h  c a t h o d e  s e n s i t i v i t y  was a t t a i n e d  

f rom a  s e l e c t e d  p h o t o m u l t i p l i e r  t u b e .  

The anode  d a r k  c u r r e n t  o f  t h i s  t u b e  

i s  e q u i v a l e n t  t o  o n l y  0 .15  p i c o l u m e n s .  

The d a r k  c u r r e n t  o f  t h e  t u b e  u s e d  i n  

t h e  commerc ia l  r e a d e r  was 30 p i c o l u m e n s .  

The d a r k  c u r r e n t  a n d  h i g h  c a t h o d e  

s e n s i t i v i t y  o f  t h e  s e l e c t e d  p h o t o -  

m u l t i p l i e r  t u b e  improved t h e  r e a d e r  

s i g n a l - t o - n o i s e  r a t i o  by a p p r o x i m a t e l y  

( 3 0 / 0 . 1 5 ) ~ / ~  o r  1 4 .  An i n f r a r e d  

f i l t e r  a n d  a  s p e c i a l  g l a s s  l i g h t  c o u p -  

l e r  on t h e  p h o t o m u l t i p l i e r  t u b e  a l s o  

i n c r e a s e  t h e  s i g n a l - t o - n o i s e  r a t i o .  

An i n t e g r a t i n g  d i g i t a l  v o l t m e t e r  

c o u n t e r  i s  u s e d  a s  t h e  ma in  a n a l o g - t o -  

d i g i t a l  c o n v e r t e r  a n d  s i m u l t a n e o u s l y  

p e r f o r m s  t h e  i n t e g r a t i o n s  o f  t h e  l i g h t  

s c i n t i l l a t i o n s  f o r  d o s e  r e a d o u t  and  

t h e  power t o  t h e  p l a n c h e t  t o  a s s u r e  

r e p r o d u c i b l e  d o s i m e t e r  m a t e r i a l  h e a t -  

i n g .  The power and  t h e  t o t a l  i n t e -  

g r a t e d  e n e r g y  t o  t h e  p l a n c h e t  h o l d i n g  

t h e  t h e r m o l u m i n e s c e n t  m a t e r i a l  c a n  be  

i n d e p e n d e n t l y  c o n t r o l l e d .  A c u r r e n t  

up t o  200 A c a n  be  p a s s e d  t h r o u g h  

v a r i o u s  e x p e r i m e n t a l  p l a n c h e t s  

r e q u i r i n g  up  t o  3  V o f  e l e c t r o m o t i v e  

f o r c e .  A l t h o u g h  t h e  h i g h  p r e s s u r e  

e l e c t r i c a l  c o n t a c t s  o p e r a t e d  by a  two-  

way a i r  c y l i n d e r  h a v e  a  low a n d  r e p r o -  

d u c i b l e  r e s i s t a n c e ,  t h e  e l e c t r i c a l  

e n e r g y  a b s o r b e d  i n  t h e  p l a n c h e t  w i l l  

be  e l e c t r o n i c a l l y  c o n t r o l l e d  i n d e -  

p e n d e n t  o f  t h e  c o n t a c t  r e s i s t a n c e  by 

t h e  v o l t m e t e r - c o u n t e r .  

SOLID STATE PARTICLE 

DETECTORS A N D  DOSIMETERS 

W .  V .  B a u m g a r t n e r  a n d  L .  W .  B r a c k e n b u s h  

INTRODUCTION 

Many c r y s t a l l i n e  m a t e r i a l s ,  p l a s t i c s ,  

and  g l a s s e s  a r e  damaged by t h e  p a s s a g e  

o f  c h a r g e d  p a r t i c l e s  t h r o u g h  t h e  m a t e -  

r i a l .  I f  t h e  l i n e a r  r a t e  o f  e n e r g y  

t r a n s f e r  i n  t h e  m a t e r i a l  i s  h i g h  

enough ,  t h e  m a t e r i a l s  a r e  damaged s o  

t h a t  c e r t a i n  e t c h e s  w i l l  a t t a c k  t h e  

a r e a s  where  t h e  p a r t i c l e s  h a v e  p a s s e d ,  

and  e t c h  p i t s  w i l l  a p p e a r .  P a r t i c l e s  

w i l l  p r o d u c e  t r a c k s  o n l y  i f  t h e  l i n e a r  

r a t e  o f  e n e r g y  t r a n s f e r  i s  h i g h e r  t h a n  

a  c r i t i c a l  r a t e  o f  e n e r g y  t r a n s f e r  

which  i s  a  p r o p e r t y  o f  a  s p e c i f i c  

m a t e r i a l .  L a r g e  d o s e s  d e l i v e r e d  by 

p a r t i c l e s  which  do n o t  p r o v i d e  t h e  

minimum c r i t i c a l  r a t e  o f  e n e r g y  t r a n s -  

f e r  a s  t h e y  p a s s  t h r o u g h  a  m a t e r i a l  

seem t o  h a v e  l i t t l e  o r  no e f f e c t .  

T h i s  p r o p e r t y  may be  u s e d  t o  i d e n t i f y  

t h e  mass a n d  e n e r g y  o f  l i g h t  p a r t i c l e s .  

Heavy c h a r g e d  p a r t i c l e s  s u c h  a s  

f i s s i o n  f r a g m e n t s  p r o d u c e  damage a r e a s  

which  c a n  be  made v i s i b l e  by e t c h i n g  

many m a t e r i a l s  s u c h  a s  mica  a n d  a l m o s t  

a l l  p l a s t i c s  w h i c h  c a n  b e  e t c h e d  w i t h -  

o u t  d i s i n t e g r a t i n g .  ( T y p i c a l  p l a s t i c s  



are b i s p h e n o l a c e t o n e c a r b o n a t e  plastic, 

cellulose nitrate, cellulose acetate, 

cellulose acetate butyrate, etc.) 

Light particles such as alpha pa-rticles 

produce tracks only in certain materials 

such as cellulose nitrate. Experiments 

using hydrocholoric acid, nitric acid, 

and concentrated sodium hydroxide solu- 

tions as etches showed no tracks in 

lucite ( p o l y m e t h y l m e t h a c r y l a t e ) ,  

polyethylene, Formvar, (polyformal), 

and polystyrene because these etches 

did not attack the plastics or dis- 

solved them rather than etching the 

surface. 

There is usually a variety of 

etches which can be used to delineate 

the tracks in a material. For glass, 

28% sodium hydroxide solution, hydro- 

fluoride acid, 20% ethylenediamine- 

tetracetic acid (EDTA), etc., act as 

etches at 60 OC with etching times of 

a few minutes. Hydrofluoric acid is 

the best etch for mica with etching 

times of a few seconds to a few 

are much smaller and are difficult to 

differentiate from small etch pits 

caused by imperfections in the plastic. 

The properties of these particle 

track detectors make them useful for 

a wide variety of applications-- 

neutron dosimetry, proton and high 

energy charged particle dosimetry, 

plctonium bioassay, detection of trace 

quantities of fissionable materials, 

etc. 

NEUTRON D O S I M E T R Y  

Foils of various fissionable mate- 

rials placed next to plastic films can 

be used as neutron dosimeters by 

counting the number of fission frag- 

ment tracks for a given neutron dose. 

The general principle of the concept 

is illustrated in Figure 11. Approxi- 

mate neutron spectra measurements can 

be made by using fissionable isotopes 

which exhibit a definite cutoff below 

certain neutron energies, Figure 12. 

For the current experiments, U 238 is 

minutes for various types of micas used to measure neutron dose above 

etched at room temperature (20 OC). 1.3 MeV, N~~~~ is used to measure 

Most plastics are conveniently etched 

in 6 N sodium hydroxide solutions at 

65 OC for periods of about 30 to 60 

min. This etch gives large, well 

defined tracks which are easily 

observed under a 200 X microscope. 

Shorter etch times (e.g., 20 min) 

give smaller tracks which are easier 

to count if the track density is quite 

high. Cellulose nitrate requires 

etching of only a few seconds in hot 

6 N caustic solution for tracks to 

appear. Both fission fragments and 

alpha particles damage the cellulose 

nitrate plastic sufficiently to cause 

etch pits, although the alpha tracks 

neutron dose above 0.4 MeV, cadmium- 

covered u~~~ is used to measure neu- 
trons above 0.7 eV, and bare natural 

uranium is used to measure thermal 

ne~trons. The neptunium is in the 

form of neptunium oxide surface sup- 

ported in a slowly cured polyester 

plastic. This method can measure 

neutron doses as low as a fraction of 

a rad. It was used successfully on 

plutonium fluoride hoods in plutonium 

production facilities to measure long- 

term integrated neutron dose when NTA 

emulsion neutron badges were completely 

blackened by gamma radiation and 

therefore impossible to evaluate. The 
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FIGURE 1 2 .  C u t o f f  E n e r g i e s  and Cross -  
S e c t i o n s  f o r  V a r i o u s  F i s s i o n a b l e  I s o t o p e s  

minimum detection limit is determined centimeter of detector used is 

by the area of the fission foil and obtained with the fission foils named 

by the statistical accuracy desired. above. 

A detection limit of approximately Prototype dosimeters were exposed 

10 mrad for fast neutrons and 0.5 mrad to nearly monoenergetic neutrons pro- 

for thermal neutrons for each square duced by a positive ion Van de Graaff 



a c c e l e r a t o r .  The r e sponse  of t h e  
TABLE IV .  R e l a t i v e  Response o f  F i s -  

v a r i o u s  f i s s i o n  f o i l s  i s  shown i n  s i o n  F o i l s  

Figu re  13 .  Note t h a t  t h e  s m a l l  amount ,.-- 
of  u'" i n  t h e  2 0 - f o l d  d e p l e t e d  F a s t  N e u t r o n s  T h e r m a l  N e u t r o n s  

( 4 . 7  MeV) ( S i g m a  P i l e )  
uranium does  n o t  g r e a t l y  i n f l u e n c e  u238 ( 2 0  f o l d  1 . 9  x 10 '  
t h e  c u t o f f  p o i n t  f o r  t h i s  f i s s i o n  f o i l .  d e p l e t e d )  n / t r a c k  

N ~ O ~  ( o n  p l a s t i c  2 . 5  x 10 '  
b a s e )  n / t r a c k  

u2 3  5  
( 9 3 % )  8 . 5  x l o 4  3 . 4  x l o 2  

n / t r a c k  n / t r a c k  . - 20 f o l d  d e p l e t e d  uZ3' Cd c o v e r e d  U 2 3 5  1.1 x l o 5  4 . 7  x l o 4  
o -  Neptunium Oxide ( 3 0  m i l  Cd)  n / t r a c k  n / t r a c k  

N a t u r a l  IT 
3 . 6  n / t r a c k  x l o 4  

P 

1 2  3 4 

Neut ron  Energy ,  MeV 

v a l u e s  r e p o r t e d  i n  Tab l e  IV a r e  v a l i d  

f o r  a l l  p l a s t i c  d e t e c t o r s .  A s t u d y  

ove r  a  1 y r  p e r i o d  i n d i c a t e d  t h a t  t h e  

f i s s i o n  f ragment  n e u t r o n  d o s i m e t e r s  

were e s s e n t i a l l y  f r e e  from t r a c k  
FIGURE 1 3 .  R e l a t i v e  Response o f  V a r i o u s  f a d i n g .  
F i s s i o n a b l e  I s o t o p e s  

S e v e r a l  measurements were made on 

The r e l a t i v e  r e sponse  of  t h e  v a r i o u s  

f i s s i o n  f o i l s  t o  n e u t r o n s  of v a r i o u s  

e n e r g i e s  i s  shown i n  Tab l e  IV. F a s t  

n e u t r o n  d a t a  a r e  from a  4.7 MeV neu-  

t r o n  exposu re  on a  Van de  Graa f f  

a c c e l e r a t o r ,  and t he rma l  n e u t r o n  d a t a  

a r e  from exposu re s  i n  a  Sigma p i l e  

w i t h  n e u t r o n  s o u r c e s  c a l i b r a t e d  by 

t h e  N a t i o n a l  Bureau of  S t a n d a r d s .  

A l l  p l a s t i c  d e t e c t o r s  s t u d i e d  have a  

100% e f f i c i e n c y  i n  r e c o r d i n g  f i s s i o n  

f ragment  t r a c k s .  Consequent ly ,  t h e  

p lu tonium f l u o r i d e  hoods a t  t h e  p l u -  

tonium f a b r i c a t i o n  f a c i l i t y .  Neut ron  

f i l m  badges c o n t a i n i n g  c o n v e n t i o n a l  

NTA f i l m  were exposed s i m u l t a n e o u s l y ;  

however, t h e  dose  was i m p o s s i b l e  t o  

e v a l u a t e  w i t h  t h e  NTA f i l m  due t o  

fogg ing  of t h e  f i l m  by gamma r a y s .  

Typ ica l  r e s u l t s  o f  t h e  p lu tonium 

f l u o r i d e  hood exposu re s  e v a l u a t e d  

from f i s s i o n  f ragment  d o s i m e t e r s  a r e  

shown i n  Tab l e  V ,  f o r  d o s i m e t e r s  

exposed i n  p a i r s .  

TABLE V .  P lu ton ium F l u o r i d e  Hood Exposures  

2 F luence  (n/cm ) 
Dosimeter  Above MeV Above MeV Dose ( r a d s )  

Number (U2 i s: ( N X )  Above 1 . 3  MeV 0.4-1.3 MeV T o t a l  

1 7.0 x  107 n/cm 20 l o 7  0.25 0.30 0.55 

2 8 .5 x  10 2 2  l o 7  0.30 0.31 0.61 7  

3  6.4 x  10 17 x  l o 7  0.22 0.36 0.58 7  

4  6.3 x  10 1 3  x  l o 7  0.22 0.14 0.36 7  

5 2 .3 x  10 0.082 0.034 0.12 7  3.8 x  10 7  

6  2 . 2  x  10 0.076 0.037 0.11 7  3.8 x  10 7  



F i s s i o n  f r a g m e n t  n e u t r o n  d o s i m e t e r s  

have  s e v e r a l  d i s t i n c t  a d v a n t a g e s  o v e r  

c o n v e n t i o n a l  n e u t r o n  f i l m  d o s i m e t e r s .  

The n e u t r o n  f i l m  badge  d o s i m e t e r s  c o n -  

t a i n i n g  NTA f i l m  a r e  n o t  s e n s i t i v e  t o  

n e u t r o n s  be low a b o u t  0 .8  MeV, w h i l e  

t h e  f i s s i o n  f r a g m e n t  d o s i m e t e r  c a n  

d e t e c t  n e u t r o n s  w i t h  e n e r g i e s  a s  low 

a s  0.4 MeV. A f i s s i o n  f r a g m e n t  neu-  

t r o n  d o s i m e t e r  w i t h  o n l y  a  nep tun ium 

o x i d e  f o i l  c a n  g i v e  more a c c u r a t e  

i n f o r m a t i o n  a b o u t  t h e  n e u t r o n  d o s e  

t h a n  NTA e m u l s i o n s .  T h e r e  a r e  no 

t r a c k  f a d i n g  o r  gamma f o g g i n g  p r o b l e m s  

a s s o c i a t e d  w i t h  f i s s i o n  f r a g m e n t  

t e c h n i q u e s .  The f i s s i o n  f r a g m e n t  d o s i -  

m e t e r s  a r e  e a s i e r  t o  e v a l u a t e  f o r  

t h e r e  i s  no da rkroom p r o c e s s i n g  and 

t h e  t r a c k s  a r e  l a r g e  and e a s y  t o  c o u n t .  

e n e r g y  t r a n s f e r  i s  l e s s  t h a n  t h e  

c r i t i c a l  r a t e  r e q u i r e d  f o r  c e l l u l o s e  

n i t r a t e  damage. A s  t h e  a l p h a  p a r t i c l e s  

t r a v e l  t h r o u g h  t h e  p l a s t i c ,  t h e  r a t e  

o f  e n e r g y  t r a n s f e r  i n c r e a s e s  u n t i l  

n e a r  t h e  end o f  t h e  a l p h a  p a r t i c l e s  

r a n g e  when t h e  r a t e  o f  e n e r g y  t r a n s -  

f e r  s u d d e n l y  d e c r e a s e s .  The a l p h a  

t r a c k s  c a n  b e  o b s e r v e d  by e t c h i n g  

away t h e  s u r f a c e  o r  by d e g r a d i n g  t h e  

a l p h a  p a r t i c l e s  t h r o u g h  t h i n  p l a s t i c  

f i l m s .  An a l p h a  s p e c t r o m e t e r  u s i n g  

l i t h i u m - d r i f t e d  s e m i c o n d u c t o r s  was 

u s e d  t o  m e a s u r e  t h e  a l p h a  s p e c t r u m  

a f t e r  p a r t i c l e s  f rom v e r y  t h i n  p l u -  

ton ium a l p h a  s o u r c e s  were  d e g r a d e d  i n  

e n e r g y  by t h i n  0 . 5  m i l  p l a s t i c  f i l m s .  

The a l p h a  p a r t i c l e s  which  have  e n e r g i e s  

be tween  a b o u t  3 . 5  and 4 . 5  MeV have  a  

A L P H A  P A R T I C L E  D E T E C T I O N  s u f f i c i e n t l y  h i g h  l i n e a r  r a t e  o f  

C e l l u l o s e  n i t r a t e  seems t o  be  t h e  e n e r g y  t r a n s f e r  t o  c a u s e  t r a c k  fo rma-  

o n l y  common p l a s t i c  which w i l l  r e c o r d  t i o n  i n  c e l l u l o s e  n i t r a t e .  The d e -  

a l v h a  v a r t i c l e  t r a c k s  o f  a  few MeV t e c t i o n  e f f i c i e n c y  o f  a l p h a  p a r t i c l e s  

e n e r g y .  Commercial  c e l l u l o s e  n i t r a t e  by c e l l u l o s e  n i t r a t e  h a s  n o t  b e e n  

p l a s t i c  c o n t a i n s  camphor and o t h e r  d e t e r m i n e d .  

p l a s t i c i z e r s  which c a u s e  t h o u s a n d s  o f  D E T E C T I O N  O F  T R A C E  F I S S I O N A B L E  I S O T O P E S  

s m a l l  s u r f a c e  d e f e c t s  p e r  s q u a r e  

m i l l i m e t e r  t h a t  c a n n o t  b e  r e a d i l y  be  

d i s t i n g u i s h e d  f rom a l p h a  p a r t i c l e  

t r a c k s .  A f i l m  which  i s  a l m o s t  f r e e  

f rom "background"  t r a c k s  and imper -  

f e c t i o n s  c a n  be p r e p a r e d  f rom h i g h l y  

p u r i f i e d  p y r o x y l i n  ( P a r a l o d i o n )  d i s -  

s o l v e d  i n  e t h y l  a c e t a t e  o r  amyl 

a c e t a t e .  The m a t e r i a l  i s  s p r e a d  on a  

c l e a n  g l a s s  s u r f a c e ,  a l l o w e d  t o  d r y  

I t  i s  p o s s i b l e  t o  u s e  f i s s i o n  f r a g -  

ment t r a c k  d e t e c t o r s  f o r  t h e  q u a n t i t a -  

t i v e  measurement  o f  v e r y  s m a l l  amounts  

o f  f i s s i o n a b l e  m a t e r i a l s .  A t e c h n i q u e  

was d e v e l o p e d  f o r  d e t e c t i n g  t r a c e  

amounts o f  p l u t o n i u m  c o r r e s p o n d i n g  t o  

0 .01  d i s / m i n  ( a b o u t  lo- ' '  g )  o f  p l u -  

ton ium a l p h a  a c t i v i t y .  P l a s t i c  s t r i p s  

a r e  p l a c e d  upon e l e c t r o p l a t e d  p l a n -  

c h e t t e s  and e x p o s e d  t o  f l u e n c e s  o f  

v e r y  s l o w l y  and t h e n  a n n e a l e d  a t  a b o u t  l o 1  t h e r m a l  n e u t r o n s / c m 2  a l o n g  

400 OF f o r  1 5  min.  w i t h  a  s e t  o f  s t a n d a r d s  o f  known p l u -  

I t  i s  n o t  p o s s i b l e  t o  o b s e r v e  t h e  ton ium c o n t e n t .  The p l a s t i c  s t r i p s  

t r a c k s  o f  f o u r  o r  f i v e  MeV a l p h a  a r e  t h e n  e t c h e d  i n  a  6 N sodium 

p a r t i c l e s  on t h e  s u r f a c e  o f  c e l l u l o s e  h y d r o x i d e  s o l u t i o n  a t  65 O C  f o r  a b o u t  

n i t r a t e  b e c a u s e  t h e  l i n e a r  r a t e  o f  1 h r .  The number o f  t r a c k s  on t h e  



Lexan plastic are counted under a on the planchettes can be determined 

microscope at about 200 X. The prin- from a plot of the number of tracks 

ciple is illustrated diagrammatically versus the amount of plutonium on the 

in Figure 14. The amount of plutonium standards as shown in Figure 15. 
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FIGURE 14.  Low L e v e l  F i s s i o n a b l e  M a t e r i a l  D e t e c t o r  
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FIGURE 15 .  R e l a t i o n s h i p  Between Dumber o f  T r a c k s  and 
Plu ton ium Co t e n t  f o r  Two S e t s  o f  Samples  Exposed Between 
10' and 101' Dautrons/cm2 



T h i s  method h a s  t h e  a d v a n t a g e s  of By u s i l l g  t h i s  s y s t e m  o f  a n a l y s i s ,  

b e i n g  v e r y  s e n s i t i v e ,  r a p i d ,  and  i t  was p o s s i b l e  t o  o b t a i n  b l a n k  sam- 

r e a s o n a b l y  a c c u r a t e ,  b u t  r e q u i r e s  p l e s  w i t h  t r a c e s  o f  f i s s i o n a b l e  m a t e -  

l a r g e  f l u e n c e s  o f  t h e r m a l  n e u t r o n s .  r i a l  c o r r e s p o n d i n g  t o  0 .0008 d i s / m i n  

I t  d o e s  n o t  h a v e  t h e  d i s a d v a n t a g e s  o f  p l u t o n i u m  a l p h a  a c t i v i t y .  

o f  c o n v e n t i o n a l  NTA e m u l s i o n  t e c h n i q u e s - -  

t r a c k  f a d i n g ,  l o n g  e x p o s u r e  t i m e s  ( a  A C T I V A T I O N  T Y P E  P E R S O N N E L  N E U T R O N  

week o r  more )  f o r  v e r y  low l e v e l  sam- D O S I M E T E R  

p l e s ,  a n d  t h e  h i g h  m a g n i f i c a t i o n  L .  F.  K o c h e r  
r e q u i r e d  t o  c o u n t  t h e  a l p h a  t r a c k s  i n  

NTA f i l m .  I t  i s  p o s s i b l e  t o  e l i m i n a t e  INTRODUCTION 

t h e  t e d i o u s  t r a c k  c o u n t i n g  by u s i n g  a  The m o n i t o r i n g  o f  f a s t  n e u t r o n  d o s e  
s c a n n i n g  m i c r o s c o p e  a n d  d a r k  f i e l d  

i l l u m i n a t i o n .  

For  v e r y  low l e v e l  work ( b e l o w  0 .01  

d i s / m i n  o f  p l u t o n i u m  a l p h a  a c t i v i t y ) ,  

i t  i s  n e c e s s a r y  t o  t a k e  s p e c i a l  p r e -  

c a u t i o n s  t o  c o n t r o l  t h e  amount o f  b a c k -  

g r o u n d  f i s s i o n a b l e  m a t e r i a l .  S t u d i e s  

h a v e  shown t h a t  some a c t i v i t y  i s  

r e t a i n e d  o n  t h e  e l e c t r o d e p o s i t i o n  

a p p a r a t u s  i f  u s e d  f o r  s e v e r a l  s a m p l e  

r u n s .  To l o w e r  t h e  d e t e c t i o n  l i m i t ,  

i t  i s  n e c e s s a r y  t o :  

(1 )  .4dopt " w h i t e  room p r o c e d u r e s . "  

A f i l t e r e d  a i r  hood i s  p r e -  

s e n t l y  u s e d  t o  e l i m i n a t e  a i r -  

b o r n e  d u s t  c o n t a i n i n g  u r a n i u m  

a n d  seems t o  b e  r e a s o n a b l y  

e f f e c t i v e .  

( 2 )  Use r e a g e n t s  h a v i n g  v e r y  low 

f i s s i o n a b l e  m a t e r i a l  c o n t e n t .  

( 3 )  Use t h o r o u g h l y  c l e a n  e l e c t r o -  

d e p o s i t i o n  a p p a r a t u s .  

( 4 )  Deve lop  i n e x p e n s i v e  molded 

p l a s t i c  e l e c t r o d e p o s i t i o n  

c e l l s  w h i c h  c a n  be  d i s p o s e d  

o f  a f t e r  e a c h  u s e ,  o r  u s e  

e a s i l y  d e c o n t a m i n a t e d  c e l l s  

made o f  p l a s t i c s  ( s u c h  a s  

t e f l o n )  which  a r e  c h e m i c a l l y  

i n e r t  and  d o  n o t  c r a c k  on t h e  

s u r f a c e .  

- 
f o r  p e r s o n n e l  d o s e  e v a l u a t i o n  b y  t h e  

u s e  of n u c l e a r  t r a c k  f i l m  i s  w e l l  e s t a -  

b l i s h e d .  The d e f i c i e n c i e s  i n  t h e  p e r -  

fo rmance  o f  t h e  n u c l e a r  t r a c k  f i l m  

d o s i m e t e r  a r e  p r i n c i p a l l y :  ( 1 )  High 

d o s e  d e t e c t i o n  l i m i t ,  ( 2 )  f a d i n g  o f  

t r a c k s ,  ( 3 )  gamma r a d i a t i o n  i n t e r -  

f e r e n c e ,  ( 4 )  i n a d e q u a t e  e n e r g y  r e s  - 
p o n s e ,  ( 5 )  t e d i o u s  e v a l u a t i o n  p r o c e -  

d u r e s .  Development  p rograms  a t  

B a t t e l l e - N o r t h w e s t  d u r i n g  t h e  p a s t  

y e a r  h a v e  a d v a n c e d  s e v e r a l  new c o n -  

c e p t s  w h i c h  h a v e  shown p r o m i s e  a s  a  

r e p l a c e m e n t  f o r  t h e  n u c l e a r  t r a c k  

f i l m  d o s i m e t e r .  

The new d o s i m e t e r  d e s c r i b e d  h e r e  c o n -  

t a i n s  m e t a l  a c t i v a t i o n  f o i l s  a n d  a n  
o r d i n a r y  b e t a  gamma f i l m  p a c k e t .  The 

d o s i m e t e r  depends  upon t h e  m o d e r a t i o n  

a n d  b a c k s c a t t e r  o f  f a s t  n e u t r o n s  by 

t h e  human body t o  p r o v i d e  f o r  a c t i -  

v a t i o n  o f  t h e  d o s i m e t e r  f o i l s .  The 

p a t h  o f  t h e  t y p i c a l  i n c i d e n t  f a s t  

n e u t r o n  i s  a s  f o l l o w s :  

(1)  P e n e t r a t i o n  t h r o u g h  t h e  d o s i -  

m e t e r  components  i n t o  t h e  b o d y .  

(2 )  M o d e r a t i o n  w i t h i n  t h e  body 

t i s s u e s .  

(3 )  B a c k s c a t t e r  f rom t h e  body t o  

t h e  n e u t r o n  d o s i m e t e r .  



( 4 )  Capture  by an a c t i v a t i o n  

f o i l  i n  t h e  d o s i m e t e r .  

Decay of  t h e  a c t i v a t e d  f o i l  t hen  

darkens  t h e  f i l m  packe t  p r o v i d i n g  

a  r e c o r d  of  t h e  n e u t r o n  dose .  A 

d e l i c a t e  b a l a n c e  among t h e  incoming 

n e u t r o n  e n e r g i e s ,  t h e  f r a c t i o n  of 

t he  n e u t r o n s  abso rbed  o r  b a c k s c a t t e r e d  

by t h e  body, and t h e  a b s o r p t i o n  c r o s s -  

s e c t i o n  of t h e  a c t i v a t i o n  f o i l  f o r  

each energy  encoun te r ed  must be s a t i s -  

f i e d  i f  t h e  f i l m  d a r k e n i n g  i s  t o  b e a r  

an i n t e r p r e t a b l e  r e l a t i o n s h i p  w i th  

t h e  d e l i v e r e d  dose .  A deve lopmenta l  

program t o  p r o v i d e  d o s i m e t e r  compo- 

n e n t s  and dos ime te r  geome t r i e s  s u i t -  

a b l e  f o r  u se  ove r  a  f u l l  energy  s p e c -  

trum of  n e u t r o n s  i s  now i n  p r o g r e s s .  

D O S I M E T E R  D E S C R I P T I O N  

The dos ime te r  c o n t a i n s  t h r e e  me ta l  

f i l t e r  a r e a s :  namely, t i n - r h o d i u m ,  

cadmium-rhodium, and t i n - i r o n  

( F i g u r e  1 6 )  . These combina t ions  

of f i l t e r s  were chosen by c a l c u -  

l a t i o n  and e x p e r i m e n t a t i o n  t o  g i v e  

t h e  d e s i r e d  d o s i m e t e r  r e s p o n s e .  

The d e n s i t y  beh ind  t h e  t i n - r h o d i u m  

f i l t e r  i s  p roduced  by gamma r a d i a -  

t i o n ,  t he rma l  n e u t r o n  r a d i a t i o n ,  

and "body moderated" f a s t  n e u t r o n s .  

The d e n s i t y  beh ind  t h e  cadmium- 

rhodium f i l t e r  i s  produced by gamma 

r a d i a t i o n  and "body moderated" f a s t  

n e u t r o n s .  The d e n s i t y  behind  t h e  

t i n - i r o n  f i l t e r  i s  produced by 

photon r a d i a t i o n .  The f i l t e r  t h i c k -  

n e s s e s  a r e  chosen s o  t h a t  t h e  photon  

produced  d e n s i t y  beh ind  each  f i l t e r  

i s  i d e n t i c a l  f o r  any g iven  exposu re  

ove r  t h e  ene rgy  range  from abou t  

0 . 0 2 0  MeV t o  3 MeV. 

With t h i s  f i l t e r  s y s  tem, t h r e e  

d i f f e r e n t  d e n s i t y  measurements f o r  

t h r e e  q u a l i t i e s  of r a d i a t i o n - - n a m e l y ;  

photon ,  t he rma l  n e u t r o n ,  and i n t e r -  

med ia t e  t o  f a s t  n e u t r o n - - a r e  o b t a i n e d .  

A s e t  o f  s imu l t aneous  e q u a t i o n s  can  

SECURITY 
CREDENTIAL 
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FIGURE 1 6 .  A c t i v a t i o n  N e u t r o n  D o s i m e t e r  



be e s t a b l i s h e d  t o  p e r m i t  t h e  c a l -  DBB = 0 

c u l a t i o n  o f  t h e  dose  c o n t r i b u t e d  

by each  r a d i a t i o n  component.  D~~ = 0 

I n  g e n e r a l ,  f o r  a  r a d i a t i o n  f i e l d  

c o n s i s t i n g  of  b e t a  p a r t i c l e s ,  pho tons ,  The d e n s i t y  t h i c k n e s s  o f  a l l  t h r e e  

t he rma l  n e u t r o n s ,  and i n t e r m e d i a t e  f i l t e r s  was chosen t o  p r o v i d e  e q u a l  

and f a s t  n e u t r o n s ,  t h e  f o l l o w i n g  s e t  f i l m  d e n s i t i e s  when t h e  sys tem was 

o f  e q u a t i o n s  d e f i n e  t h e  f i l m  d e n s i t y  exposed t o  photon r a d i a t i o n .  

f o r  each  f i l t e r  r e g i o n :  

D Y ~  = D Y ~  = D 
(7)  

Y c 

F i l t e r s  B and C were chosen t o  
+ D D~~ + D y ~  + D n f ~  ntB = DB ( 2  ) p r o v i d e  e q u a l  f i l m  d e n s i t i e s  when 

exposed t o  f a s t  n e u t r o n  r a d i a t i o n .  
+ D  + D  D ~ C  Y C  n f c  + D  n tC = D ~  (3 )  

D = D 
where n f  n f  

D~~ = Dens i ty  behind  f i l t e r  A 

due t o  b e t a  r a d i a t i o n  

DYA 
= Dens i ty  behind  f i l t e r  A 

due t o  photon  r a d i a t i o n  

Dnf A = Dens i ty  behind  f i l t e r  A 

due t o  i n t e r m e d i a t e  and 

f a s t  n e u t r o n  r a d i a t i o n  

D = Dens i ty  behind  f i l t e r  A 

n t A  due t o  t he rma l  n e u t r o n  

r a d i a t i o n  

D~ = T o t a l  d e n s i t y  beh ind  f i l t e r  A 

The symbols i n  Equa t ions  2 and 3 a r e  

s i m i l i a r l y  d e f i n e d  f o r  f i l t e r s  B and 

C ,  r e s p e c t i v e l y .  

The f i l t e r  sys tem i s  de s igned  s o  

t h a t  c o n d i t i o n s  d e s c r i b e d  i n  Equa t ions  

4 th rough 9 a r e  met .  The f i l t e r s  

a r e  s u f f i c i e n t  i n  d e n s i t y  t h i c k n e s s  
2 (mg/cm ) t o  y i e l d  e s s e n t i a l l y  ze ro  

f i l m  d e n s i t y  beh ind  a l l  t h r e e  f i l t e r s  

f o r  b e t a  p a r t i c l e s  of e n e r g i e s  < 3  MeV. 

A l l  f i l t e r s  were chosen  t o  p r o v i d e  

unequal  r e sponse  from the rma l  n e u t r o n  

r a d i a t i o n  

Applying c o n d i t i o n s  o f  Equa t ions  

(5)  , ( 6 ) ,  and (7 )  and s u b t r a c t i n g  

Equa t ions  (2)  and ( 3 ) ,  

S u b t r a c t i n g  Equa t ions  (1 )  and ( 2 )  , 
and s p p l y i n g  t h e  c o n d i t i o n s  o f  Equa- 

t i o n s  ( 4 ) ,  ( 5 ) ,  and ( 7 ) ,  

The a b s o l u t e  v a l u e  of  t h e  t e rms  

i n  p a r e n t h e s i s  i n  Equa t ions  (10)  and 

(11)  need n o t  be de t e rmined .  The 

d i f f e r e n c e  between t h e  te rms  i s  s u f f i -  

D~~ 
= 0 ( 4 )  

c i e n t  t o  d e f i n e  t h e  dose  v a l u e s  



d e s i r e d  from t h i s  d o s i m e t r y  s y s t e m .  

F o r  a b s o l u t e  a c c u r a c y  i n  t h e  u s e  o f  

E q u a t i o n s  (10)  and  (11)  , c a l i b r a t i o n s  

s h o u l d  b e  p e r f o r m e d  w i t h  i n t e r m e d i a t e  

and  f a s t  n e u t r o n s  and  t h e r m a l  n e u t r o n  

r a d i a t i o n s  s i m i l a r  i n  e n e r g y  s p e c t r u m s  

t o  t h o s e  t o  b e  measured .  

I N T E R P R E T A T I O N  

To i n t e r p r e t  a  n e u t r o n  f i l m  d o s i m e t e r  

t h a t  was e x p o s e d  t o  b e t a ,  p h o t o n s ,  

i n t e r m e d i a t e  and  f a s t  n e u t r o n s ,  and  

t h e r m a l  n e u t r o n  r a d i a t i o n s ,  t h e  d e n s i t y  

b e h i n d  e a c h  o f  t h e  t h r e e  f i l t e r  a r e a s  

i s  measured .  The d o s e  i n t e r p r e t a t i o n  

f o r  t h e r m a l  n e u t r o n s  a n d  i n t e r m e d i a t e  

and f a s t  n e u t r o n s  i s  made a s  f o l l o w s :  

N e u t r o n  R a d i a t i o n  f rom Thermal  N e u t r o n s  

The d e n s i t y  b e h i n d  Sn-Rh f i l t e r  (DC) 

and t h e  Cd-Rh f i l t e r  (DB) a r e a s  r e s u l t s  

from p h o t o n  r a d i a t i o n ,  t h e r m a l  n e u t r o n  

r a d i a t i o n ,  and  f a s t  n e u t r o n  r a d i a t i o n .  

The r e s p o n s e  c h a r a c t e r i s t i c s  o f  t h e  

f i l t e r  s y s t e m  a r e  chosen  s o  t h a t  t h e  

p h o t o n  r a d i a t i o n  and  f a s t  n e u t r o n  

r a d i a t i o n  p r o d u c e s  e q u a l  d e n s i t i e s  

b e h i n d  e a c h  o f  t h e s e  two f i l t e r s .  

F o r  s l o w  n e u t r o n  r a d i a t i o n ,  t h e  Cd-Rh 

f i l t e r  a b s o r b s  most  o f  t h e  s l o w  

n e u t r o n s ;  c o n s e q u e n t l y ,  t h e  d i f f e r e n c e  

i n  d e n s i t y  b e h i n d  t h e  Sn-Rh and Cd-Rh 

f i l t e r s  (DC - DB) c a n  be  d i r e c t l y  

r e l a t e d  t o  t h e  t h e r m a l  n e u t r o n  d o s e  

e q u i v a l e n t  by u s e  o f  a  c a l i b r a t i o n  

c u r v e ,  F i g u r e  1 7  i s  a  t y p i c a l  c a l i -  

b r a t i o n  c u r v e  f o r  t h e r m a l  n e u t r o n s .  

Neu t ron  R a d i a t i o n  f rom I n t e r m e d i a t e  

And F a s t  N e u t r o n s  

The d e n s i t y  b e h i n d  Cd-Rh (DB) and  t h e  

Sn-Fe f i l t e r  (DA) a r e a s  r e s u l t s  f rom 

i n t e r m e d i a t e  and f a s t  n e u t r o n s ,  t h e r -  

mal n e u t r o n s ,  a n d  p h o t o n s  r e s p e c t i v e l y .  

The d i f f e r e n c e  i n  d e n s i t y  be tween  t h e s e  

two f i l t e r s  (DB - DA) i s  a  f u n c t i o n  

of  f a s t  and t h e r m a l  n e u t r o n  r a d i a t i o n ,  

E q u a t i o n  ( 1 1 ) .  S i n c e  t h e  t h e r m a l  

n e u t r o n  d o s e  e q u i v a l e n t  i s  i n d e p e n -  

d e n t l y  d e t e r m i n e d  f rom t h e  Sn-Rh 

and  t h e  Cd-Rh f i l t e r  d e n s i t y  d i f f e r -  

e n c e ,  i t  i s  p o s s i b l e  t o  c o r r e c t  

t h e  d e n s i t y  d i f f e r e n c e  o b s e r v e d  

between t h e  Cd-Rh and  t h e  S n - F e  

f i l t e r  a r e a  f o r  t h e  t h e r m a l  n e u t r o n  

d o s e  e q u i v a l e n t  c o n t r i b u t i o n s  by an 

a p p r o p r i a t e  c a l i b r a t i o n  c o r r e c t i o n  

c u r v e .  A f t e r  t h i s  c o r r e c t i o n  i s  

made, t h e  r e m a i n i n g  d e n s i t y  d i f f e r e n c e  

be tween  t h e  Cd-Rh and Sn-Fe  f i l t e r  

may b e  r e l a t e d  t o  a  f a s t  n e u t r o n  

c a l i b r a t i o n  c u r v e ;  a n d  t h e  f a s t  

n e u t r o n  d o s e  e q u i v a l e n t  i s  d e t e r -  

mined.  F i g u r e  18 i s  a  t y p i c a l  

f a s t  n e u t r o n  c a l i b r a t i o n  c u r v e  

f o r  n e u t r o n s  f rom a  PuF4 n e u t r o n  

s o u r c e .  

The e x p e r i m e n t a l l y  o b s e r v e d  n e u t r o n  

e n e r g y  r e s p o n s e ,  when c a l i b r a t e d  on 

a  human p h a n t o n ,  d i f f e r s  by a  f a c t o r  

o f  a b o u t  100 f o r  n e u t r o n  e n e r g i e s  

o f  0 .020  MeV and 5 MeV, F i g u r e  1 9 .  

T h i s  e n e r g y  dependency i s ,  o f  c o u r s e ,  

f a r  beyond t h a t  which c a n  b e  t o l e r -  

a t e d  f o r  r e g u l a r  p e r s o n n e l  d o s i -  

m e t r y  a p p l i c a t i o n s  i n  a  f u l l  n e u t r o n  

e n e r g y  s p e c t r u m .  S p e c i a l  p u r p o s e  

a p p l i c a t i o n s ,  where  t h e  n e u t r o n  

s p e c t r a  a r e  known, may p e r m i t  e n e r g y  

c o r r e c t i o n s  t o  b e  made; and  s a t i s -  

f a c t o r y  n e u t r o n  d o s e  measurements  

can  b e  o b t a i n e d .  F o r  a p p l i c a t i o n s  
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FIGURE 1 7 .  Thermal  N e u t r o n s  Dose 
E q u i v a l e n t  V e r s u s  D e n s i t y  

where t h e  n e u t r o n  spec t rum r ange  i s  

l i m i t e d  t o  a  few MeV, t h e  d o s i m e t e r  

can be s a t i s f a c t o r i l y  u sed .  For  

example,  f o r  t h e  n e u t r o n  ene rgy  

range  from 1 MeV t o  5 MeV, t h e  r e s -  

ponse  p e r  u n i t  dose  v a r i e s  by a  f a c -  

t o r  of about  4 .  When n e u t r o n  s o u r c e s  

such  a s  PuBe a r e  t h e  on ly  s o u r c e  

of n e u t r o n s ,  t h e  energy  r e s p o n s e  

c h a r a c t e r i s t i c s  may be accoun ted  f o r  

i n  t h e  d o s i m e t e r  c a l i b r a t i o n  and 

s a t i s f a c t o r y  n e u t r o n  dose  e q u i v a -  

l e n t  measurements a r e  o b t a i n e d .  

S t u d i e s  on t h e  d e s i g n  of  a  s h i e l d  

sys tem w i t h  a  more a p p r o p r i a t e  

energy  r e sponse  a r e  b e i n g  c o n s i d e r e d .  
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FIGURE 1 8 .  F a s t  Neutron  Dose Equiva-  
l e n t  V e r s u s  D e n s i t y  PuF4 Source  



FIGURE 1 9 .  A c t i v a t i o n  N e u t r o n  D o s i m e t e r  
E n e r g y  R e s p o n s e  

P O R T A B L E  F I L M  D E N S I T O M E T E R  

P .  C. Fr i end  and L .  F .  KO= 

A s i m p l e  and s t a b l e  f i l m  d e n s i -  

t ome te r  c i r c u i t  was deve loped  and 

t h r e e  b a s i c  r eadou t  methods used  i n  

t h r e e  a p p l i c a t i o n s  of  t h e  c i r c u i t .  

F i g u r e  2 0  shows t h e  s imp le  e x t e r n a l  

c o n t r o l s  and r e a d i n g  s t a t i o n  of  t h e  

f i l m  d e n s i t o m e t e r .  

The s i m p l e s t  r e adou t  method, 

manual n u l l  b a l a n c e ,  c o n s i s t s  o f  a  

t e n - t u r n  p o t e n t i o m e t e r  w i t h  d i a l  

and a  s e n s i t i v e  meter  f o r  n u l l  i n d i -  

c a t i o n .  T h i s  was i n c o r p o r a t e d  i n t o  

a  p o r t a b l e  d e n s i t o m e t e r  f o r  f i l m  

d e n s i t y  s t u d i e s .  

The second type  of  r eadou t  u s e s  

a  commerc ia l ly  a v a i l a b l e  s e r v o -  

ba l anced  p o t e n t i o m e t e r  w i t h  a  d i g i t a l  

t u r n s  c o u n t e r  a u t o m a t i c a l l y  p r e s e n -  

t i n g  t h e  r e a d i n g .  Th i s  u n i t ,  s m a l l e r  

t h a n  a  p o r t a b l e  t y p e w r i t e r ,  p r o v i d e s  

an a u t o m a t i c  v i s i b l e  r e a d o u t  l i n e a r  

w i t h  exposure  f o r  t h e  Hanford f i l m  

badge d o s i m e t e r  ove r  t h e  exposure  

range  from z e r o  t o  abou t  2 R o f  

radium-gamma r a d i a t i o n .  

The t h i r d  t y p e  of r e a d o u t  was used  

t o  modernize an o l d  s cann ing  mic ro -  

d e n s i t o m e t e r ,  Again,  a  commerc ia l ly  

a v a i l a b l e  s e r v o - d r i v e n  n u l l  b a l a n c e  

p o t e n t i o m e t e r  was u sed ;  b u t ,  i n s t e a d  

o f  t h e  t u r n s - c o u n t e r  p r o v i d i n g  a  



FIGURE 20. PortabZe Film Densi tometer 

digital readout, a pen was driven by 

the servo-motor to permit an analog 

recording. In this application of 

the basic densitometry circuit, all 

of the DC amplifier, power supplies, 

and drift problems were discarded 

and replaced with a simpler and more 

stable circuit. The existing 18 A ,  

5 V lamp and optical system were 

replaced with a new lamp and optical 

system requiring only 1% as much power 

to provide about the same intensity 

of well-regulated light. The same 

type of efficient lamp was used in 

the other two densitometers. 

GAMMA R A D I A T I O N  E X P O S U R E  

R A T E S  M E A S U R E M E N T S  

W. V .  Baumgartner 
The measurement of radiation expo- 

sure rates in 7 MeV gamma radiation 

fields results in the need for special 

calibrations of the detection instru- 

ments and radiation dosimeters. 

Instrumentation designed to measure 

exposure rates to 1 R/hr in these 

fields was studied. The equipment was 

calibrated at gamma energies to 7 MeV 

by using the 3 MeV Dynamitron at the 

Roeing Company Radiation Effects 

Laboratory in Seattle, Washington. A 

thick calcium fluoride target was 

used with 1.4 MeV protons to obtain 

the 7 MeV gamma radiation. 

Film badge dosimeter calibration 

results indicate that, at exposures of 

about 400 mR, an overestimation of 

about 40% in the dose received could 

occur. The increased film darkening 

at these high energies results from 

pair production in the tantalum shield 

area of the Hanford film badge dosi- 

meter. The basic calibration normally 

provided at radium-gamma or Co 6 0 



r a d i a t i o n  e n e r g i e s  p r o d u c e s  f i l m  

d a r k e n i n g  p r i m a r i l y  t h r o u g h  Compton 

s c a t t e r i n g .  

SMALL CHAMBER EXPOSURE 

RATE INSTRUMENT 

F. L .  R i s i n g  

The V i c t o r e e n  440 low e n e r g y  s u r v e y  

m e t e r s  were  m o d i f i e d  by removing t h e  

o r i g i n a l  i o n  chamber .  A p r o b e  a b o u t  

9 i n .  l o n g  w i t h  1 1 / 2  i n .  diam by 

3 /4  i n .  d e e p  chamber a t  t h e  end was 

i n s t a l l e d  i n  p l a c e  o f  t h e  o r i g i n a l  

i o n i z a t i o n  chamber .  The w a l l s  a r e  

1 / 8  i n .  t h i c k  p h e n o l i c ,  and t h e  f r o n t  

window i s  7 mg/cm2 c e l l u l o s e  a c e t a t e .  

The c o l l e c t i n g  e l e c t r o d e  i s  a  c e l l u -  

l o s e  a c e t a t e  d i s c .  The chamber p a r t s  

a r e  g r a p h i t e  c o a t e d .  The e n e r g y  

r e s p o n s e  i s  t h e  same a s  t h a t  o f  a  

s t a n d a r d  p h e n o l i c  chamber C u t i e  P i e  

i n s t r u m e n t .  The s i g n a l  i s  c o n d u c t e d  

f rom t h e  chamber t o  t h e  i n s t r u m e n t  by 

a  c o a x i a l  c a b l e .  The i n s t r u m e n t  d i d  

n o t  p o s s e s s  e x c e s s i v e  e x t r a c a m e r a l  

e f f e c t s .  A b e t a  r e j e c t i o n  s h i e l d  o f  

1 / 8  i n .  p h e n o l i c  p l a s t i c  i s  u s e d .  

The i n s t r u m e n t  was s t u d i e d  t o  d e t e r -  

mine i t s  g e o m e t r i c a l  r e s p o n s e  and was 

found  t o  be s u b s t a n t i a l l y  s u p e r i o r  t o  

t h e  s t a n d a r d  C u t i e  P i e .  Measurements  

o f  u ran ium s l a b  s u r f a c e  e x p o s u r e  r a t e s  

were  made w i t h  a n  e x t r a p o l a t i o n  cham- 

b e r  and compared w i t h  measurements  

made w i t h  t h i s  s m a l l  chamber i n s t r u -  

ment .  The d i f f e r e n c e s  i n  r e a d i n g s  

were  w i t h i n  t h e  r e a d i n g  e r r o r s  o f  t h e  

i n s t r u m e n t  f o r  s o u r c e s  g r e a t e r  t h a n  

2  i n .  i n  d i a m e t e r .  The r a n g e  o f  t h i s  

i n s t r u m e n t  i s  t h e  same a s  t h e  s t a n d a r d  

C u t i e  P i e ;  t h r e e  s c a l e s - - 0  t o  50 m R ,  

0  t o  500 m R ,  0  t o  5000 mR.  

C R I T I C A L  I N C I D E N T  ALARMS 

P. C. F r i e n d  

Commonly u s e d  c r i t i c a l  i n c i d e n t  

a l a r m s  a r e  s e n s i t i v e  t o  gamma r a d i a -  

t i o n  o n l y .  F o r  c r i t i c a l i t y  e v e n t s  

t h e  l a r g e  n e u t r o n  f l u e n c e s  r e s u l t i n g  

f rom t h e  e v e n t  may be u t i l i z e d  t o  

t r i p  a l a r m s  w i t h  s e v e r a l  i m p o r t a n t  

a d v a n t a g e s  o v e r  gamma r a d i a t i o n  s e n s i -  

t i v e  a l a r m s .  Based on t h i s  f a c t ,  a  

c r i t i c a l i t y  e v e n t  d e t e c t i o n  and a l a r m  

s y s t e m  s e n s i t i v e  o n l y  t o  n e u t r o n  r a d i -  

a t i o n s  was d e v e l o p e d ,  c a l i b r a t e d  and 

p l a c e d  i n t o  s e r v i c e .  T h i s  s y s t e m  p e r -  

m i t s  p l a c i n g  t h e  d e t e c t o r  u n i t s  n e a r  

a l l  p o t e n t i a l  c r i t i c a l i t y  l o c a t i o n s  

b u t  a v o i d s  f a l s e  a l a r m s  due  t o  f l u c t u -  

a t i n g  p h o t o n  r a d i a t i o n  l e v e l s  

e n c o u n t e r e d  i n  d a y - t o - d a y  o p e r a t i o n s .  

A m o d e r a t e d  RF3 t u b e  was s e l e c t e d  

f o r  u s e  a s  t h e  d e t e c t o r .  These  t u b e s  

have  p r o v e n  t o  be r e l i a b l e ,  s e n s i t i v e  

t o  n e u t r o n s ,  and  i n s e n s i t i v e  t o  e v e n  

50 R/hr  o f  r ad ium gamma. An a l l -  

s o l i d  s t a t e  nonjamming, s e l f - c h e c k i n g  

c i r c u i t  w i t h  a n  a d j u s t a b l e  t r i p  p o i n t  

was d e v e l o p e d  and t e s t e d .  S p e c i a l  

l o n g  l i f e  BF3 t u b e s  were  c o n s t r u c t e d .  

The d e t e c t i o n  and a l a r m i n g  i n s t r u -  

ment components  o f  t h e  s y s t e m  a r e  

d e s i g n e d  w i t h  two a l a r m  t r i p  c i r c u i t s :  

1 )  An a d j u s t a b l e  n e u t r o n  d o s e  r a t e  

a l a r m  t r i p  which  i s  commonly s e t  

be tween  0 .5  t o  1 . 0  m r a d s / h r ,  and 

2) An a c c u m u l a t e d  n e u t r o n  d o s e  a l a r m  

t r i p  o f  0 . 1  t o  0.2 mrads  p r o v i d e d  t h e  

d o s e  i s  d e l i v e r e d  i n  a  t i m e  p e r i o d  o f  

a  few s e c o n d s .  The a l a r m  h o r n  u s e d  

i s  a  p i e r c i n g  k l a x o n  h o w l e r .  The 

e l e c t r o n i c s  a r e  f a s t  r e s p o n s e  s o l i d  

s t a t e  w i t h  b u i l t - i n  r e d u n d a n c y  t o  

m i n i m i z e  f a l s e  a l a r m s  due  t o  compo- 

n e n t  o r  c i r c u i t  f a i l u r e s .  The c i r c u i t  



d e s i g n  and i n s t r u m e n t  hous ing  t e n d  t o  

e l i m i n a t e  f a l s e  a l a rms  produced by 

power l i n e  t r a n s i t s  and r a d i o - f r e q u e n c y  

s i g n a l s .  Unique t o  t h i s  system i s  t h e  

s e l f - a u d i t i n g  f e a t u r e  which automat  - 
i c a l l y  s i g n a l s ,  a t  a  c e n t r a l  c o n t r o l  

p a n e l ,  m a l f u n c t i o n s  of  t h e  i n s t r u m e n t  

i n c l u d i n g  f a i l u r e s  o f  t h e  d e t e c t o r  

and e l e c t r o n i c  c i r c u i t s .  

Three  p r o t o t y p e s  were c o n s t r u c t e d  

and t h e i r  per formance  e v a l u a t e d  a t  t h e  

Oak Ridge N a t i o n a l  L a b o r a t o r y ' s  H e a l t h  

Phys i c s  Reac to r  F a c i l i t y .  Three  of  

t h e  p r e s e n t l y - u s e d  gamma s e n s i t i v e  

c r i t i c a l i t y  a l a rms  were s i m u l t a n e o u s l y  

exposed.  

The n e u t r o n  s e n s i t i v e  a la rm u n i t s  

d e t e c t e d  t h e  b u r s t  of t h e  b a r e  un- 

s h i e l d e d  r e a c t o r  ( abou t  6  x  10 16 

f i s s i o n s )  i n  t h e  f o l l o w i n g  l o c a t i o n s :  

(1)  20 f t  ( l i n e  of s i g h t )  from 

t h e  r e a c t o r  c o r e  

(2)  400 f t  from t h e  r e a c t o r  on 

t h e  f a r  s i d e  of a  h i l l  s h i e l d e d  

by 3  f t  of c o n c r e t e  

(3)  800 f t  from r e a c t o r  on t h e  f a r  

s i d e  of  t h e  h i l l  s h i e l d e d  by 

1 f t  o f  c o n c r e t e .  

The gamma r a d i a t i o n  s e n s i t i v e  a la rm 

u n i t s  d i d  n o t  d e t e c t  b u r s t s  a t  t h e  non- 

l i n e - o f - s i g h t  l o c a t i o n s ,  l o c a t i o n s  2 

and 3.  

F ~ u r  c r i t i c a l i t y  a la rm u n i t s  were 

t e s t e d  a t  t h e  Sand ia  Pulsed  Reac to r  

F a c i l i t y  a t  Albuquerque,  New Mexico. 

The u n i t s  w i t h i n  a  r a d i u s  of 1150 f t  

o f  t h e  r e a c t o r  d e t e c t e d  t h e  s m a l l e s t  

b u r s t  t h e y  have e v e r  succeeded  i n  

g e n e r a t i n g ,  1 .27  x  1015 f i s s i o n s .  

La rge r  b u r s t s  were d e t e c t e d  a s  f a r  

away a s  1900 f t .  The r e a c t o r  was 

s h i e l d e d  w i t h  t h e  f o l l o w i n g :  1 i n .  of 

p o l y e t h y l e n e ,  1 i n .  of boron ,  7  i n .  of 

gypsum, and 54 i n .  of c o n c r e t e .  

P L L I T O N I U M  D O S I M E T R Y  S T U D I E S  

L .  G .  F a u s t  

I N T R O D U C T I O N  

The i s o t o p i c  compos i t i on  of  r e a c t o r -  

p roduced  p lu tonium i s  dependent  on 

s e v e r a l  p a r a m e t e r s ,  such  a s :  1 )  neu-  

t r o n  energy  spec t rum,  2) n e u t r o n  f l u x  

l e v e l ,  and 3) i n t e g r a t e d  n e u t r o n  f l u x .  

Some of  t h e s e  p a r a m e t e r s ,  such  a s  t h e  

n e u t r o n  energy  spec t rum,  a r e  f u n c t i o n s  

o f  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  i n d i -  

v i d u a l  r e a c t o r  and i t s  f u e l ;  and ,  

t h e r e f o r e ,  t h e  i s o t o p i c  compos i t i on  of 

t h e  p lu tonium u s u a l l y  v a r i e s  from 

r e a c t o r  t o  r e a c t o r .  

The r a d i a t i o n  dose  r a t e s  f o r  p l u -  

tonium a r e  a  f u n c t i o n  of t h e  i s o t o p i c  

compos i t i on  of t h e  p lu ton ium.  Rela-  

t i o n s h i p s  t o  r e l a t e  i s o t o p i c  composi- 

t i o n  and gamma and n e u t r o n  dose  r a t e s  

were deve loped .  

S U R F A C E  D O S E  R A T E S  

W .  C .  Roesch d e r i v e d  an e x p r e s s i o n  

f o r  t h e  s u r f a c e  dose  r a t e  from p l u -  

tonium. His  e x p r e s s i o n  i s  g i v e n  below 

i n  Equat ion  1. 

where Ds = gamma and X-ray s u r f a c e  

dose  r a t e  

F = u n s c a t t e r e d  gamma f l u x  a t  

t h e  boundary 

hv = photon  energy  

  en/^)^ = mass ene rgy  a b s o r p t i o n  

c o e f f i c i e n t  a t  e ach  

energy  hv i n  t i s s u e  

FF = f l u o r e s c e n t  X-ray f l u x  a t  

t h e  boundary 

B = b a c k s c a t t e r  c o r r e c t i o n .  

Equat ion  1 was e v a l u a t e d  f o r  s e v e r a l  

d i f f e r e n t  energy  s p e c t r a  and p lu ton ium 

compos i t i ons  by v a r i o u s  i n d i v i d u a l s .  



The most recent evaluation based on the 0.012 in. thick plastic bagging 

the best available energy spectra is material. The original 0.012 in. 

given by Equation 2. thick plastic attenuated the true sur- 

Ds = 960 f238 + 0.98 f239 

+ 4.7 f240 + [0.19 t 

+ 17(1-e -0.102 t f241 

+ 0.29 f242 (2) 

where Ds = the surface dose rate in 

rads/hr 

fi = weight fraction of the 

indicated isotope of 

plutonium 

t = time since chemical 

separation in days. 

Equation 2 includes the slight contri- 

bution to the total dose rate from 

fission products and prompt fission 

gamma rays caused by spontaneous 

fission. The terms inside the brac- 

kets are the contributions to the 

total dose rate from .4nZ4' and U 237 

respectively. Since these two terms 

are dependent on time since separa- 

tion, it is beneficial to process the 

plutonium as soon as possible after 

separation. Equation 2 was never 

previously verified by experiment 

primarily because of the lack of the 

process history and accurate isotopic 

analysis of the plutonium. 

The surface dose rate of a plu- 

tonium metal sample, 2 in. x 4 in. x 

0.100 in. thick, was measured using an 

extrapolation chamber and a static dry 

box. The sample was separated on or 

about July 15, 1964, and the measure- 

ments were made October 20, 1964. 

The isotopic analysis was ~ u ~ ~ ~ ,  90.45%; 
2 4 2 

puZ4O, 8.58%; puZ4', 0.92%; and Pu , 
0.05%. The measured surface dose rate 

was 1.7 rad/hr after correcting for 

face dose rate by a factor of 1.3 

(23.1%). The calculated surface dose 

rate for the same material with "t" 

equal to 97 days is 1.62 rad/hr, a 

difference of about 5% from the 

measured value. It is unfortunate 

that the surface dose rate as a func- 

tion of time since separation could 

not be studied to verify that part of 

Equation 2. 

D O S E  R A T E  O F  P L U T O N I U M  M E T A L  A N D  P u 0 2  

Experience at the Battelle-North- 

west Plutonium Fuels Laboratory 

indicated that the dose rates present 

around the process areas were general11 

larger whenever PuOZ was present than 

when just the plutonium metal was 

present. At first thought, this 

would seem difficult to explain; how- 

ever, when one considers the geometries 

and photon energies involved, the 

reasons become clear. Because of the 

relatively low photon energies, the 

dose rates observed are more nearly 

proportional to the surface area of 

the source than to the mass of mate- 

rial present. The presence of Pu02 or 

other forms of plutonium powders lead 

to larger surface areas and, hence, 

larger observed dose rates even 

though equal masses of plutonium may 

be present. Some small additional 

quantities of ionizing radiations may 

be produced by the (a,n) reactions in 

the plutonium compounds but are not 

important contributors to the dose 

rate. 

To verify our theories, the sur- 

face dose rate of the same sample of 

plutonium--first as metal and then as 



PuO --was measured .  T h i s  method 2 
e l i m i n a t e d  any d i s c r e p a n c y  t h a t  would 

be caused  by d i f f e r e n c e s  i n  i s o t o p i c  

compos i t i on  o r  t ime  s i n c e  chemica l  

s e p a r a t i o n .  The o x i d i z e d  p lu ton ium 

m e t a l  was packaged i n  a  ca rdboa rd  con-  

t a i n e r  2 i n .  x  4 i n .  x  0.75 i n .  t h i c k ,  

t h u s  keeping  t h e  mass and exposed s u r -  

f a c e  a r e a  of p lu ton ium c o n s t a n t .  The 

s u r f a c e  dose  r a t e  was t h e n  measured ;  

and ,  a f t e r  c o r r e c t i n g  f o r  t h e  a t t e n u -  

a t i o n  of t h e  p l a s t i c  bagging m a t e r i a l ,  

a  v a l u e  of  1 .6  r a d s / h r  was o b t a i n e d .  

Th i s  i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  

from t h e  v a l u e  found  f o r  t h e  m e t a l  

(1 .7 r a d s / h r )  . 
For equa l  exposed  s u r f a c e  a r e a s  of 

m e t a l  and o x i d e ,  n e a r l y  e q u a l  dose  

r a t e s  a r e  measured.  Conve r se ly ,  a  

hood c o n t a i n i n g  a  q u a n t i t y  of  d i s -  

p e r s e d  powdered p lu ton ium w i l l  

g e n e r a l l y  produce  a  h i g h e r  working 

dose  r a t e  t h a n  one c o n t a i n i n g  t h e  same 

q u a n t i t y  of  p lu ton ium a s  m e t a l  b l o c k s .  

DOSE R A T E  O F  P u 0 2 - U 0 2  M I X T U R E S  

A t  t h e  same t ime  t h a t  t h e  p lu tonium 

m e t a l  sample d e s c r i b e d  above was 

o b t a i n e d ,  s e v e r a l  samples  of  Pu0,-UO, 

TABLE VI. Measured Surface Dose Rates 

Plutonium Dose Rate 
Material Composition (wt % )  (rad/hr) 

pu0,-U02 2 3 9 ~ ~  - Unknown 1 0.24 

Pu0,-UO, 2 4 0 ~ u  - 8% 3 0.30 
" 

puo2-U02 241Pu - Unknown 5 0.37 

pu02-U02 2 3 9 ~ ~  - Unknown 3 0.24 

2 4 0 ~ u  - 2.2% 

2 4 1 ~ u  - Unknown 

Pu02-U02 2 3 9 ~ ~  - Unknown 3 0.30 
240pu - 8% 

2 4 1 ~ u  - Unknown 

pu02-U02 2 3 9 ~ ~  - Unknown 3 0.37 

2 4 0 ~ u  - 16.5% 

2 4 1 ~ u  - Unknown 

pu02-U02 2 3 9 ~ ~  - Unknown 3 0.47 

2 4 0 ~ u  - 27.3% 

2 4 1 ~ u  - Unknown 
* 

Pu02 2 3 9 ~ u  - 90.451 100 1.57 
2 4 0 ~ u  - 8.578 

2 4 1 ~ u  - 0.923 

2 4 2 ~ u  - 0.048 

* ~ o t h  t h e  PuO and Pu were  s e p a r a t e d  
a b o u t  J u l y  15, 2 9 6 4 .  

computer program. Equa t ion  3  r e p r e -  

s e n t s  t h e  b e s t  f i t  c u r v e  o b t a i n e d .  

L, L, where 
m i x t u r e s  were v r e v a r e d  f o r  s u r f a c e  dose  

A A 

Ds = s u r f a c e  dose  r a t e  i n  r a d s / h r  
r a t e  measurements .  I n  some o f  t h e  

X = weigh t  f r a c t i o n  of Pu02 i n  
s amp le s ,  t h e  i s o t o p i c  compos i t i on  o f  

t h e  m i x t u r e .  
t h e  p lu tonium was h e l d  c o n s t a n t  and 

Equat ion  3  w i l l  o n l y  y i e l d  a c c u r a t e  
t h e  we igh t  p e r c e n t  o f  Pp02 was v a r i e d ;  

v a l u e s  of  t h e  s u r f a c e  dose  r a t e  of  
i n  o t h e r s  t h e  we igh t  p e r c e n t  o f  Pu02 

Pu02-U02 r a n g e s :  
was h e l d  c o n s t a n t  and t h e  i s o t o p i c  

compos i t i on  was v a r i e d .  Tab l e  VI 

summarizes t h e  measured dose  r a t e s .  

The d a t a  i n  Tab l e  VI was used  t o  

d e r i v e  a  ma thema t i ca l  e x p r e s s i o n  f o r  NEUTRON DOSE E Q U I V A L E N T  R A T E S  

t h e  s u r f a c e  dose  r a t e .  A g r a p h  of A ma thema t i ca l  e x p r e s s i o n  f o r  t h e  

t h e s e  dose  r a t e s  i s  g i v e n  i n  F i g u r e  2 1  n e u t r o n  dose  e q u i v a l e n t  r a t e s  r e s u l t -  

and t h e  b e s t  f i t  e q u a t i o n  of t h e  c u r v e  i n g  p r i m a r i l y  from t h e  spon taneous  

was found u s i n g  a  l e a s t  s q u a r e s  f i t  f i s s i o n  of  ~ u ~ ~ ~ ,  P U ~ ~ ~ ,  and Pu 242 
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FIGURE 21. S u r f a c e  Exposure Rate  o f  
PuO2-U02 Mix tu re  

was f i r s t  d i s c u s s e d  by W. C .  Roesch. 

The e x p r e s s i o n  he d e r i v e d  f o r  t h e  

n e u t r o n  dose  e q u i v a l e n t  r a t e  a t  t h e  

s u r f a c e  o f  a  s p h e r e  i s  g i v e n  i n  

Equat ion  4 .  

where 

Dn s  = n e u t r o n  s u r f a c e  dose  e q u i v a -  

l e n t  r a t e  i n  rem/hr  

n/p = n e u t r o n s  e m i t t e d  p e r  gram 

p e r  second  

M = mass o f  p lu ton ium i n  grams.  
- 4  . The c o n s t a n t  2.5 x  10 i s  d e r i v e d  

from a  c a l c u l a t e d  dose  e q u i v a l e n t  r a t e  

from 2 3 5 ~  f i s s i o n  spec t rum n e u t r o n s  o f  
2 1 .15  x  rem/hr  p e r  neut ron/cm - s e c .  

R e c a l c u l a t i n g  t h e  c o n s t a n t  u s i n g  seven 

n e u t r o n  ene rgy  g roups  y i e l d s  a  v a l u e  
2 o f  8 .2 x  l o a 5  rem/hr  p e r  neutron/cm - 

s e c .  I n c o r p o r a t i n g  t h i s  v a l u e  i n t o  

Equa t ion  4 ,  

where t h e  te rms  a r e  t h e  same a s  i n  

Equa t ion  4 .  S u b s t i t u t i n g  n e u t r o n  

y i e l d  d a t a  i n t o  Equa t ion  5,  and we igh t  

i n g  each  i s o t o p e  by i t s  weight  f r a c -  

t i o n  g i v e s  t h e  f o l l o w i n g  e q u a t i o n :  

+ 0.19 2 4 0 f  + 0.31  242 f )M 1 / 3  

(6 
I f  t h e r e  a r e  many grams o f  p lu ton ium 

p r e s e n t ,  n e u t r o n  m u l t i p l i c a t i o n  t a k e s  

p l a c e ;  and Equa t ion  6 should  be modi- 

f i e d  by an  a p p l i c a b l e  m u l t i p l i c a t i o n  

c o n s t a n t .  T y p i c a l  v a l u e s  o f  t h i s  

c o n s t a n t  r ange  from 1 t o  1.7 and 

a v e r a g e  abou t  1 .5 .  The v a l i d i t y  o f  

Equa t ion  6 has  n o t  been e s t a b l i s h e d  

i n  t h e  l a b o r a t o r y ;  however, i t  was 

used  w i t h  e x c e l l e n t  r e s u l t s  t o  c a l c u -  

l a t e  n e u t r o n  dose  e q u i v a l e n t  r a t e s  

w i t h i n  p lu tonium f a b r i c a t i o n  f a c i l i t i e s .  

T O T A L  S U R F A C E  D O S E  E Q U I V A L E N T  R A T E S  

Whole body exposu re s  t o  p e r s o n n e l  

employed i n  p lu tonium p r o c e s s i n g  

f a c i l i t i e s  a r e  p r i m a r i l y  l i m i t e d  t o  

t h o s e  caused  by i o n i z i n g  r a d i a t i o n s  

from p lu tonium i t s e l f  w i t h  t h e  excep-  

t i o n  of  a  few s t o r a g e  a r e a s .  When 

t h e  p lu tonium i s  p r i m a r i l y  composed o f  

t h e  puZ3' i s o t o p e ,  t h e  spontaneous  

f i s s i o n  a c t i v i t y  i s  r e l a t i v e l y  s m a l l ;  

however, w i t h  t h e  i n t r o d u c t i o n  o f  h i g h  

exposure  m a t e r i a l ,  e . g . ,  2 ,000 MWd/ton 

o r  more, t h e  compos i t ion  o f  t h e  p l u -  

tonium i s  such  t h a t  t h e  spon taneous  

f i s s i o n  a c t i v i t y  and i t s  r e s u l t a n t  



n e u t r o n  d o s e  e q u i v a l e n t  r a t e  w i l l  c o n -  

t r i b u t e  a  s i g n i f i c a n t  amount t o  t h e  

t o t a l  whole  body e x p o s u r e .  F u r t h e r -  

m o r e ,  most  p l u t o n i u m  p r o c e s s  f a c i l i t i e s  

do have  some X- ray  and gamma r a y  

s h i e l d i n g ,  u s u a l l y  l e a d  o r  l e a d  g l a s s  

i n  p l a c e ,  w h i c h  r e d u c e d  t h e  i o n i z i n g  

r a d i a t i o n s  w i t h o u t  s i g n i f i c a n t l y  r e -  

d u c i n g  t h e  n e u t r o n  d o s e  e q u i v a l e n t  

r a t e .  T a b l e  V I I  i l l u s t r a t e s  t h e  

s i g n i f i c a n c e  o f  t h i s  e f f e c t  a s  w e l l  

a s  t h e  d e p e n d e n c y  o f  c o m p o s i t i o n  on 

e q u a t i o n s  a r e  v a l i d  a n d  c a n  b e  b e n e -  

f i c i a l  t o  p r o v i d i n g  e s t i m a t e s  o f  

p o t e n t i a l  e x p o s u r e  r a t e s  t h r o u g h o u t  

a  p l u t o n i u m  p r o d u c t i o n  f a c i l i t y .  I f  

s h i e l d i n g  f o r  i o n i z i n g  r a d i a t i o n  i s  

employed ,  i t  i s  i m p e r a t i v e  t h a t  n e u -  

t r o n  d o s e  e q u i v a l e n t  r a t e s  be  e s t a b -  

l i s h e d  s i n c e  i n  a l l  p r o b a b i l i t y  t h e  

n e u t r o n  d o s e  e q u i v a l e n t  r a t e  w i l l  

e x c e e d  t h e  i o n i z i n g  r a d i a t i o n  d o s e  

e q u i v a l e n t  r a t e .  T h i s  s i t u a t i o n  w i l l  

become more p r e d o m i n a n t  a s  more  

r e a c t o r  f l u x .  The r a t i o  o f  X- ray  and p l u t o n i u m  from power r e a c t o r  f u e l s  

gamma r a y  d o s e  e q u i v a l e n t  r a t e  t o  becomes a v a i l a b l e  f o r  p r o c e s s i n g .  

n e u t r o n  d o s e  e q u i v a l e n t  r a t e  v a r i e s  

f rom 21 t o  1 w i t h o u t  s h i e l d i n g .  The 

a d d i t i o n  o f  1 / 4  i n .  o f  l e a d  g l a s s  

r e v e r s e s  t h i s  r a t i o ,  e . g . ,  Dg/Dn <1. 

C O N C L U S I O N S  

The e x p o s u r e  r a t e  o f  i o n i z i n g  r a d i -  

a t i o n s  f rom p l u t o n i u m  a r e  a  f u n c t i o n  

o f  t h e  i s o t o p i c  c o m p o s i t i o n  and  t h e  

t i m e  s i n c e  c h e m i c a l  s e p a r a t i o n .  The 

n e u t r o n  d o s e  e q u i v a l e n t  r a t e  i s  a  

f u n c t i o n  o f  mass  and  i s o t o p i c  compos i -  

t i o n .  The s u r f a c e  e x p o s u r e  r a t e  

M O N I T O R I N G  T H E  D O S E  R A T E  

T O  T H E  G . I .  T R A C T  

P .  E .  B r a m s o n  

I N T R O D U C T I O N  

A s y s t e m  f o r  c o n t i n u o u s l y  m o n i t o r -  

i n g  t h e  r a d i o a c t i v i t y  i n  d r i n k i n g  

w a t e r ,  w i t h  r e s p e c t  t o  g a s t r o i n t e s t i -  

n a l  ( G . I . )  t r a c t  d o s e ,  was d e v e l o p e d  

a n d  p l a c e d  i n t o  r o u t i n e  o p e r a t i o n  t o  

s u p p l e m e n t  H a n f o r d l s  l o n g  s t a n d i n g  

p rogram o f  r a d i o c h e m i c a l  a n a l y s e s  o f  

TABLE V I I .  R e s u l t a n t  I s o t o p i c  C o m p o s i t i o n  and Dose E q u i v a l e n t  R a t e  f rom Two 
D i f f e r e n t  F l u x e s  and Same R e a c t o r  R e s i d e n c e  T ime  

= 5 
Composition w/o Pu 

2 3 8  2 3 9  2 4 0  2 4 1  2 4 2  - -  - - - 
0  9 8 . 1  1 . 8  0 . 1  0 

9 6 . 1  3 . 8  0 . 1  

9 2 . 1  7 . 5  0 . 4  

8 5 . 9  1 2 . 8  1 . 2  0 .1 

7 9 . 6  1 7 . 9  2 . 4  0 .2  

5 9 . 4  31.8  7 . 5  1 . 3  

0 . 6  29  4 5 . 2  1 7 . 4  8 . 4  

a = 2 x 1 0 1 4  
Composition w/o Pu 

7 3 8  2 3 9  2 4 0  2 4 1  2 4 2  - -  - - - 
0  9 2 . 1  7 . 5  0 . 4  0  

8 3 . 9  1 4 . 6  1 . 5  

6 7 . 7  27  5 . 3  

4 6 . 8  4 0 . 6  1 2 . 6  

2 8 . 9  4 5 . 1  1 7 . 6  8 . 4  

0 . 1  5 . 1  3 7  1 9 . 9  3 7 . 9  

0.3 0 . 2  7 . 9  4 . 7  8 6 . 9  

*i?eactor R e s i d e n c e  Time,  Days * * 
Gamma and X-rau S u r f a c e  D o e e  E q u i v a l e n t  R a t e s ,  r e n / h r  

* 1 *  
Beu t ron  S u r f a c e  Dose Equ ivaZen t  R a t e s ,  r e m / h r  

2 
8 . 2  z r.em/hr per .  neuLron/cm - s e e  

2 
m = n e u t r o n s / c m  / s e e  



routine grab samples. The grab sam- 

ples tend to be inadequate particu- 

larly because of changes in river 

flow rate, and intermittent operation 

of municipal water plants. Radio- 

chemical analyses for individual 

radionuclide and subsequent calcula- 

tion of the G . I .  tract dose is expen- 

sive and time consuming. After 

consideration of a number of possible 

monitor configurations, a detector 

design which simulates the G . I .  tract 

was developed and proved suitable for 

direct dose rate calibration in the 

presence of a wide variety of radio- 

nuclides in water. A pictorial 

diagram of this monitoring system is 

shown in Figure 2 2 .  

D E T E C T O R  S Y S T E M  

The detector consists of a cylin- 

drical ~e'" bioplastic well scintil- 

lator, 6 in. long with a 2 1/2 in. OD 

River Water 

Photomultiplier 

Scintillator 

FIGURE 2 2 .  G.I. T r a c t  Dose Rate  Monitor  
f o r  S a n i t a r y  Water  



a n d  a  1 / 4  i n .  w a l l  t h i c k n e s s .  One e n d  c o n t r o l s  r a d i o n u c l i d e  b u i l d u p  w i t h i n  

o f  t h e  s c i n t i l l a t o r  i s  c e m e n t e d  t o  a  t h e  s c i n t i l l a t o r  c a v i t y .  

l u c i t e  l i g h t  p i p e  w h i c h  c o u p l e s  t h e  Once e v e r y  12  h r ,  s o l e n o i d  v a l v e s  

s c i n t i l l a t o r  a n d  a  3 i n .  p h o t o m u l t i -  a r e  e n e r g i z e d  t o  t u r n  o f f  t h e  s a n i t a r y  

p l i e r  t u b e .  The i n n e r  s u r f a c e  o f  t h e  w a t e r  f l o w  a n d  t u r n  on d i s t i l l e d  w a t e r  

w e l l  s c i n t i l l a t o r  i s  c o v e r e d  w i t h  a  f l o w  t o  f l u s h  o u t  t h e  s c i n t i l l a t o r  

t h i n ,  o p a q u e  c o a t i n g  o f  epoxy  p l a s t i c .  c a v i t y .  The d e t e c t o r  c o u n t  r a t e  i s  

T h i s  p r o t e c t s  t h e  c e m e n t e d  s c i n t i l l a t o r -  r e c o r d e d  d u r i n g  t h i s  f l u s h ,  g i v i n g  a  

l u c i t e  j o i n t  f r o m  damage by  m o i s t u r e  m e a s u r e  o f  b a c k g r o u n d  a t  t h a t  t i m e .  

and  c o r r o s i v e  a g e n t s  a n d  r e d u c e s  t h e  A f t e r  30 m i n ,  t h e  s o l e n o i d  v a l v e s  a r e  

p o s s i b i l i t y  o f  r e f l e c t i o n  o f  l i g h t  d e - e n e r g i z e d  a n d  t h e  s a n i t a r y  w a t e r  

i n t o  t h e  p h o t o m u l t i p l i e r  by t h e  w a t e r  f l o w  i s  r e s u m e d .  

c i r c u l a t i n g  t h r o u g h  t h e  s c i n t i l l a t o r  P E R F O R M A N C E  C H A R A C T E R I S T I C S  
c a v i t y .  P r i m a r y  c o n t r i b u t o r s  t o  G . I .  t r a c t  

The o t h e r  end  o f  t h e  c y l i n d r i c a l  d o s e  f rom s a n i t a r y  w a t e r  d e r i v e d  f r o m  
s c i n t i l l a t o r  i s  t h r e a d e d  f o r  c o n n e c -  t h e  Co lumbia  R i v e r  a r e  7 6 ~ s .  ' ' ~ r ,  
t i o n  t o  a  c o p p e r  m a n i f o l d  w h i c h  a d -  6 4 ~ u ,  2 3 9 ~ p ,  a n d  6 5 ~ n .  N i n e t y  p e r c e n t  
m i t s  t h e  w a t e r  f l o w  t o  t h e  c a v i t y  a t  o f  t h e  G . I .  t r a c t  d o s e  r a t e  f r o m  c o n -  
t h e  b o t t o m  e n d  a n d  e x t r a c t s  t h e  sam- s u m p t i o n  o f  p r o c e s s e d  Co lumbia  R i v e r  
pie a t  t he  top through a 'I4 w a t e r  r e s u l t s  f rom t h e  d e c a y  of t h e s e  
o v e r f l o w  t u b e .  A  c o n t i n u o u s  w a t e r  r a d i o n u c l i d e s .  
f l o w  t h r o u g h  t h e  s c i n t i l l a t o r  c a v i t y  Each  o f  t h e  a f o r e m e n t i o n e d  r a d i o -  
i s  t h u s  m a i n t a i n e d .  A  1 1 / 2  i n .  d iam nuc l ides  was mixed w i t h  d i s t i l l ed  
by 5  3/4 i n .  l o n g  p o l y e t h y l e n e  p l u g  w a t e r  t o  a  c o n c e n t r a t i o n  o f  o n e - t e n t h  
i s  c e n t e r e d  w i t h i n  t h e  s c i n t i l l a t o r  Maximum P e r m i s s i b l e  C o n c e n t r a t i o n  f o r  
c a v i t y  t o  r e d u c e  t h e  w a t e r  s h i e l d i n g  w a t e r  (MPCw) a n d  c y c l e d  t h r o u g h  t h e  
e f f e c t  On energy d e t e c t o r  c a v i t y .  The r e s p o n s e  o f  t h e  
w h i l e  r e t a i n i n g  a  l a r g e  s e n s i t i v e  m o n i t o r  was n o t e d  a s  a  f u n c t i o n  o f  g a i n  
s c i n t i l l a t o r  s u r f a c e  a r e a .  Ne t  w a t e r  a t  a f i xed  d i sc r imina tor  b ias  s e t t i n g .  
s p a c e  volume o f  t h e  s c i n t i l l a t o r  i s  P l o t s  o f  m o n i t o r  c o u n t s  Der  m i n u t e  
a b o u t  1 3 5  m l .  Two i n c h e s  o f  l e a d  p e r  0 . 1  MPCw a s  a  f u n c t i o n  o f  r e l a t i v e  
s h i e l d i n g  i s  p r o v i d e d  o n  a l l  s i d e s  o f  g a i n  d e t e r m i n e d  t h e  g a i n  s e t t i n g  t h a t  
t h e  d e t e c t o r  a s s e m b l y  t o  r e d u c e  

- - - 
would  a l l o w  t h e  g r e a t e s t  v a r i a t i o n  i n  

b a c k g r o u n d  r e s p o n s e  t o  a  minimum. r e l a t i v e  c o n c e n t r a t i o n s  o f  t h e  t e s t e d  
S a n i t a r y  w a t e r  s y s t e m  p r e s s u r e  i s  r a d i o n u c l i d e s  w h i l e  g i v i n g  t h e  m o s t  

u s e d  t o  move t h e  c o n t i n u o u s  w a t e r  sam- a c c u r a t e  m e a s u r e  o f  G . I .  t r a c t  d o s e  
p l i n g  t h r o u g h  t h e  s c i n t i l l a t o r  c a v i t y  r a t e .  The m o n i t o r  h a s  a  l i n e a r  
a t  a  r a t e  o f  a b o u t  1 l i t e r / m i n .  One r e s p o n s e  a t  s a m p l e  c o n c e n t r a t i o n s  f r o m  
m i l l i l i t e r  p e r  m i n u t e  o f  d i s t i l l e d  0 . 0 0 1  MPCw t o  10  )(PCw f o r  t h e  a b o v e  
w a t e r  c o n t a i n i n g  3 %  NaEDTA by w e i g h t  i s o t o p e s .  
i s  a d d e d  t o  t h e  s a m p l e  f l o w  by  a  f l u i d  The m o n i t o r  was c a l i b r a t e d  f o r  a  
m e t e r i n g  pump. E x p e r i e n c e  h a s  shown number o f  a d d i t i o n a l  r a d i o n u c l i d e s  
t h a t  t h e  NaEDTA s o l u t i o n  e f f e c t i v e l y  



including 140~a, lo6Ru, lo3Ru, l3' 1, is possible with an accuracy of *1 mrem, 

58~0, 69m~n, 7 2 ~ a ,  5 4 ~ n  and 5 6 ~ n ,  if l3'1 is not present. The accuracy 

4 6 ~ c  and 141ce. With the exception of when l3'1 is present is a function of 

1311, the performance of the monitor the iodine concentration and the total 

was not adversely affected by any of activity of the other radioisotopic 

these isotopes. present. 

A G.I. tract dose equivalent 

measurement of one millirem per month 
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